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5ummary
Donald H. Rosenberg

Scientific and Statistical Committee
North Pacific Fishery Management Council, Mt. Vernon, Washington

Products being produced from the world's fisheries continue to play an impor-
tant role in providing food, employment, and foreign exchange. The demand of
the world population for fish as a food source is increastng. The Fisheries
Department of the United Nations Food and Agriculture Organization  FAO!
estimates that by the turn of the century, fish products used for human con-
sumption will increase to 95 million metric tons, 25 million more than are used
now. Current world harvests are relatively stable and only limited possibilities
for additional supply exist under the present management methods and har-
vesting policies.

It becomes apparent that under current world fisheries management strate-
gies, a deficit in food fish will occur by the year 2000. Efforts must be made to
modify or improve fisheries management in order to close the projected supply
gap. This gap can be closed through improvements or changes in four major
areas.

First is the implementation of more effective tnanagement to make world-
wide fisheries profitable and to lead to increased output from the current
resources. Second is to reduce the large quantity of food fish presently wasted at
sea. Third is to convert into products for human consumption fish currently
used for animal feed or fish not being harvested because they do not have a
market value. And fourth is to increase product supply through increased fish
farming and aquaculture.

Fisheries scientists from around the world gathered in Anchorage, Alaska, in
October 1992 to examine current management practices and to discuss means
of bettering management in order to preserve and/or increase output. Although
it is impossible to arrive at any specific recommendations resulting from the
papers and discussions, some general conclusions can be formulated.

Fisheries managers and scientists from all of the countries represented at the
meeting are encountering similar problems and all are looking for solutions.
The problems relate to decreasing support and rapidly rising costs to obtain
Proceedings of the International Symposium on Management Strategies for Exploited Fish Populations,
Alaska Sea Grant College Program, AK-SG-93-02, 1993.
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fisheries field data; pressure on resources by increases in the size and power of
the fishing fleet; and increasing competition between resource users, not only
between commercial fishermen but between commercial fishermen and other
users. Papers presented at the symposium indicate that fisheries managers are
attempting to address these problems in similar ways throughout the world.

The lack of fisheries data is being compensated for through development
and use of models which require fewer in-the-field measurements. Presented at
the symposium were some unique and promising approaches or concepts for
single species management. It is apparent that these models or concepts are still
unable to effectively predict the future with any degree of accuracy. Extensive
modeling work is still needed. This will be compounded by the need for field
verification of the model results. The larger problem, that of multi-species
management, was only briefly covered, yet it is the interaction between species
that may very well be one of the major factors causing changes m the resources.
It is apparent that until some significant breakthroughs are made, and multi-
species models are fully developed and proven, the world's fisheries managers
will have to remain conservative when setting harvesting levels.

The problem of increasing pressure on the fisheries and the competition
between resource users was addressed during the last day of the symposium
when papers were presented and discussed on experiences in quota systems,
limited entry, methods of resource allocation, and limiting vessel fishing power.
In recent years some countries have tried management strategies that directly
control these factors. Papers presented in this area gave the results of some of
these strategies. It was apparent from the discussion that this area will be
gaining greater attention in the coming years by the world's fishing nations.

Steps are being taken by the scientific fisheries community to improve
fisheries management. However, unless a major effort is made during the next
decade to develop new procedures and to change management practices, we
will be unable to fill the projected gap in the need for fish products for human
consumption.
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A Vision of Fisheries Assessment

A.V. Tyler
School of Fisheries and Ocean Sciences

University of Alaska Fairbanks, Fairbanks, Alaska

Opening Address

I want to address the developing field of fisheries oceanography and how it
relates to fisheries management. This is the year �992! that the first issue of the
new journal Fisheries Oceanography was published by Blackwell Inc., with
organizational efforts by groups In Japan and Canada. The initiation of the
journal gives noticeable highlighting to this area of fishery science. One of the
prime goals of fisheries oceanography as a science is to understand variability in
fishery production potential in terms of biological processes, ocean weather,
and long-term change in physical factors. Traditionally, this field has been
limited to loosely relating temperature and depth to fish distribution, or corre-
lating a few convenient physical factors to changes in year-class strength of a
species. Because of new developments, however, fisheries oceanography can
give perspective to stock management problems. For example, decreases in
salmon runs in Oregon rivers have been studied in the river, but some sciennsts
believe the problem can be understood only when examined as part of the
North Pacific natural production system  Nickelson and Lichatowich 1983!.
Why have salmon in Alaska rivers shown large, unprecedented run sizes at the
same time  Rogers 1983!? What is the set of North Pacific processes that seems
to make the northern areas more productive over the past two decades, while
the stocks to the south have lost productivity?

New fisheries oceanography takes correlative phenomena and decomposes
the relationships into processes that can be separately investigated. A cornbina-
tion of time-series analysis, simulation modeling, at-sea observations, and
laboratory work is required for this process. The work is carried out in an
iterative manner  Tyler 1992!. After the first observations, modeling is devel-
oped, and subsequently lab and field work add supporting or contrary evi-
dence relating to the hypotheses suggested by the modeling. Hypotheses on

Proceedtngs o  the International S>nnposium on Management Strategtes for Exploited Fish Populations,
Alaska Sea Grant College Program, AK-SG-93-02, 1993.
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process mechanisms are refined in this way. The work proceeds best with teams
of at least two or three scientists because of the intrinsic interdisciplinary nature
of the work.

Research findings in the last 10 years have benefited from cooperative
projects between ocean physicists and fisheries biologists. They have produced
advances of insight into the relationships between oceanic factors and potential
fishery production. Laboratories on both the Pacific and Atlantic coasts of
North America are beginning to find it feasible to incorporate ocean physics
into biological models in a predictive way that tests scientiftc understanding
 Sinclair et al. 1988; Tyler 1989!. Operational fisheries oceanography is show-
ing its first successes, so that changes in fishing patterns are being better linked
to physical variables during fishing  Rose and Leggett 1988!. The first glimmer-
ings of the use of recruitment predtctions in fish stock assessments is now in
sight, and the estimation of the effects of oceanic variability on annual potential
yield seems possible  Tyler 1990; Tyler and Crawford 1991!. The ocean' s
vastness is still an obstacle for the estimation of mortality, growth, recruitment,
and other vital statistics of fishes. Yet it is the large size of the parts of the
systems that makes detection easier with new methods  Mann and Lazier
1991!.

The renewed interest in advances in management applications from fisheries
oceanography stem from the maturation of technologies developed over the
past 15 years. The techniques include new multivariate statistical procedures
 Fargo and McKinnell 1989!, computer simulation methods  Collie and Spen-
cer 1993; Kruse and Tyler 1989; Walters et al. 1992!, satellite imagery of sea
surface phenomena  ocean color, current and upwelling via sea height altim-
etry, temperature!, satellite tracked drogue paths, moored buoys that transmit
sophisticated sets of physical data, and trawl-mounted instruments measuring
oceanic variables. This information gives new meaning to hydrographic data
from shore stations, research vessels, and ships of opportunity. Groups of
biologists and ocean physicists have come together and are finding more in
common than ever before because of these advances in technology  Ziemann
and Fulton-Bennett 1990!.

One topic that has been important all along, and which will benefit from the
new technology, is the understanding of recruitment variability of ocean fishes
 Cushing 1982!. For many years "recruitment overfishing" has been a major
theme for fishery biologists. At present recruitment concerns are being devel-
oped into yield assessments as spawning biomass per recruit functions. It has
been pointed out t.hat there are ways to develop assessment bench marks for
recruitment overfishing that don't require full development of stock and re-
cruitment functions  Clark 1991; Gabriel et al. 1989!. Still as time series grow
longer, evidence has continued to develop that quantifies relationships between
spawning stock size and recruitment  Fargo and McKinnell 1989; Tyler and
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Crawford 1991!. These relationships have sometimes been obscured by the
strong signals from physical variables. Studies of mechanisms for the influence
of physical factors on recruitment have broadened to include not only larval
fish biology, but also juvenile survival and reproducnve biology of exploited
fishes. It has been pointed out  Rothschild 1986! that there is more than one
critical period in a fish's life history, and that there are several elements in the
animal's life history strategy that must. be investigated to understand variability
in reproductive success. A conceptual structure for incorporattng the effects of
life history stages, termed the Paulik Diagram, was reviewed by Rothschild
�986! in his chapter titled The Recruitment-Stock Paradox. My suggestions for
success in the challenging endeavor of investigating recruitment processes are
that biologists should:  I! try for latitudinal comparisons of different popula-
tions and their biological responses, and �! team up with physiologists for
laboratory work, and with physical oceanographers for modeling and for work
at sea. Some scientists have new conviction that we will develop ecologically
based safeguards in our stock assessments, and that fisheries oceanography will
underpin our models with understanding.

Acknowledgments

I thank Dr. Brenda Norcross, Institute of Marine Science, University of Alaska
Fairbanks, for her suggestions on improving this text.
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A Comparison of Policies for Harvesting
Sablefish, Anoplopoma fimbria, in the

Gulf of Alaska

Michael F. Sigler and Jeffrey T. Fujioka
National Marine Fisheries Service, Auke Bay Laboratory

Juneau, Alaska

Abstract

The primary harvest policy for groundfish in the Exclusive Economic Zone off
Alaska has been a constant exploitation fraction  p! policy. In this paper, we
compare alternative harvest policies to the constant p policy for the sablefish,
Anoplopoma fimbria, fishery in the Gulf of Alaska. Criteria for comparing poli-
cies are average biomass, average spawning biomass, average catch, catch
variability, and a measure of the risk of overfishing. The risk criterion is defined
as the lowest spawning biomass observed. The risk of overfishing is defined as
the frequency the population falls below the risk criterion. The results indicate
that the risk of overfishing will be lessened in the long run by implementing a
threshold or variable p policy. Risk is reduced at the expense of decreased
average catch.

Introduction

The choice of harvest policy affects the yield derived from a fishery and the risk
of overfishing. The choice of harvest policy may depend on the species consid-
ered  Quinn et al. 1990!, implying that harvest policies should be explored on a
species basis rather than rely on general results. For example, patterns of
growth and maturity  Clark 1991! and recruitment  Clark 1991; Deriso 1985!
affect the optimal harvest policy. The objective of this study is to compare
harvest pohcies for the sablefish, Anoplopoma fimbria, fishery in the Gulf of

Proeeedtngs of the International Sympostum on Management Strategies for Exploited Ptsh Populations,
Alaska Sea Grant College Program, AK-SG-93-02, 1993
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Alaska. Sablefish are a long-lived species with highly variable recruitment. This
fishery is managed by the North Pacific Fishery Management Council
 NPFMC!, whose default guideline for setting allowable biological catch  ABC!
is a constant exploitation fraction  p! policy. In this paper, two alternative
harvest policies suggested by Ruppert et al. �985! are compared to the con-
stant p policy.

Alternative harvest policies for sablefish in Alaska have been compared
previously  Fujioka 1990! based on biomass data and stock reduction analysis
 Kimura 1985!. Here alternative harvest policies are compared based on
age-structured data and an age-structured simulation model similar t.o Deriso et
al. �985! and Quinn et al. �991!.

Materials and Methods

Population model

The sablefish population in the Gulf of Alaska can be represented with an age-
structured model  Sigler 1991!. Recruitment, R,, to the fishery in year t begins
at age a = 3. The number of 3-year-old fish, N,3, recruiting in year t is

N =Rc3

In the absence of fishing, a year class in succeeding years diminishes due to
natural mortality, M  Table 1!:

� M
N�,��= N�e

Exploitable population size, EN,�, is the product of selectivity at age, s�
 Table 2!, and N�:

EN�= s,N�

Here, s, represents both the fraction of the population recruited to the
fishery area and gear selectivity. s, was estimated in an age-structured model
 Sigler 1991!.

Exploitable population size is estimated annually by longline surveys  Sasaki
1985; Sigler and Zenger 1989; Zenger and Sigler 1992!. The surveys directly
estimate exploitable population size because the survey and fishery areas gener-
ally correspond and the survey and fishery use similar longline gear. The survey
estimate of exploitable population size is measured with error

EN,=EN,+ e,
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Table 1. Parameters describing an age-structured model ol' Gulf of Alaska
sablefish.

DescriptionParameter

mortality
0.1 M, natural mortality

population
1 301'

2,083
0.10

stock-recruitment

0.27

1.27

P, autocorrelation parameter
o'�, autocorrelation parameter

' Sigler �991!
"McFarlane and Beamrsh �983!
' Sasak> �9B5!

where e, is a normally distributed random variable with a mean of zero and a
variance equal to  cv EN,!z  Table I!. Although the survey time series is too
short for a rigorous conclusion, we chose a normal error term because the
residuals for the estimates of survey abundance from the age-structured model
 Sigler 1991! appear normally distributed. In modeling the population, the
survey marks the beginning of the annual time interval.

Spawning biomass S in year t is estimated by

age-length-weight
� 1.07b

0.290b
 .t .7b

-0.77b

0.249b

81.4b
2.99 x 10-'

3 30c

risk criterion, lowest observed spawning biomass

cv,, coefficient of variation of survey population
estimate

male to, von Bertalanffy parameter
male k, von Bertalanffy parameter
male I, von Bertalanffy parameter
female to
female k

female L,
a, length-weight conversion'
b, length-weight conversion
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Table 2. Selectivity at age  s�!  Sigler 1991! and fraction mature at age m� Sasaki
1985?.

Age s.

S, = 0.5e ""gm�EN�W�
a

where m� is fraction of females mature by age  Table 2! and w� is weight by age
for females  Table 1!. This form implies a 1:1 sex ratio, that spawning occurs
midway between surveys and in the absence of fishing, and that only the
exploitable population is mature.

We assumed that spawning occurs midway between surveys because spawn-
ing peaks in mid-February along the western coast of Canada  Mason et al.
1983! and the longline surveys in the adjacent Gulf of Alaska are conducted in
July, August, and September. We assumed that only the exploitable population
is mature because spawning is confined to the continental slope  Mason et al.
1983!, which generally corresponds to the survey and fishery area in the Gulf
of Alaska. Mason et al. �983! reported for the western coast of Canada that
almost all eggs captured in ichthyoplankton tows occurred over or adjacent to
the continental slope and that there are no indications of major spawning areas
outside the continental slope.

The fishery rs brief and does not occur until the end of the time interval  i.e.,
shortly before the following year's survey!. Thus, the survey estimate of popula-
tion size must be projected to the end of the time interval to estimate exploit-
able population size at the time of the fishery:

3 5
6 7
8 9

10

11

12

13-60

0. 15

0.32

0.48

0.63

0.73

0.82

0.88

0.93

0.97

1.00

1.00

0.002

0.032

0.232

0.629

0.868

0.949

0.977

0.988

0.993

0.998

1.000
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0 0
Spawning biomass

Figure 1. Estimated number of recruits  thousands! and spawning biomass  thousands'!, 1976-
1987  Sigler 1991!. Numbers and weights are in relative units.

EN,�=EN,�e".

Although recruitment occurs during this interval, recruitment is conservatively
fixed at zero because no recruitment estimate is available.

Recruitment hypotheses

Sablefish recruitment is highly variable  Figure 1!. The observed time series has
two possible interpretations: Recruitment is negatively related to stock size over
the observed range of stock sizes; alternatively, recruitment is correlated
through time. Autocorrelated recruitment is modeled, but not stock-dependent
recruitment, because we cannot conceive of any plausible biological explana-
tion for a strong negative relationship between stock size and recruitment for
sablefish.

Autocorrelated recruitment is modeled as an autoregressive process of order
1  Anderson 1976!. The autocorrelation parameter P  Table 1! was estimated
by nonlinear least squares from the 12 estimated recruitments  Figure 1! as



12

1.5

0
0 8060

Year

Figure 2. A representative time series of autocorrelated recruitments generated from the
parameters listed in Table 1, accompanied by the observed recruitments  numbers,
thousands!. Numbers are in relative units.

where

tmplying a multiplicative error structure for the Rr tx, is a normally distributed
random variable with a mean equal to zero and a variance equal to tTa  Table2

1!, oa was estimated as2

where 0'� is the variance of the zr A 100-year projection reasonably mimics the2

observed recruitment time series  Figure 2!.
Recruitment also was modeled without autocorrelation to compare harvest

policy choices to Fujioka �990!. We followed his procedure, where the esti-
mated recruitments were randomly sampled with replacement. Three of the
harvest policies he modeled are the same as the harvest policies modeled here.
His threshold policy is comparable to our threshold policy for T = 1,250.

E E
0.5
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Harvest policies

A general formula for an array of harvest policies is

C, =G, EN� ,T!
 Ruppert et al. 1985!, where G, is a function of the exploitation fraction in year
t. The model formulation implies that the amount harvested is based on the
survey estimate of available population size. We evaluated three harvest policies
of interest to the NPFMC. The first policy is a constant p policy, where G, is
constant regardless of exploitable population size:

G,=p

The second policy is a variable p policy, where G, varies as a function of
spawning biomass over the range from zero to 35Vo of the unfished spawning
biomass �35+ Table 1! and is constant for spawning biomass greater than S35+,'

5
S,

35%

For S,>S, G,=P.

S is the predicted spawning biomass at the time of the fishery. S35+ is optimal
for a variety of groundfish life history parameters  Clark 1991!. The reference
level S35+ was computed for the random recruitment hypothesis. Applying this
reference level assumes that future recruitments remain within the observed
range.

For the third harvest policy, a constant exploitation rate is applied until the
population size falls below a threshold value, T. Below the threshold, no fishery
is allowed. This policy can be expressed as

For S, <T,

For S,! T,

G =0.t

G, = p.

Simulation

The sablefish exploitation fraction in Alaska currently is p = 0.116  Fujioka
1991; Lowe 1991!. This value was applied in the simulations, as well as
p = 0.232, twice the current value. p. = 0.232 was applied to determine if a
sharply higher value affected the choice of harvest policy. The three harvest
policies � constant, variable, and threshold � were tested at each exploitation
level. For the threshold policy, 11 values of T ranging from 0 to 535 were tested
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Results

Effect of harvest policies

The two levels of exploitation fraction and two recruitment hypotheses pro-
vided qualitatively similar results. Thus, only the results for the current exploi-
tation fraction, p = 0.116, are presented.

Biomass and risk

Both total and spawning biomass were lowest for the constant p policy, in-
creased as T increased for the threshold policy, and were intermediate for the
variable p policy  Figure 3a-b!. For T = 1,250, the threshold policy comparable
to Fujioka �990!, total biomass was highest for the variable p policy, followed
by T = 1,250 and the constant p policy, the same ordering of policies as Fujioka
�990!. The higher average biomass for the variable p and threshold policies
indicates that the commercial catch rate would be higher on average for either
policy compared to the constant p policy.

Risk  the percentage of time the population was below the risk criterion! was
greatest for the constant p policy, decreased as T increased for the threshold
policy, and was low for the variable p policy  Figure 3e!. Fujioka �990! also

to determine the optimal threshold given the exploitation fraction. The con-
stant p policy is equivalent to the threshold policy with T = 0. Thus, the total
number of harvest policy choices tested was 12.

A time horizon of 12 years was simulated, corresponding to the duration of
the recruitment time series  Figure 1!. A longer horizon was not simulated,
because the time series of observations is short. Also, the model parameters
probably will be reevaluated within this time horizon as survey rnformation is
collected in future years.

All combinations over two recruitment hypotheses, two levels of p, and 12
choices of harvest policy resulted in 48 scenarios. Each scenario was simulated
100 times. A common random number stream was used for each scenario so
that differences m results could be attributed to differences in policy perfor-
mance. Diagnostic statistics were computed for each simulation and included
mean total biomass B  ages 3 and greater!; mean spawning biomass S  fe-
males!; mean catch C; and standard deviation  s.d.! of catch. A measure of the
risk of overfishing also was computed. This measure is the percentage of time
the spawning biomass was less than the lowest spawning biomass observed
during the time series of the longhne surveys, which occurred in 1979  Table
1!. The diagnostic statistics were averaged from the results of the 100 simula-
tions of each scenario.
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Figure 3.  a! Total biomass;  b1 spawning biomass  thousands1;  c1 catch  hundreds1;  d! s.d.

catch  hundreds1; and  e1 risk  %1 versus harvest policy for p = 0.116 and
autocorrelated  a1 and random  +! recruitment. VAR indicates the variable p policy,
and the adjacent numbers represent the thresholds. The constant p policy is equivalent
to the zero threshold policy.
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found that risk was greatest for a constant p policy  r = 9.2'!, followed by the
threshold  r = 3.7'/o!, and variable p policies  r = I'k!.

Catch

Discussion

The estimated autocorrelation relationship is not realistic for small stock sizes,
because it cannot represent the fact that recruitment is zero when stock size is
zero. We did not model this case, because we have no information regarding
how recruitment changes as stock size approaches zero. If we knew this
relationship, however, our results regarding risk should be similar. Compared
to a constant p policy, a threshold or variable p policy would more likely
protect the population from reaching lower and less productive stock sizes.

Consequences of maximizing catch

Catch variability was lowest and catch was highest for the constant p policy
 Figures 3c-d!. A threshold policy slightly decreased average catch, but sub-
stantially increased catch variability. The increased catch variability with in-
creasing threshold and decreasing catch presumably is due to threshold closure
of the fishery and consequent increase in catch vartability. In contrast,
Hightower and Lenarz �989! modeled widow rockfish, Sebastes entomelas, and
found that increased harvest was penalized with increased harvest variability
for harvest maximizing policies.

Average catch increased at the expense of increased nsk; the highest average
catch and risk coincided for the constant p policy  Figure 3c, e!. Risk was
decreased by applying a threshold or vartable p, pol>cy at the cost of decreased

Highest average catches were achieved with a constant p. policy and were only
slightly less for the variable p policy  Figure 3c!. As T increased, average catch
decreased. Average catch differed little between the constant, variable, and
T = 1,250 policies; Fujioka �990! also found that policy differences were
slight.

Catch variability was greatest for the maximum threshold value tested, and
decreased substantially for smaller threshold values. The standard deviation of
the catch was slightly greater for the variable compared to the constant p policy.
Fujioka �990! similarly found that catch variability was greatest for the thresh-
old policy, followed by the variable and constant p policies. Deriso �985!
demonstrated analytically that catches are more variable for a constant escape-
ment policy cotnpared to a constant p policy, implying that catch variability for
a threshold policy should be at least as variable as a constant p policy.
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Choice of harvest policy

The exploitation fraction used to determine ABC for sablefish in Alaska has
been relatively constant in recent years � at or near the rate corresponding to
Fp t  Fuj ioka 1 99 I; Lowe 1 99 1 ! . The fishing rate that leads to the maximum
sustainable yield, F, has not been used, because it is poorly defined and
indicated harvest levels considerably greater than historical levels. Optimal
harvest levels also have been derived using conservative biomass and recruit-
ment estimates and a goal of avoiding the measured low population size. These
optima correspond closely to harvest levels derived using the Fo t late The Fo
formulation has been used to justify ABC levels in the most recent years
 Fujioka 1991; Lowe 1991! because it is more commonly employed.

Recruitment in recent years has been below average, and the sablefish
population has been decreasing from recent high levels, We found that the risk
that the previously measured minimum is reached again would be lessened in
the long run by implementing a threshold or variable p policy. The cost would
be a slight decrease in average catch for intermediate thresholds or the variable
p policy. Implementing either policy also would slightly increase the catch rate
for the commercial fishery. The variable p policy is favored over the threshold
policy because identifying the optimal threshold would be difficult. Imple-
menting the threshold policy also would be problematic because of the eco-
nomic pain of closing the fishery.

average catch. The cost was small for the variable p policy or intermediate
thresholds, but more severe for high thresholds. Risk did not decrease for small
thresholds.

Quinn et al. �990! modeled Bering Sea pollock and found that average catch
increased as a function of the threshold to a maximum, then decreased slightly.
In contrast, we found that average catch decreased as a function of the thresh-
old  Figure 3c!. The difference may result from the initial biomass used in each
model. The initial pollock biomass in Quinn et al. �991! was either 5 70 or 15'
of pristine biomass, a level where the population was at low productivity. Appli-
cation of a threshold policy increased average catches by protecting the popula-
tion until it could reach a more productive level. Walters �975! also found that
for Skeena River sockeye modeled with Ricker stock recruitment, very low
stocks should not be fished, because recovery will be slowed. In contrast to
Quinn et al. �990! and Walters �975!, we modeled recruitment as indepen-
dent of stock size; there was no perceived benefit to a threshold policy in terms
of average catch, because recruitment did not increase as a result of increased
stock size. Instead, the benefit of the threshold policy was decreased risk.
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Abstract

Contribution No. 87'f, School of Fisheries, University of Washington.

Proceedings of the International Slunposium on Management Strategies for Exploited Fish Populations,
Alaska Sea Grant College Program, AK-SG-93-02, 1993.

The effects of exploitation on corvina reina in the Gulf of Nicoya, Costa Rica,
are explored. The fishery uses three gillnets with mesh sizes of 3.5", 5" and 6".
The optimal lengths at capture have substantial impacts on exploitation dy-
namics. Alternative mixes of effort for the three mesh sizes that provide maxi-
mum equilibrium yield are computed. The computation incorporates relative
spawning biomass  b,! and relative recruitment  r,!. By taking into account b,
and r� the prospect for potential stock collapse can be evaluated in terms of
fishing mortality F and time. The optimal effort distributions for these three
meshes are �.4, 0, 0.6! under F = 0.3, and �.6, 0, 0.4! under F = 0.4. Further
increases in the fishing mortality rate are not recommended.
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Introduction

Figure 1 The map of the Gulf of Nicoya, Costa Rica.

Fishery production in Costa Rica, as well as in many other tropical fisheries, is
multispecies m nature. Catch data reported by FAO �989a, b! indicate that
Costa Rica averages a total catch of 17,593 metric tons for the period of 1980 to
1989 and reached 20,061 metric tons durtng the last 5 years of the period.
These numbers position Costa Rica as the second most productive fishing
nation in Central America, behind Panama, and suggest the importance of the
Costa Rican fisheries in the region. The Pacific coast is the main fishing ground
of Costa Rica. Of the national reported catch, 98/o comes from the Pacific,
where the Gulf of Nicoya  Figure 1! is of special importance for its contribution
to the total catch �4/o! and for its role as a natural nursery and reproductive
ground for the many species of interest to the fishery.

Fish catches are dominated by sciaenids. Four species of sciaenids, locally
known as corvinas, form most of the highest valued category of fish called Primera.
These are Cynoscion albus  corvina reina!; C, stluctrnipinnis  corvina aguada!; C.
phoxocephallus  corvina picuda!; and C. stolzmanni  corvina coliamarilla!. Al-
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Figure 2. The selectivity  A! and maturity  B! curves
for corvina rema. The arrows in B represent
the sizes at which 50% and 100% of females
are mature, respectively.

though 31 species of sciaenids are in the Gulf of Nicoya, three species � C. albus,
C. stluatnipinnis, and a filth species, Micropogonias altipinnis  corvina agria!�
constitute about 30% of the catch  Madrigal-Abaraca 1985!. The multispecies
fishery on the corvina uses a mixture of gillnet sizes: 3.5", 5.0", and 6.0" of mesh
aperture. This paper focuses on the most valued species, corvina reina.

Each gillnet is fished with different amounts of effort. The task of manage-
ment is to forecast the consequences of fishing when multiple mesh size gillnets
are applied at different levels of exploitation. We treat this task using a length-
structured population model, catch-at-size analysis  CASA!  Sulhvan et al.
1990!. The stock of corvina reina in the Gulf of Nicoya has a long history of
exploitation. Because of its large size, a substantial number of premature fish
have been taken by the three mesh sizes, as is shown in Figure 2. Nevertheless,
the stock has not sustained a crash. If the stock is decreasing, which it may be
doing, it is a gradual process. In the absence of an observed decline in recruit-
ment to the fishery, but with the expectation that spawning stock has fluctu-
ated, partially due to fishing pressure, the Beverton-Holt stock-recruitment
 SR! model  Beverton and Holt 1957! seems appropriate. If the Ricker SR
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model  Ricker 1975! were appropriate, we would expect to see more dramatic
changes in recruitment and catch over the past years than have been found in
the fishery.

Our analytical treatment is as though this were a single species fishery, rather
than a multispecies fishery. Representation of the dynamics of multiple species
fisheries is in search of a paradigm. Until one becomes visible, the logical and
accepted approach is to model the multispecies dynamics as a weighted combi-
nation of the constituent single species dynamics. Therefore, we fully expect
that our results will contribute to the foundations of models useful for manag-
ing and carrying out research on a complex of species.

Materials and Methods
1. Age determination

A sample of 168 pairs of otoliths was collected from the commercial catches in
the Gulf of Nicoya during the period of 1986 to 1992. Estimation of age was
carried out by the method of otolith surface reading  Mug 1993; Mug et al.
1994!. The age estimates from the surface readings were validated with a
subsample of 20 otoliths using the numerical integration method of daily
increments  Ralston and Williams 1989! and the scanning electron microscope
 Morales-Nin and Ralston 1990!. Age estimates from the otolith surface reading
and the daily increment analysis did not show systematic differences and have
small variability. The length and age estimates from these two aging methods
were fitted to the von Bertalanffy growth equation using a non-linear regression
technique. Results from the to-test  Gallucci and Quinn 1979! show that these
two growth curves are not significantly different  Mug 1993; Mug et al. 1994!.

2. Simulation Model

The biomass and yield estimations are based on a deterministic catch-at-size
analysis  CASA! model described in Sullivan et al. �990!. The CASA model
assumes that the length-frequency distribution  LFD! of a fish population at the
beginning of the year will be continuously exposed to natural and length-
specific fishing mortalities during the year. At the end of the year, the surviving
individuals in any length category will grow into subsequent length categories
in a way dependent upon a von Bertalanffy growth model and a gamma
distribution which describes the probability of growth from one length cat-
egory into another in one unit of time interval. The resultant LFD, including the
length-specific recruitment, is the LFD at the beginning of the next year. The
LFD of recruitment is also described by a gamma distribution. The CASA model
is written mathematically as
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S,, is the survival rate and ts found from

-lM+v,F,!
S�= e �!

d,. is the LFD of recruitment and is calculated as

 , + s/2 a' � ie � x/P'

 -sp. I lu'! p'"' �!

v, is selectivity coefficient of the ith length category,
M is natural mortality rate,
F, is the fishing mortality rate in year t for fully vulnerable length

categories,
tz and P are parameters of gamma distribution that describe the

growth,
a' and P' are parameters of gamma distribution that describe the LFD

of recruitment,

l,. is the mid-length of the ith size category,
6is the width of the length category, and
I is the gamma function.

The spawning biomass at year t  B,! is calculated from

B, = gm,N�w,.

where N,, is number of individuals in the ith length category,
R, is the recruitment abundance at time t,
p, is the probability that an individual grows from the ith length

category to the jth one, and is found from
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where I,. is the proportion of sexually mature individuals in the ith length
category, and w,. is the average weight of an individual of the ith length category
and is calculated from the allometric length-weight relationship, w, = al,.~. The
yield  annual catch in weight! is calculated from

C,=g ' ' ll � S�!N�w,
M+ v,F,

�!

where v,. F, = F,, is the fishing mortality rate for the ith length category in year t.
The re-parameterized form  Kimura 1988! of the Beverton-Holt SR model is

used in this paper, That is,

R, =R,b,/1 � A 1 � b, �!

 8!F i � cl2 vi 2F  + cl2 vi 2F  + q3 v, 3F,

where q is the proportion of effort on the jth mesh in the fishery and X. q. = 1.
J . J J

The fraction of the biomass that is sexually mature is specified from Campos
�993!, who reported that 50% of fish are mature at 72 cm and 100'%%d at 90 cm.
Linear extrapolation and interpolation of these data are seen in Figure 2B. The
resultant function is used to estimate the proportion of sexually mature indi-
viduals in a length category.

3. Implementation of Method

The effects on a population under various fishing pressures is examined by
defining the baseline population to be the unfished, equilibrium population.
The LFD for the baseline population is simulated by setting R, = 1, F, = 0, and
all other parameters in �! to be constant. The procedures are:

1. set N,o = R,dJ

2. substitute N,. o and Rt � � R, into the right-hand side of  I! to calculate N,,

where R, is the number of recruits from an unfished equilibrium population; A
ss a steepness parameter which measures the degree of density dependence in a
SR relationship; and b, is a relative spawning biomass which is defined as the
ratio of the equilibrium spawning biomass at year t B�,! to an unfished, equilib-
rium spawning biomass  B,!; that is, b, = B,/B,.

The selectivity curves for the three meshes  Figure 2A! are constructed using
the method of Amjoun and Gallucci �994!, in which a three-term Gram-
Charher series expansion is used to adjust for the skewness and kurtosis in the
data. The length-specific fishing mortality rate of the combined mesh fishery is
calculated by
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3. repeat step 2 incrementing in time, t, t + 1, etc., until two consecutive LFDs
are the same.

As derived by Sullivan et al. �990!, the element p,. of the growth matrix in
equation �! is dependent on the parameters  tz and P! of a gamma distribu-
tion. The mean  p = tz P! of this gamma distribution is the mean increment in
length  Al,.! for the fish in the ith length category. The mean increment in length
 Al,! also can be represented by a discrete form of the von Bertalanffy growth
equation  Gulland 1969!:

 9!

The parameter t, in an ordinary von Bertalanffy growth formulation does not
appear in this discrete form. The variance of the gamma distribution  cd = ap~
= Pp! describes the variability in the size increments that individuals grow over
successive time periods. Therefore, since L and K define dl, which is the mean
 aP! of the gamma distribution, it remains only to estimate P to calculate p,. in
�!. We can see the variability in size increment over successive time periods by
examining the LFDs at successive ages as seen on a von Bertalanffy growth
curve. These LFDs at the successive ages are compared to vectors N, and N�, in
�! when the survival matrix S and the recruitment  R,! and its LFD vector d are
omitted. This modified equation �! contains p,  the probability of a transition
from length category i to j!, which depends upon P via �!. We tried P from 0.2
to 1.5 and chose P = 0.7 as the value which gives the best match to the observed
LFDs at ages that come from the von Bertalanffy growth curve obtained from
the age determination  Mug 1993!.

The recruitment LFD, d,, is dependent on the parameters  tz' and P'! of
another gamma distribution, as shown in �!. The parameters are estimated
from the estimated parameters of the von Bertalanffy growth equation, which
gives the mean length  p! and variance  a~! at age 2  i.e., age of entry into the
fishery!. Then, from properties of the gamma distribution: p = a'P' and
0' = tz'P' = P'p, the values of p. and a give the estimates of tx' and P'. The
resulting LFD of the population is dependent only on the recruitment LFD
because the population is assumed to be in a steady state, and thus other
population parameters also remain constant. The procedure is described in
more detail in the CASA model  Sullivan et al. 1990!.

The relationship between M and K has been explored by Beverton and Holt
�959! and many others. A choice of M = 0.3, slightly less than 2K, is a
consistent choice. Once the unfished, equilibrium LFD is obtained, fishing
mortality is introduced into the model with the selectivity coefficients and the
proportion of effort used for the three gillnets with the mesh sizes of 3.5", 5",
and 6". In each iteration, the relative spawning biomass  b,!, the yield  C,!, and
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relative recruitment  r,! are calculated to be used as indices of the effects of
exploitation on the population. The computation is continued until a new
equilibrium is reached  i.e., when

Results

The estimated parameters of the von Bertalanffy growth model for this species
are L�= 122.1 cm and K = 0.172  Mug 1993!  Table 1!. Mean length at the first
maturity is estimated to be 55 cm  Figure 2B! or 5 years old; 72 crn or 6 years
old at 50/0 maturity; 90 cm or 9 years old at 100'/o maturity. The estimated
weight-length allometric equation ts W = 0.24 L

The selectivity curves of the three meshes for the corvina reina population in
the Gulf of Nicoya, Costa Rica, are shown in Figure 2A  Amjoun and Gallucci
1993!. The length of the fully vulnerable fish and the length range of fish
caught by the gears increases as the mesh size increases. Comparing the
selectivity curves  Figure 2A! with the maturity curve  Figure 2B!, the 3.5"-
mesh has a selection curve with a peak  the size of maximal probability of
capture! at 42 cm, which is well below the length of first maturity �5 cm!. The
peak of the selectivity curve is 60 cm  slightly larger than the size of first sexual
maturity! for the 5'-mesh, and is 75 cm  approximately the siqe at 50'/o
maturity! for the 6"-mesh. The important aspect of these curves is the increas-

is reached!; or until the resultant spawning biomass falls below 0.5/o of the
unfished virgin spawning biomass  i.e., b, < 0.5'/0!. The first condition for
convergence is illustrated by Figure 3A for any F value. The second condition
for convergence is illustrated in Figure 3B for F = 0.6, 0.8, and 1.0.

At equilibrium, the C, value becomes the equilibrium yield Y,�. The maxi-
mum Y  MSY! for the three meshes can be estimated empirically from the plot
of Y�vs. F, as illustrated in Figure 4A. From �! and  8! Y, is a function of F and
[qt, qz, q3] for fixed selectivity coefficients [nu, n,z, n,.>]. A reasonable definition
of the optimal harvest strategy would be the one that produces an equilibrium
yield Y�close to MSY with a simultaneous constraint to maintain the relative
biomass b, above some fixed percentage  in our case 20/o! of the virgin spawn-
ing biomass as a safeguard against. stock collapse. We empirically create ten
 llxll! triangular tables of Y, and b, values. Each table corresponds to a
specific F value  from 0.1 to 1.0 in 0.1 intervals! and contains 11 levels  from 0
to 1.0! of q, and qz  recall that q, + qz+ q3 � � 1!. These ten tables thus define all
possible strategies in terms of a proportional allocation of the three gillnets and
is the basis on which we chose the optimal strategy.
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Table 1. List of parameter values for the model. See the text for notation.

ValueParameter

Growth

L K 122.1 ctn

0.172

0.7

Length-weight equation
a

b

0.24

2.824

Recruitment

R,

A tX

M

1.0

0.875

22.0

1.0

0.3

ing variance around the respective sizes at the peak of selectivity curves. For
example, the size of 50% vulnerability for the 6"-mesh extends below the size
of first maturity to well above the length of 100% maturity.

The recruitment to the fishery is assumed to occur at age 2. From the above
estimated von Bertalanffy growth equation, the mean length at age 2 is 22 cm
with CV = 1.01  Mug 1993!. From these values, the tz and P parameters in �!
are 22 and 1.0, respectively. The A value in the SR model is assumed to be
0.875, which is generally accepted to demonstrate density dependence, but is
nevertheless an educated guess. This implies that the recruitment will be 90%
of the unfished level if the spawning biomass is reduced to 50% of the unfished,
equilibrium level �0% B,!. That is, if b, = 0.5, then r, = 0.9. The abundance of
corvina reina is low and assumed to be relatively stable over the years in
question, despite fluctuating environmental conditions in the Gulf of Nicoya.
On this basis, it seems reasonable to assume that recruitment is driven more by
density dependence than by environmental factors.

Figures 3A, B, and C show the changes of relative spawning biomass  b,!;
relative recruitment  r, = R, / R,!; and annual yield  C,! over years for the three
meshes, operated independently. It is clear that the stock cannot sustain a
fishing mortality greater than 0.5 using 5"- and 6"-meshes individually, because
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the spawning stock and its recruitment wtll fall under 10'k of the unfished level
within 20 years. This is seen in Ftgures 3B and C where both b and r are seen to
fall below 10/. Although the relative spawning biomass and relative recruit-
ment remain high under the 3.5"-mesh, the low equilibrium yield  about 50%
of the combined-mesh fishery! probably will not be adequate to maintain a
viable fishery for corvina reina.

A recent fishery survey shows that 67'yo of the total effort uses 3.5"-mesh,
6 /o uses the 5"-mesh, and 27'/o uses the 6'-mesh. Under this combination, the
stock cannot sustain a total F > 0.6, because the relative biomass will fall below
20'/c within 30 years  Figure 3D!. The equilibrium yield for the combined-mesh
fishery is around 400 relative to R, = 1 for 0.1 < F < 0.6. This level of equilib-
rium yield is close to that of the 5"- and 6"-meshes with 0.1 < F < 0.4. Thus, the
combined-mesh fishery seems to have some advantages over either the 5" or 6"
mesh used alone in terms of yield and in terms of the risk of driving the spawn-
ing biomass to the level of b, < 10'/o. The combined-mesh fishery is thus less
risky and produces twice as much yield as the 3.5" mesh for 0.1 < F < 0.8. This
can be examined further by plotting the equilibrium yield, relative biomass and
relative recruitment against F for the three mesh sizes  Figure 4!.

Figure 4A shows that the MSY of the 3.5'-mesh alone is one third of the
6'-mesh alone and is 40'/o of the 5"-mesh alone. The FMsy is 0.20, 0.25, and
0.65 for the 6"-, 5"- and 3.5"-meshes, respectively. There is higher risk of
extinction by using 5"- and 6"-meshes individually because the relative spawn-
ing biomass will be zero at F = 0.6  <2M, if M = 0.3! and 0.5, respectively
 Figure 4B!. The relative spawning biomass at MSY is about 0.3 for 5"- and 6"-
meshes and is 0.42 for the 3.5"-mesh  Figure 4B!. The relative recruitment at
MSY is 0.78 for the 6"-mesh, 0.82 for the 5"-mesh, and 0.94 for the 3.5"-mesh
 Figure 4C!. For the currently employed combined meshes in the ratio of 67 /0 .'
6'/o ' .27'/o, the FMsr is 0.4, and the MSY almost equals that of the 5"-mesh. The
stock harvested by the combined meshes tn the above proportions can also
sustain a higher F than when harvested by the 5"- and 6"-meshes individually.
These results indicate that a combined mesh fishery is a good harvest strategy
for this species.

Thus, any allocation of effort over the three meshes  ctt, qz, q3! produces a
yield curve which will have an MSY and its corresponding FMs�. Table 2
summarizes the allocations of effort  q,, qz, qs! that maximize the equilibrium
yield under different levels of fishing mortality, with their relative spawning
biomass and recruitment. Among these combinations, the effort allocation of
�, 0, 1! under F = 0.2 has the highest equilibrium yield  = 456, relative to
R�= 1! with relative spawning biomass around 0.3. The effort allocation of
�.4, 0, 0.6! under F = 0.3 produces an equilibrium yield of 425, about 93' of
the yield under the F = 0.2 scenario. Under F = 0.4, the effort allocation of �.6,
0, 0.4! provides an equilibrium yield of 390  86'/o of the largest equilibrium
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Table 2. The fraction of efforts for the 3.5"-mesh  q,!, 5"-mesh  q2!, and 6"-mesh
 q3! which produce the maximum equilibrium yield under various
F values. b: relative spawning biomass. r: relative recruitment.

Yield

yield!, This effort allocation is very close to the current one �.67, 0.06, 0.27!.
Therefore, the first management priority for corvina reina in the Gulf of Nicoya
is to recognize that the total F that results in MSY is dependent on how fishing
effort is distributed over the three mesh sizes. With the current distribution, the
fishing mortality rate should be in the neighborhood of 0.4. Any F > 0.6 is not
recommended, because the relative spawning biomass will fall below 20%, and
thus increase the risk of stock collapse.

It is interesting that none of the effort allocations which maximize equilib-
rium catch under a specified F include the 5"-mesh. The optimal fraction of the
3.5"-mesh increases and that of the 6"-mesh decreases as F increases. This
suggests that a 6"-mesh is preferred when F is low and yield, relative spawning
biomass, and relative recruitment are maximized. Although the 3.5"-mesh is
favored as F increases, its use increases the risk of driving the relative spawning
biomass under 20%.

Discussion

It is sometimes difficult to carry out a stock assessment study in a tropical
fishery because biological parameters such as growth and recruitment fre-
quently are not available. Our results in age determination and tecundity allow
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us to take a first look at the exploitation dynamics of corvina reina in the Gulf of
Nicoya. These results may contribute toward a scientific basts for making
management decisions. This study also provides a basis for deciding on the
kinds of information that are needed and the direction of future studies. A high
priority must be given to the collection of abundance by species and length
data, from which the parameters of growth, year-class strength, stock abun-
dance, and the rate of fishing mortality can be estimated.

In the yield per recruit model of Beverton and Holt �957!, increases in the
age of entry to the fishery result in higher equilibrium yields. Our analysis
using the CASA model shows the same results  Figure 4A!. However, we also
show that there is a high risk associated with placing all of the effort into the
gillnet with the largest mesh size alone. This is because the larger mesh size also
retains substantial numbers of juvenile fish when F is high. Figure 2 shows that
the length of 50'/o vulnerability for the 6"-mesh extends from below the size of
first maturity to above the size of 100'k mature. In contrast, the length of 50 /o
vulnerability for the 3.5 '-mesh size is well below the length of first maturity. As
the exploitation rate increases, the gillnet with the largest mesh size provides
the highest risk of extinction, in contrast to the smallest. mesh size  Figure 4!,
especially when F is high. This is because the larger 5"- and 6"-meshes have the
potential to take more spawning stock as well as the juvenile segment in the
population. Consequently, this will reduce both spawning biomass and recruit-
ment and thus undermine the stability and the long-term potential yield.

The 5"-mesh, in fact, holds the potentially greater risk for the fishery
because its 50'/o entering size is 10 cm below the size of first sexual maturity,
and its 50 /0 exiting size is about the size of 95'/o sexual maturity  Figure 2!. In
contrast, the 50 /o entering size of the 6"-mesh is about the size of first maturity.
Therefore, the 5"-mesh presents a greater danger than the 6'-mesh. When both
5"- and 6"-meshes are present, the 5"-mesh should be eliminated, as demon-
strated in Table 2. The 3.5"-mesh does not pose a high risk, as originally
expected, although the fish retained by this mesh are juveniles. This is probably
because the size-range under the selectivity curve of the 3.5 -mesh is narrow.
The growth of juveniles in their early stage of life history is fast., and they can
move out of this range quickly within one year, according to the estimated von
Bertalanffy growth equation.

Despite the logic of the above interpretation of the mathematical analysis of
optimal strategy, this strategy involves the simultaneous removal from the
population of a number of juvenile fish, which never attain the size of first
reproduction, and of mature fish, the most fecund in the population. Yet this
fishery, which has operated for decades in roughly the same way in terms of
selecttvrty, but with increasing effort  thus total fishing mortality is increasing!,
has remained reasonably stable. A change in selectivity occured in 1993 when
8"-gillnets were introduced into the fishery, resulting in the capture of signifi-
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cant numbers of fish as large as 125 cm. This compounded our concerns that
without explicit inclusion of it in the model, the optimal strategy rested on the
existence of a reproductive pool of more or less constant size that contributed
to the sustainability of the fishery. In fact, our analyses were carried out using
125 cm as the maximum possible size of a fish and 122 cm as L . Therefore,
unless management decides to limit the allowable mesh sizes, the next analysis
of this fishery will require the use of four gillnet mesh sizes and an entirely new
distribution of proportional effort.

The continued use of the 3.5"-mesh as specified by the optimal strategy
appears to be a high risk, or at least a nonconservative option, because of its
focus on pre-reproductive sizes. However, we would have faced a real dilemma
if the optimal strategy had specified discontinuation of the 3.5"-mesh. This is
because the other four primary species in this multispecies fishery are all
smaller in maximum size and some are fully reproductive at the optimal cap-
ture size �7 cm! of the 3.5'-mesh. Therefore, to simply discontinue use of the
small mesh is not economically practical. This illustrates the kind of problem
that can arise with the transfer of the results of a single-species model analysis
to a multispecies scenario, a problem which we fortunately did not have here.
This model has contributed greatly to our perceptions of the fishery, to the
specification of an optimal strategy, and to speculation about variations on that
optimal strategy in the four-gillnet case and in the multispecies environment.

We carried out a stock assessment for corvina reina based on a multi-mesh
size gear and a single species model. However, the nature of the fishery in the
Gulf of Nicoya is multispecies as well as multi-mesh sizes. The other primary
corvinas that comprise the fishery, picuda, aguada, agria, and coliamarilla,
show different growth patterns and LFDs. Gillnet selectivity will be different for
the other species which leads to different optimal strategies for harvest than we
have found for corvina reina, when these are analyzed as though they are single
species fisheries. The challenge is to reconcile optimal tactics from single
species analyses to develop optimal strategies for the multispecies analysis.
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Abstract

The red rock lobster, casus edwardsii, fishery of New Zealand has been managed
within an individual transferable quota system since April 1990. In this paper,
we explore the possible consequences of various Total Allov able Commercial
Catch  TACC! options on future population states. There are two major uncer-
tainties in predicting the future state of rock lobster stocks. First, the present
stock size is unknown. Biomass can be estimated from CPUE divided by the tl
value obtained from surplus-production modeling. However, confidence limits
on this kind of biomass estimate are wide. Second, the stock-recruit relation is
unknown. It may have been realistic to assume constant recruitment when
spawning biomass was relatively high, but low spawning biomass is quite likely
to cause reduced recruitment. It is feasible to assume various forms of the pos-
sible relationship and examine their effect on the results, and that approach is
used here by choosing various levels of steepness of a Beverton-Holt stock and
recruit relationship. For summarizing results of the simulations, we estimated

Proceedings of the international Symposium on Management Strategies for Exploited Fish Populauons,
Alaska Sea Grant College Program, AK-SG-93-02, 1993.
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the 5th and 95th percentiles of the projected biomass after 4 years. With steep-
ness 1.0, the biomass always increased unless the TACC exceeded 2,500 t. With
steepness 0.4, biomass never increased unless the TACC was less than 2,500 t,
and biomass decreased 10% of the time even with a TACC of only 1,000 t.

Introduction

The red rock lobster, Jasus edwardsii, is a palinurid  spiny! lobster. The species
occurs throughout New Zealand and in southern Australia  formerly J.
novaehollandiae in Australia!. Annala �983a! and Booth and Breen �994!
summarize the biology of the red rock lobster. The fishery for lobsters is the
largest inshore fishery in New Zealand, with exports of hve and frozen product
currently earning about U.S. $55 million annually.

Maori people and early settlers fished for rock lobster. Significant commer-
cial exploitation, however, began only in 1945 as export markets developed.
Small vessels, usually operator-owned, fishing on a day basis with traps  pots!
are typical in the fishery. In the southern part of New Zealand, fishers make
longer trips, and lobsters may be frozen at sea.

Annala �983a! extensively described the New Zealand rock lobster fishery.
Management of the fishery has involved a minimum legal size  now based on
tail width; the size corresponds approximately to 90-100 mm carapace length!,
protection of egg-bearing females, and limited entry after about 1979  Annala
1983b!. There have never been closed seasons nor effort restrictions. Within
the limited entry management, fishers were free to increase vessel size, days
fished, and efficiency; they appear to have done all of these.

Since April 1990, the fishery has been managed with an individual transfer-
able quota  ITQ!. For the major stock, comprising the North and South Islands
combined  NSI stock!, there are nine Quota Management Areas  Breen and
Booth 1990; Table 1!. Each area has a separate Total Allowable Commercial
Catch  TACC!, but the nine areas are assessed as a single NSI stock.

In this paper, we explore the catch and effort data with contemporary
biomass dynamic models. We examine the sensitivity of the New Zealand red
rock lobster data to model specification by fitting the family of Schaefer models
suggested by Schnute �989! to the NSI data. Stocker and Butler �990! used
this approach in the British Columbia crab, Cancer rnagister, fishery. We also fit a
model developed by Clarke, Yoshimoto, and Pooley  Clarke et al. 1992;
Yoshimoto and Clarke 1993!, based on a Gompertz growth equation.

Finally, we present the results of simulation modeling to explore the short-
term �-year! consequences of various constant TACC options. To determine
the appropriate level of harvest is critical under ITQ management. New Zealand
law requires that the TAC be set to produce the maximum sustamable yield  as
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qualified by other relevant factors!  Annala 1991!. General conclusions about
the fishery are drawn, and management implications are discussed.

Data Sources

Breen �988, 1989! described the fishery data. Breen and Booth �990! up-
dated the data to the most recent period. Usable effort data later than 1987
could not be obtained, so this analysis was based on the most recent data
available, tabulated by Breen �989! and Breen and Booth �990!. Recreational
catches are thought to be on the order of 200 t annually. Illegal catches are
greater, but no time series of estimates is available. The present analysis consid-
ers only the commercial fishery data.

For the NSI stock, we use the catch and effort data presented as Table 7 by
Breen �989!. These data were compiled from Annala �983! for 1945-63; from
Annala and Esterman �986! for 1963-78; from yearly data reports from the
Fisheries Statistics Unit  FSU!  see Breen and McKoy 1988! for 1979 through
1986; and from Breen �989! for 1987. Effort was available as number of
vessels from 1945-62, as vessel-days from 1963-73, and as pot-lifts from 1979-
86, Breen �988! used simple assumptions to convert vessel numbers and
vessel-days to pot-lifts. Pot-lifts were estimated from reported vessel numbers
for 1945-62 and from reported vessel-days for 1963-73  see Breen 1989!.

Catch and effort data were not reported by area fished during 1974-78.
Annala and Esterman �986!, however, estimated catches from port landing
statistics. They estimated a constant effort and applied it to each of these 5 years
for the NSI stock. For the period 1987-89, the FSU coverage declined as the
FSU system was replaced by the Quota Management Reports  QMR! system.
We obtained estimates of effort for the NSI stock from the FSU system for 1987-
89. These estimates are based on incomplete reporting; the reported effort data
are associated with 80.4%, 76.7%, and 22.9% of the reported catches in each of
the 3 years, respectively. For the following analysis, we disregarded the FSU
estimate for 1989 and assumed that effort in 1989 remained at the 1988 level
because of incomplete reporting. We extrapolated the 1987 and 1988 effort
data to account for the entire catch.

We discovered an outlier with high leverage for 1950. Examination of the
original data source confirmed the existence of the outlier. For analyses with
the NSI data set, we excluded years 1945-50.

The catch increased rapidly over the period 1945-56 from 809 t to 6,550 t
 Figure 1!, Over the period 1957-89, the catch varied consistently between
3,000 t and 5,300 t. The CPUE time series fluctuated widely around 3 kg pot-
lift ' from 1945-56. The series declined rapidly from its highest value of 4.34
kg pot-lift ' in 1956 to 2.37 kg pot.-lift ' in 1958. Since then CPUE has
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Figure 1. Fishery data from NSI stock, 1995-89:  top! Catch  tonnes live weight!, and effort
 pot-lifts!; and  bottom! CPUE  kg live weight per pot-lift!.
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gradually declined to its lowest level of 0.64 kg pot-lift in 1989  Figure I!.
The effort gradually has increased from around 1,200 pot-lifts in the 1950s to
around 4,000 pot.-lifts in the early 1980s  Figure I!. A sharp increase followed,
reaching around 5,800 pot-lifts by 1984  Figure I!.

Biomass Dynamic Modeling

Model Years

Schaefer

CY6rP

CY6zP

CYRP

1951-87

1945-87

1963-86

1945-49, 1951-89

Schaefer models

Schnute �989! suggests that the algebraic formulation of a model is important
to the estimates obtained, much as in fitnng a regression, different results are
obtained from predicting Y from X and predicting X from Y. Schnute �989!
also demonstrated that the assumed error structure of a model affects the
estimates. From the same basic assumptions, Schnute �989! presents a set of
12 models. There are three versions of the basic model, varying in whether they
predict catch, effort, or CPUE. Each of these models has an equilibrium and a
dynamic version. Each version can be fitted with either normal or log-normal

Biomass dynamic models  Hilborn and Walters 1992! have been a major tool in
stock assessment for this species. Saila et al. �979! applied an exponential
stock production model. Annala and Esterman �986! used the Fox �975!
model with catch and effort data through 1982. Fogarty and Murawski �986!
used similar data with two delayed-recruitment surplus-production models.
Recent rock lobster stock assessments  Breen 1988, 1989! examined the results
of analysis with the Fox model with various themes based on the basic catch
and effort data for the NSI stock.

In this paper, we explore the following questions using a set of Schaefer
�954! models  Schnute 1989! and a dynamic Fox model  CYRP model!
 Clarke et al. 1992!. Are the catch and effort data from the combined NSI stock
adequate to permit robust interpretations of surplus production? What are the
consequences of different model assumptions and error structures on optimum
effort and yield estimates? The model notation is different in Schnute �989!,
and different again in Clarke et al. �992!. We provide a brief comparison of
symbols to reduce possible confusion  Table I!.

The four data sets used with the corresponding models are summarized as
follows:
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Table 1. A simplified concordance of symbols used in the papers referred to in
the text.

Clarke et al.

�992!

Schnute

�989!
Present

documentDescription

C,

OPt.

OPf

rDynamic parameter

Table 2. Schnute �989! models fitted to the data described. The parameters
fitted are maximum sustainable yield C,�,, optimum effort E,�,, and for
dynamic models 1. I*, is CPUE in year t, E, is effort in year t, and C, is
catch in year t. In each model pair, the odd numbered model was fit by
assuming normal error and the even numbered model was fit by
assuming lognormal error.

Model Variable Mode Equation

I*, =  C,, / E�,! � �  E, / E,,!!Equilibrium

Dynamic

1,2 I',

3,'I I; I*, = � � f ! C,pt / E��,!� �  E, /E,�,!!
+ri,,

E, = E,�,�-  E,�, / C,�,!I",!!Equilibrium

Dynamic

5,6 E,

7, 8 E, E, = E,�,[�-  E�, / C,�,!I*,!!
�  I /� � I ! E,�, / C,�,! I*,� I*,,!]

Ct Co t  t opt!    t opt!!Equilibrium

Dynamic

9,10 C

11,12 C, C, = [� � I ! C,�, E, / E,�,!
� �  E, / E,,!!] +  I E, I; !

Catch, year t  biomass!

Effort, year t

CPUE, year t  biomass!

Maximum sustainable

yield  biomass!

Effort at MSY

C,

E,

U,
C*

C,

E,

U,

G A'"!
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C, = E, n � PE,!  la!

for equilibrium models and from

C, = E, u � PE,!/� � I ! �b!

for dynamic models. For equilibrium models,

o,' = 2 C,�,/E,�,! �a!

�a!

and for dynamic models

Qb!

Ob!

Table 3 also shows estimates of c and P for each model.
Results shov a variety of C, estimates, ranging from 4,900-5,900 t in theOPt

best-fitting models  Table 3!. E,�, ranged from 2.029 to 3.100 million pot-lifts
in the best-fitting models. This range is one-third to one-half the 1987 effort of
more than 5.2 million. The most optimistic fit, from model 9, would suggest
that effort in 1987 was 35% higher than optimum.

error  Table 2!. Models 2 and 10 and models 4 and 12 actually are equivalent
algebraically. The maximum equilibrium catch C,�, and optimum fishing effort
E,�, are estimated directly as parameters in the models. In traditional surplus-
production models, these parameters are calculated from estimates of r, q, and K.

We used a nonlinear search package  MicroSimplex, copyright Jon Schnute
1986; see Mittertreiner and Schnute 1985! to obtain maximum likelihood
parameter estimates and the minimum function value  L! for each model. Some
minor problems hinder the ability to compare L-values for different models.
With lognormal-error models 2 and 10, the last 3 years of effort are greater than
twice optimum effort. This creates a negative term in a logarithmic expression,
We simply deleted the last 3 years of data for these two models. For models 6
and 8, we used effort as pot-lifts rather than thousands of pot-lifts to avoid a
similar problem, after determining that the effect on normal-error models was
minimal. For models 4 and 12, the L value cannot be calculated.

The best fits  i.e., lowest L values! were obtained with models 1, 2, 3, 6, and
8  Table 3!. Examples of plots of equiltbrium catch as a function of effort for
models 1, 4, 8, and 9 are shown in Figure 2. These are obtained from
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Ftgure 2. NSt stock production curves, 1995-87, from Schnute �989!
models  see Table 3!.



Management of Exploited Fish ~ Alaska Sea Grant 1993

7000
Catch  t

BOOO

5000

4000

3000

2000

1000

0000 0
2 3 4 5 B

Pot-lifts  millions!

Model 8

Catch  t
7000

BOOO

5000

4000

3000

2000

1000

0000 0
2 3 4 5 6

Pot-lifts  millions!

Model 9

Figure 2. t'Continued.1



Breen 5 Stocker ~ Catch Levels of Red Rock Lobster

Table 3. Estimates from 12 models listed in Table 2, using data from the NSI
stock, 1951-87. Dynamic models use one fewer year's data than the
equilibrium models.

Model I C,�, OP/

94.0

26.0

47.2

CY6zP model

This model is a dynamic Fox model based on the Gompertz growth model.
Clarke et al. �992! and Yoshimoto and Clarke �993! describe the model.
Yoshimoto and Clarke used the model with modified data from the NSI stock

 Breen 1989! and with data from the American lobster  Homarus arnericanus!,
Western Australian rock lobster  Panulirus cygnus!, and Tasmanian rock lobster
 tasus edwardsii!, fisheries. The model is:

ln /;�! = �r /  2+ r!! In  xq! +  � � r!/i2+ r!	ni/,'!
�  q/  2+ r!! E, + E�,! �!

The constants r, q, and K are as in the Schaefer �954! model. We fit the
model with MicroSimplex from

1n I,*,! = cl+ c21n I,* + c3 E + E �!

and then calculated

1 5,448

2 4,898

3 0.818 4,944

0.858 4,030

5 5,644

6 5,876

7 � 0.497 5,737

8 � 0.426 5,965

9 5,077

10 4,898

11 0.840 3,855

12 0.858 4,030

3,100

2,995

2,717

2,854

2,522

2,069

2,567

2,135

3,912

2,995

3,562

2,854

630.88

41.7

610.79

33.47

662.75

25.99

589.33

3.514

3.271

3.640

2.824

4.476

5.680

4.469

5.587

2.596

3.271

2.165

2.824

0.0005668

0.0005462

0.0036865

0.0034831

0.0008875

0.0013727

0.0005815

0.0009173

0.0003318

0.0005462

0.0018994

0.0034826
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Table 4. Estimates from the CYRP model, using five data sets described in the
text.

C,, E,,KData set

1.973E-4 19,683 4,395 3,100NSI, 1945-87 0.607

NSI, 1963-86 0.327 6.115E-5 36,203 4,355 5,300

NSI, 1945-49, 0.221 6.873E-5 46,786 3,804 3,220
1951-89

r = 2� � c2!/�+ c2!; q = � c3�+ r! �!

and

K =  l/q! exp cl� + r! /2r! �!

Parameter estimates vary with the data set used  Table 4!. Results show a
range for C,p  estimates from 3,800 to 4,400 t  Table 4!. E,�, ranged from 3.100
to 5.300 million pot-lifts. The most optimistic fit, from the CYQP model,
suggests that effort in 1987 was near optimum.

Equilibrium stock production curves  Figure 3! are determined from

C, = qKEexp  ,qE, /r!�  8!

Simulation Modeling

ln this section, we explore the possible consequences of various TACC options
on future population states. There are two major uncertainties in predicting the
future state of rock lobster stocks. First, the present stock size is unknown.

The shapes of the equilibrium curves from the CYQP model are different
from those of the Schaefer models  compare Figure 2 with Figure 3!.

From the parameter estimates of the CY6rP model analysis  data set 1945-
49, 1951-89!, we estimate the biomass and ratio of catch to biomass  C/B! for
the time series of data  Figure 4!. This reconstruction was used to initialize the
forward simulations described below.
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Figure 0. Stock reconstruction based on Parameter estimatesfrom the CY&Pmodel, NSI stock,
1905-89 with 1951 deleted  Table 0!.

Biomass can be estimated from CPUE and the cl value obtained from surplus-
production modeling:

 9!B, = I,*/q

However, confidence limits on this kind of biomass estimate are wide. A
worse problem for using  9! in the present situation is that complete effort data
cannot be obtained for penods after 1986. Thus, CPUE is estimated from
incomplete data.

Second, the stock-recruit relation is unknown. It may have been realistic to
assume a constant relation when spawning biomass was relatively high, but low
spawning biomass is quite likely to cause reduced recruitment. Changes in
CPUE would suggest that 1987 biomass was about 20% of virgin biomass  Fig-
ure 0!. Defining the stock-recruit relation is very difficult. It is possible to as-
sume various forms of the possible relationship and examine their effect on the
results, and that approach is used in age-structured modeling described below.

A simple age-structured model  see Breen 1989! was used. The model is
based on the generalized computer simulation model of Walters �969!. The
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model assumed an asymptotic Beverton-Holt stock-recruit relationship  see
Ricker 1975!:

R, =B,/ a+PB!, �0!

where R, is recruitment  in numbers! at time t, B, is spawning biomass at time t,
and a and P are constants  not the same as in �! to  8! above!. For ease of
comparing different stock-recruit curves, we use the steepness parameter de-
scribed by Mace and Doonan �988!. Steepness  s! is the fraction of equilib-
rium virgin recruitment  Ro! produced when current spawning biomass  B,! is
209o of the virgin spawning biomass  K!. The parameters are calculated from s,
K and Ro.

tx =  K/R,! t �  ts � 0.2!/t0.8sj!!

P =  s � 0.2!/0.8sR, �2!

Note that recruited biomass was used to approximate spawning biomass.
The model simulated populations for each sex and for five sub-areas. Each sub-
area has different growth rates and initial population sizes  Breen 1989!. The
lag between spawning and recruitment  k! was incorporated:

t,sex,area t � tt,sex,area y sex,area r sex,area t � tt,sex,area �3!

The lags used were area- and sex-specific, based on those reported by Breen
and Booth �990!, plus one year to account for the time larvae spend in the
plankton. We assumed that recruitment is lognormal with a coefficient of
variation of 0.5. We also assumed that recruitment arising from a particular
year's spawning would vary the same way for both sexes and all areas.

The model was initialized as follows. We assumed that the population
proportions in each area were the same as the proportion of catches by area for
1986  Breen 1989!. Then we found the values of Rp �� that gave the
unfished equilibrium biomass equal to the K estimate from surplus production
analysis. We initialized the model with the end-1989 biomass estimates from
the surplus-production parameters  Figure 4!.

The model was run for 4 years each, reinitialized and run again, and so on
for a set of 100 runs made with the same parameters. Between sets of runs, the
TACC and the steepness parameter s were varied. For each set of 100 runs, the
same set of random numbers was used to generate the stochastic recruitment.
This guaranteed that differences between sets of runs were due to changes in
parameters and not differences in the stream of random numbers. We ran most
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combinations of TACCs �,000, 1,500, 2,000, 2,500, 3,000, 3,200 t! and
steepness �.0, 0.8, 0.6, 0.4!.

The observed distribution of Bt9>~ from one set of 100 runs is shown in
Figure 5  top!. In this example, the biomass nearly always increased from the
estimated Btggo. For contrast, Figure 5  bottom! shows the distribution from a
set of runs made with a much lower value of steepness and a lower TACC:
Biomass was nearly always less than B>99Q.

For summarizing results, we estimated the 5th and 95th percentiles of B>994
from the 5th and 95th values of B,994 in a set of runs  Figure 6!. The
TACC x steepness matrix shows for each combination the 5'-95 /o range and
medkan 1994 biotnass  Figure 6!.

The probability  '/o! of runs in which Btzz< was greater than B>9>o is shown in
Figure 7. With steepness 1.0, the biomass always increased unless the TACC
exceeded 2,500 t. With steepness 0.4, biomass never increased unless the
TACC was less than 2,500 t. With steepness 0.4, biomass decreased 10'yo of the
time, even with a TACC of only 1,000 t  Figure 7!.

Discussion

The Schaefer model results illustrate and support Schnute's �989! major point
that the choice of statistical error structure can have a major impact on conclu-
sions. C,�, estimat.es vary greatly among the 10 models, and E,�, estimates vary
to a lesser extent. A major conclusion is that, whichever model of this family of
models is used, E,, is substantially less than the 1987 value for E,. The conclu-
sion that recent eflort is much higher than optimum effort appears to be robust.

We truncated the NSI stock data to investigate the effect of the early years of
data on the CYQP model analysis  compare Figure 3  top! with Figure 3  bot-
tom!. The results, especially Epp  estimates, are quite different when only a part
of the complete data set is used. This suggests that the early years of data  or
alternatively, the standardization of early years of data!, are essential in this
analysis.

The analyses above, which can be taken still further, tllustrate the value of a
long time series of catch and effort data. It is most distressing that quality
fishery data became unavailable just when they were most required. Restora-
tion of the fishery statistics system should be of paramount priority.

In recent years, effort has been substantially higher than optimal for the red
rock lobster NSI stock. This conclusion has been shown above to be robust
when examined with different models  i.e., Schaefer and CYST! and with
various error structures. As a consequence, the stock is smaller than optimum
and catch is less than potential MSY  see Tables 3 and 4!. The present stressed
stock may decline further and may be in jeopardy.
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Figure 5. Results from 100 runs of the age-structured simulation model with.  top!
steepness = 1.0 and TACC = 2,500 t; and bottom! steepness = 0.4 and
TACC = 2,000 t. Data shown are frequency distributions of biomass after 4
years. The vertical hnes indicate the 1990 biomass.
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Figure 6, Distributions of estimated biomass in 1994 from simulation modeling
shown from steepness of 1.0  top!, 0 8 and 0 6  middle1, and 0.4  bottom!
for various TACCs. Each vertical bar shows the 5-95% range of biomass
values after 4 years observed in a set of 100 model runs. The short
horizontal bars are the median biomass observed in a set of 100 runs.
The horizontal lines plotted with each steepness are the 1990 biomass
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Figure 7. Probability  %! of runsin which the simulated 1999 biomass after fishing was greater
than the 1990 biomass in relation to steepness. TACC  the constant catch taken from
the model! and steepness  a shape parameter m the Beverton-Holt stock-recruitment
relation! were varied as shown
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Alaska's Recreational Fisheries

Terrance J. Quinn II and Nicole J. Szarzi
juneau Center, School of Fisheries and Ocean Sciences

juneau, Alaska

Abstract

The State of Alaska Constitution mandates that the state's natural resources be
managed on a sustained yield basis, but it does not specify how to determine
sustained yield. Determination of sustained yield in Alaska's recreational fisher-
ies is complicated by the limited information available. Commonly used strate-
gies in commercial fisheries often do not apply to recreational fisheries, because
most are based on maximizing or optimizing the weight of harvests rather than
providing for maintenance of numbers of fish or size distributions in a fish
population. We present a generic age-structured method to determine sus-
tained yield for Alaska's recreational fisheries that requires basic life history
information about natural mortality, fecundity, maturity, early life survival, and
gear selectivity. Approach I avoids using a spawner-recruit relationship and
finds fishing mortality F� that will keep the population in equilibrium given the
above population parameters. If a spawner-recruit relationship can be defined,
then in Approach 2, the fishing mortality F�� that produces maximum sus-
tained catch is determined. In Approach 3, various quantities are calculated on
a per recruit basis, which also avoids using a spawner-recruit relationship. The
method is applied to an Alaska razor clam population. Basic life history infor-
mation is used in conjunction with an abundance time series to determine Frp
which is shown to be sustainable. The spawner-recruit relationship is uncertain

Curreni address for N I Szarzi is Alaska Department of Fish and Game, Sport Fish Diinsion, P.O. Box 47,
Glennallen, AK 99588-0047.

Proceedings of the International Symposium on Management Strategies for Exploited Fish Populations,
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for this population, so three sets of parameters are used to represent varying
levels of density dependence. The catch � fishing mortality relationship and
hence fishing mortality F �, which maximizes catch, are quite sensitive to the
density dependence level, and fishing at F �may have a negative impact on the
age structure of the population. An alternate strategy that maximizes catch of
fully mature clams produces lower recommended fishing mortality, which is
robust in regard to the density dependence level. Per recruit analyses produce
similar results to F�and the alternate strategy.

Introduction

Section 4 � Sustained Yield � in Article VIII, Natural Resources of the Constitu-
tion of the State of Alaska, states "Fish, forests, wildlife, grasslands, and all
other replenishable resources belonging to the State shall be utilized, devel-
oped, and maintained on the sustained yield principle, subject to preferences
among beneficial uses." Nowhere in the Constitution is the sustained yield
principle explicitly defined, but. one may infer that the drafters envisioned
proper conservation and management of resources to provide long-term pro-
tection and utilization.

The determination of sustained yield in Alaska's fisheries is in its infancy. For
commercial groundfish and salmon fisheries, constant harvest rate and fixed
escapement policies have been used. For recreational fisheries, it has been more
difficult to determine sustained yield because of the large number of popula-
tions and the lack of long time series of abundance and catch information for
most populations. A statewide harvest survey has provided long-term informa-
tion on catch and harvest, but it cannot be used to infer abundance.

In this paper, a general structure for determining sustained yield is devel-
oped that utilizes an age-structured model as its core. Maturity, fecundity,
harvest, and survival are modeled as functions of age, and a general spawner-
recruit relationship provides the link between year classes. Three approaches
are investigated for determining sustained yield. The first approach derives
fishing mortality F�, which keeps the population at its same equilibrium level
 or "steady"!, and does not require a spawner-recruit relationship. This ap-
proach is contrasted with two other approaches, which are similar to tech-
niques used in commercial fisheries.

Although the methodology is written in relation to issues in Alaska, it is
general and has application to both commercial and recreational fisheries on
age-structured populations. Indeed, the main purpose for this paper is to
present methodology applicable to the types of data routinely collected from
fish populations. In Alaska's recreational fisheries, it is generally not possible to
study a population too intensely, because fish resources are diverse and budget
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Model

The basis of this model is a deterministic Leslie mat.rix formulation for age-
structured populations. A general age-structured model derived in Deriso et al.
�985! is a companion basis for model development. Given information on
survival and fecundity encapsulated in the Leslie matrix, a population is pro-
jected forward in time. Two incarnations of the Leslie matrix are used, one with
constant, and the other with density dependent, early life survival.

The underlying theory behind this approach is coherently presented in Getz
and Haight �989!; citations to equations in their text used here are denoted
[GH x.x!] below to aid readers who wish more in-depth understanding of the
theory. In this paper, notation is translated into more common fisheries usage; a
translation table is given in Appendix 1. We also depart from Getz and Haight
in our treatment of harvesting: We utilize common strategies used in fisheries,
while they solve a theoretical age-structured harvesting problem.

Let

N�= abundance at age a and year t

and personnel resources are limited. Therefore, the methodology requires, at a
minimum, only enough information on fecundity, survival, and/or abundance
to be able to follow a population from spawning to initial recruitment.

One feature of this approach is the avoidance of yield equations so often
used in determining optimal yield, which require the determination of average
weight at age. It is not often the goal for recreattonal fisheries to maximize yield,
but rather to provide an abundant resource that provides fishing opportunity
and a range of ages so that trophy size fish can be caught occasionally. Another
feature of the model is that recruitment is not strictly a function of spawning
biomass, as in several common population models described in Hilborn and
Walters �992!, so maturity and fecundity relationships are used instead.

In this paper, attention is restricted to constant fishing mortality  F! policies.
As detailed in Ricker �975!; Gulland �983!; Deriso �987!; Sissenwine and
Shepherd �987!; Clark �991!; Hilborn and Walters �992!; Jakobsen �992!;
and several papers in this proceedings and the proceedings referred to in Smith
�993!, several constant F policies have been used, such as tnaximum sustained
yield policy F,, yield per recruit policies F and Fo n spawning biomass
conservation policies F��and F,<, and spawning biomass or egg production
per recruit policies F @, where x is generally in the range of 20-%0. Several other
types of policies also could be considered, such as constant catch, constant
escapement, constant exploitation rate, and threshold polices.
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Sa, = survival at age a and year t

fa = average fecundity of a mature female at age a
ma = proportion of mature females at age a

fa = mg, = average net fecundity of a female at age a
A

Np, = gf,N�, = egg production in year t [GH�.5! j
a=r
A

N,, = pm,N�= spawning abundance in year t
a=r

r = age at first recruitment and usually first appearance in the database

A = oldest age.

The general recursion equation for abundance is then

a+1 t+t a t a i

Za, = M+S�F,.

Catch is given by the Baranov catch equation

�!

C�, = " 1 � e " N., = p�,N�,
a,t

�!

where p� is the exploitation fraction. Survival as a function of mortality is

S =e
-Z

a,t �!

Assume that the relationship between recruitment and egg production can
be written

N�, = tNe,ttr Ne,,! [GH�.8!t,
where E, is interpreted as early life survival from age 0 up to recrurtment age r in
the absence of density dependence and tlr Npt! is a function representing
density dependence. As an example, the well-known Ricker spawner-recruit
relationship

N ,�= atN�e�xp  PN�!�

Assume that natural mortality M and fishing mortality F�occur simultaneously
and that fishing mortality is separable into selectivity s, and full-recruitment
fishing mortality Fr Then total mortality is
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a-1
E, = ff S, = survival from age 0 to age a [GH�.2!]  8!

a � 1
4a = gS�= E, IE�= survival from age r to age a  9!

A
P�= gf�4�= expected lifetime egg production of an r-year-old. �0!

From  8!, early life survival from age 0 to age r is 8�. The net reproductive value
Ro is defined as the expected number of progeny which survive to age r
produced by an individual at age r. It is determined from the expected lifetime
egg production of an r-year-old multiplied by early life survival, so that

R,=E�P�

= E�gf,4a from�0!
a=r

A
= gf,E� from  9!

a=r
A

= gf,I�, since f�= 0 for a   r [GH�.8!].

�2!

a=1

has y x! = exp  � Px!, and its reproductive potential parameter u is the same as
early life survival E�. Spawning abundance N,, from �! may be used in place of
No, when fecundity information is not readily available, which is accommo-
dated in the model structure by setting f, = 1 for all ages a. But then E�must be
interpreted as a combined fecundity and early life survival parameter, and the
model does not then take into account changes in fecundity with age.

The traditional Leslie matrix model [GH�.11!-�.12!] is a special case with
1// x!: � I and constant survival parameters over time  Getz and Haight 1989,
chapter 2!. For this special case, the population increases exponentially, re-
mains stable, or decreases exponentially depending on the value of Er A stable
age structure results under certain regularity conditions.

The inclusion of density dependence into the Leslie matrix model results in a
stable population size as well as a stable age structure when survival parameters
are constant  Getz and Haight 1989, chapter 3!. Most commonly used spawner-
recruit models are compensatory; that is, p x! is a strictly decreasing function of
x. Thus, the function yr is invertible in compensatory models. Removing the
time subscripts from the above equations produces the equilibrium solutions.

Assume that age of recruitment r is young enough so that no younger fish are
mature  f, = 0 for a < r!. Let
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Subsequent relationships are given in terms of Rp for stability relationships
and P�by using �1! for ease of calculation. From [GH�.20! and �.21!] and R.
Deriso  see Acknowledgments!, equilibrium values of abundance at age are
given by

� t 1

E�P�
N,= gf�N.=y '�

n=." ' R,
03!

N, = /NP,' Ne! = � 'Ne = � e [GH[3.16[[N,

0 I'

�4!

N S tN t N E IE N li [GH�17!] �5!

The equations on the left in �3!, �4!, and �5! follow directly from �!, �!,
and �!, respectively. The two equations on the right in �3! make use of the
intermediate relationship

I/1 X,! = �,
0

�6!

I/1 N,! = exp  PN,! � [GH[3.10[[, �7!

so that from �3!

N, = I/I '�/ R,! = � [n R�! = [n / P � ! �8!

A stable equilibrium occurs when 1 < Rp < e .
Getz and Haight do not explicitly give the equilibrium catch equation.

Equilibrium catch is defined as

which follows from substituting �5! and the left equation in �4! into the left
equation in �3! and noting the formula for Rp in �2!. The equations on the
right in �4! also follow from �6!. The equations on the right of �5! follow
from  8! and  9!.

The condition Ro > 1 must be met for an equilibrium relationship to occur
[GH �.24!]. The intuitive meaning of this condition is that an individual at the
age of first recruitment r must produce over its lifetime at least one progeny on
average which survives to age r.

For the Ricker spawner-recruit relationship,
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C = gp,N�

= N�g p,X� from �5! �9!

1, 1= � 1P' QP,4, from �3! and �0!
P�E,P�~

�0!

1, 1� gP�/, from  9! and �1!.
Ro Ro

�1!

"Per recruit" analyses  also called "dynamic pool" [Sissenv;ine and Shepherd
1987] or "yearclass" [Fletcher 1987] analyses! are useful when there is uncer-
tainty in the spawner-recruit relationship  Gulland 1983, chapter 5!. Typically,
analyses of yield per recruit lead to recommended fishing mortalities, such as
Fo ~ and F  Gulland 1983; Deriso 1987; Fletcher 1987!. A recent trend is to
examine spawning stock or egg production on a per recruit basis to preserve
reproductive potential of the population  e.g., Shepherd 1982; Campbell 1985;
Sissenwine and Shepherd 1987; Gabriel et al. 1989; Clark 1991; Lowe et al.
1991; McShane 1992; Nash 1992!.

Per recruit analyses can be undertaken directly using this age-structured
approach and do not require any information about early life survival or the
spawner-recruit relationship. Catch per recruit from �9! is

C/N�= gp,s,;
l1

Q2!

spawning abundance per recruit from �! and �5! is

N,/N�= gm,Z�;
a

Q3!

and egg production per recruit from �3!, �5!, and �0! is

�0!

As E,, 5,�, and S,�are all functions of fishing mortality F, these quantities can be
calculated as a function of F. For application to biomass dynamics, average
weight at age W, also would be included in the above summations. Reference
fishing mortalities F and Fot produce the maximum yield per recruit and
marginal increase of 10/0 in yield per recruit, respectively  Fletcher 1987;
Deriso 1987!. Reference fishing mortality F3>+ results in a spawning stock
biomass or egg production per recruit that is 35'/o of that with no fishing and is
frequently near F, for a variety of life history parameters  Clark 1991!.
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Approach 1: No spawner-recruit relationship used

If the time series is not long enough to estimate a valid spawner-recruit
function, then the function p ND! is essentially ignored. Empirical estimates of
survival from age 0 to age r for each year t can be estimated as

N   /N ! �S!

Using each estimate or a measure of central tendency of these estimates, the
fishing mortality that keeps the population at a steady level, denoted F�, can be
found by solving Ro = I for F using �2!, or equivalently solving P�= I/E�,
using �1!, treating all other quantities as fixed. Fishing mortalities less than F�
will mcrease the population over the long-term and vice versa. Thus, F�pro-
vides a sustained yield that meets the requirements of the Alaska Constitution.
Furthermore, the estimates g restrict the possible combinations of spawner-r, 
recruit parameters, as shown in the example below, which can provide further
insight into management strategies.

Approach 2: Spawner-recruit relationship used

If estimates are available over a long enough period, then the egg-recruit
relationship �! can be estimated to provide parameter E�and the function
ter N>!. Then, equilibrium abundances, catch, and spawning abundance can be
calculated as a function of F from �3!-�5!, �9!, and �!  dropping sub-
scripts!. The fishing mortality that produces maximum sustained catch, de-
noted F �, then can be found and bears the same relationship as F used in
biomass dynamics.

Approach 3: Per-recruit analyses

Per recruit analyses using �2!-�4! also do not require knowledge of the
spawner-recruit relationship. This analysis does not have analogous relation-

The parameters of this model generally are obtainable from life history
collections, surveys, and/or catch-age data. Parameters M,  f�!, and  m�! are
basic biologica] quantities. Parameters  s,, a > r!,  F�!, and  N�,! are estimated
from sampling, surveys, or catch-age analysis. Actually,  F�,! and  N�,! are not
needed for equilibrium per recruit calculations �2!-�4!, and mainly are used
to determine early life survival and to undertake population projections. If early
life survival can be obtained by other means, then abundance and fishing
mortality are not strictly required to determine sustained yield.

Three different approaches can be used to determine optimal F values for
calculating sustained yield.
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ships to F and Fp~ because catch per recruit is an increasing function of F,
with the maximum catch equal to recruitment, obtained by applying infinite
fishing mortality at recruitment age r. In contrast, yield per recruit usually is a
dome-shaped function of F. Analogous statistics can be calculated for older
ages; as shown below, consideration of catch of fully mature fish on a per recruit
basis does result in a dome-shaped curve. Also, egg production and spawning
abundance decline as a function of F, so that a fishing mortality analogous to
F»> can be considered.

Application
Razor clams at Clam Gulch, Alaska

The largest recreational fishery for razor clams in Alaska occurs on the eastern
beaches of Cook Inlet, where about 1 million clams have been taken each year
since 1986. Clam Gulch is a major clam beach about which the most informa-
tion is available. Abundance at Clam Gulch, estimated from stratified sampling,
was used as auxiliary information in catch-age analysis  Deriso et al. 1985,
1989! to estimate abundance, selectivity, and fishing mortality. Further details
about the fishery, population, data, and analysis are found in Szarzi �991!.

In constructing the fecundity-age relationship for the age-structured model,
we first fit an allometric model to mature fecundity  f ! � length  L! data from
Cordova  a nearby area! in Nickerson �975!, resulting in the relationship
f = 0.155 L3~4. Inspection of length-age data from there and Clam Gulch
reveals no major differences, suggesting that the use of an allometric model can
be applied to Clam Gulch. The fecundity-length relationship was converted to a
fecundity-age relationship with length-age data from Clam Gulch in Nelson
�982!  Table 1!. Maturity at age data are obtained from Nelson �982!  Table
I!, and the product of mature fecundity and maturity yields net fecundity f,
 Table 1!. Abundance and fishing mortality from 1977 to 1989 for ages r = 4 to
A = 11+ and selectivity for ages 4 to 11+ from catch-age analysis also are
reproduced from Szarzi �991! in Table 1.

From the abundance data, estimates of egg production No, from �! and
spawning abundance N,, from �! are calculated and related to subsequent
recruitment N��� Table 2! for each year t. Annual estimates of early life survival
8�, from age 0 to age 4 are then calculated from �5!  Table 2!. Median early life
survival  � is used in subsequent calculations, although the high average
absolute deviation suggests that survival is quite variable. Estimated early life
survival is low from 1977 to 1981 and much higher for later years. In contrast,
spawning abundance and egg production appear to be slightly negatively
related to survival, which could either be an artifact of environmental change
during the period or possible evidence of density dependence. As both spawn-
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Table 1. Population information about razor clams at Clam Gulch: length L�
maturity m�mature fecundity j,, net fecundity f�, selectivity s�and
natural mortality M, at age a; population abundance N�, at age a and
year t; and fishing mortality F, for fully recruited ages 7.-11+ in year t.

ll+

133

1

35.8

35.8

1

0. 125

10

126

1

29.4

29.4

1

0. 125

9

124

1

27.8

27.8

1

0. 125

5 6 7 8

100 110 117 121

091 099 1 1

11.8 17.4 21.5 25.2

10.7 17.3 21.5 25.2

0.25 0.42 1 1

0. 125 0. 125 0. 125 0. 125

a 4

L� mm! 86
rn� 0.65

f� millions! 6.4
f� mrlhons! 4.1
5, 0.07
M� 0. 125

N,,  millions!

ing abundance and egg production have similar trends over time, only egg
production will be used in further analyses.

Approach 1: No spawner-recruit relationship used

Survival, mortality, and spawning parameters are calculated using �! � �! and
 8! � �2! with fecundity, maturity, and selectivity from Table 1; the median early
life survival E� from Table 2; and a trial value for full recruitment fishing

Year t

1977

1978

1979

1980

1981

1982

1983

1984

1985

1986

1987

1988

1989

Age a: 4

0.55

0.34

0.49

0.45

1.11

0.91

0.48

0.52

1.90

2. 73

2.57

3.31

1.91

5 6 7

0.32 0.41 0.40

0. 48 0. 27 0. 33

0.29 0.39 0.20

0.42 0.22 0.27

0.38 0.33 0.16

0.94 0.29 0 22

0.77 0.72 0.20

0.41 0.60 0.51

0.45 0.33 0.45

1.62 0.35 0.24

2. 38 1. 37 0. 29

2.26 2 07 1.17

2.91 1.96 1.78

8 9

0.48 0.50

0.27 0.32

0.20 0.17

0.10 0.10

0.15 0.06

0.07 0.07

0.11 0.04

0.10 0.06

0.30 0.06

0.24 0.16

0.17 0.18

0.23 0.14

0.97 0.19

10

0.24

0.33

0.20

0.08

0.06

0.03

0.03

0.02

0.03

0.03

0. 12

0. 14

0. 12

11+ Total

0.37 3.26 0.27

0.41 2.74 0.35

0.46 2.40 0.56

0.33 1.98 0.46

0.23 2.48 0.69

0.13 2.65 0.59

0.07 2.42 0.51

0.06 2.28 0.42

0.04 3.55 0.50

0.04 5.41 0.18

0.05 7.13 0.08

0.14 9.46 0.06

0.23 10.07 0.08
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Table 2. Estimated survival E�, from age 0 to age r = 4, spawning abundance
 number of mature clams! N,, number of age 4 recruits N���, and
number of eggs Nz, for year t, determined from abundance, maturity,
and fecundity information in Table 1.

N,,

 x 10~!  x 10's! x 10-"!  x 10~!Year t

Median  std�,!" 3.41 4. 121.402.30

Average absolute 2.99
deviation

0.970.32 0.88

mortality F, as shown in Table 3. Using a nonlinear search procedure  available
in spreadsheets for personal computers such as Excel@, Quattro', and Lotus!!,
the value F�= 1.308 solves the equation Ro = 1, which corresponds to equilib-
rium  Table 3!. Starting with abundance at age from 1986 to 1989  Table 1!, a
projection of future abundance is made given median early life survival
using �! with yI = 1 and �! to pro!ect to other ages  Figure 1!. The projected
population oscillates over four cycles before reaching equilibrium in about 20
years. By altering t'�over the range of estimated survivals in Table 2, the
corresponding values of F�at equilibrium are seen in Figure 2; as /� increases,
the fishing mortality at equilibrium increases because more clams survive at
early ages. When early life survival is below about 1 x 10 s, no sustainable
fishery is possible.

Approach 2: Spawner-recruit relationship used

Given the small number of observations  n = 9!, it is not possible to uniquely
identify a spawner-recruit relationship, where recruitment and spawning stock

1977

1978

1979

1980

1981

1982

1983

1984

1985

1.64

1.56

1.00

1.45

5.71

8.43

7.52

9.50

4.82

3.04

2.57

2. 20

1.78

2.05

2.23

2.17

2.06

2.84

1.1 1

0.91

0.48

0. 52

1.90

2.73

2.57

3.31

1.91

6. 74

5.82

4.82

3.58

3.32

3.24

3.42

3.48

3.96
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Table 3. Illustration of Approach 1, showing the calculations involved in finding
Fro the fishing mortality that results in net reproductive value Ro being
equal to 1. The median early life survival over time from Table 2 is
used. Also shown are calculations of 4�and p,, which are useful for
subsequent calculations. See text for notation.

E� x 10-8!
F�

3.41

1.308

4 5 6 7 8 9 10 11+ Sum

E,  x 10-s! 3 410 2 746 1.748 0,890 0.213 0.051 0.012 0,003
0.141 0.293 0.302 0.192 0.053 0.014 0.004 0,001 1.000

 R,!

0
1888 801 8 8080

Figure 1. Estimated abundance from 1985 to 1989 and projected abundance from 1990 to
2019 of Clam Gulch razor clams from Approach 1 with median early life survival
t�, "steady" fishing mortality F�, and no density dependence  y x!� : 1!.

F,
Z.
5,

B 0
80

O C
0
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0.092 0.327 0.549 1.308 1.308 1.308 1.308 1.308

0.217 0.452 0.674 1.433 1.433 1.433 1.433 1.433

0.805 0.636 0.510 0.239 0.239 0.239 0.239 0.239

1.000 0. 805 0. 5 12 0. 261 0. 062 0. 015 0. 004 0. 001

0.082 0.263 0.400 0.695 0.695 0.695 0.695 0.695
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are measured by the number of age 4 clams and egg production, respectively. In
order to investigate the effect of density dependence  governed by Ricker
parameter P! on recommended fishing mortality, three sets of Ricker spawner-
recruit parameters consistent with the data are used. Given P, the maximum
likelihood estimate of in/� from �! and �7! is

tnt =1n N ��,/N,,!+PlnN�,.
where an overline denotes the average. These sets represent weak, medium, and
strong levels, as shown in Figure 3, solely dependent. on P. The strong level
corresponds to a traditional Ricker fit; the medium and weak levels correspond
to successive halving of P. Parameter values are given in t.he caption of Figure 3.

The calculations of corresponding equilibrium values are illustrated in Table
4 in the order of their calculation for a medium level of density dependence for
different values of E Expected lifetime egg production P�of an r-year-old from
�0!, or equivalently egg production per recruit P� from �4!, decreases expo-
nentially as a function of fishing mortality. Egg production No from �8!
decreases monotonically as a function of fishing mortality F. In contrast, recruit-
ment N� from �4!, total catch C from �9!, and catch per recruit C/N� from �2!
peak at different values of F. For the medium level of densit.y dependence, the
value of F��, the location of the peak of the C versus F relationship, is about 2
from Table 4. At this F, equilibrium egg production is about 35'7o of the

F
st

0
0 3 4

Ea~ur survXai <x<O

Figure 2. "Steady" fishing mortality F�as a function of early life survival E,from Approach 1.
Median early hfe survival F,.=3.41 x10 "resultsin F�=1.308.
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4 20000002

$ 1$00000

1E+12 2E+1$ $E+1$ ~ E01$
Eooo

OE+12 ~ E+1$ 7E+1$

Figure 3. Observed recruitment N��plotted versus observed egg production No, for years
t= 1977,..., 1985 and three Richer Spawner-recruit relationshtps consistent with
the data. Strong  S!, medium  M!, and weak  tI7! levels of density dependence are
defined by parameter sets 0nt �,P! =  -1 5.1, 4.80 x 10-"!,   � 1 6.2, 2. 00 x 10-"!,
and   � 16.7, 1.20 x 10-'1!, respectively.

unfished level, and equilibrium recruitment increases by about a factor of 1.5
above the unfished level. Using the recruitment values in Table 0 and �5!, the
population age structure can be calculated for different values of F  Table 5!.
High fishing mortality values dramatically decrease the percentage of older
clams in the population.

Hence, one possible management goal might be to preserve the age compo-
sition of older clams; this can be accomplished only at lower levels of fishing
mortality. A possible strategy is to preserve the abundance of fully mature clams
at ages 7 and older. The calculations of catch and catch per recruit for ages 7+
also are given in Table 0. The appropriate value of F  denoted Fr,! which
maximizes catch of these ages is about 0.6, somewhat lower than the value of
For From Table 5, the proportion of older clams in the population rises from
about 8% to 26% as F changes from F, to Fr,. In this example, the ages of fully
recruited clams cotncide with the ages of clams fully mature.

Expected lifetime egg production of an r-year-old and other per recruit
quantities are independent of the level of density dependence. Other variables
in Table 4 change as a function of the level of density dependence, and it is
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Table 4. Illustration of Approaches 2 and 3, showing the calculations of
equilibrium values for selected values of fishing mortality F and the set
of razor clam spawner-recruit parameters with medium density
dependence. Shown are expected lifetime egg production P�per
individual and its percentage foP, of unfished P� total egg production
No, number of recruits N�, per recruit values C/K�and Cr JN�, and
corresponding total catch C and catch Cr, of age 7+ clatns.

F P /0P Np N C/R Cr JR C Cr+
 x IQs!  x IQt~!  x IQs!  x 106!  x 10"!

0.00

0.08

0. 17

0.25

0.33

0.42

0.50

0.58

0.67

0.75

0.83

1.00

1.25

1.50

2.00

2.50

3.00

4.00

5.00

6.00

7.00

8.00

8.05

101

86

74

65

59

53

49

45

42

39

37

34

30

27

23

21

19

16

14

12

11

11

11

100'/o

85'/o

74'%%d

65'/o

58'/o

530/

48'/o

45'/0

42'/0

39'/0

37Vo
34'/0

30'/o

27'/o

23'/0

20'%%d

18 /0

16 /0

14 /o
12'%%d

11'/o

11'%%d

10'/o

9.40 0.93

8.73 1.02

8.13 1.09

7.61 1.16

7.14 1.22

6.73 1.27

6.37 1,31

6.04 1.34

5.75 1.37

5.49 1,39

5.26 1.41

4.86 1.43

4.36 1.45

3.95 1.45

3.30 1.42

2.79 1.35

2.36 1.27

1.67 1.06

1.13 0.82

0.69 0.56

0.33 0.29

0.02 0.01

0.00 0.00

0.000 0.000

0.214 0. 167

0. 358 0. 266

0.456 0.322

0.524 0.351

0.572 0.363

0.608 0.363

0.635 0.357

0.656 0.347

0.673 0.334

0.687 0.320

0. 709 0.290

0. 733 0.248

0.750 0.209

0.777 0.147

0.796 0.103

0.811 0.072

0.834 0.035

0.850 0.017

0,863 0.008

0.873 0.004

0.881 0.002

0.882 0.002

0.00 0.00

0.22 0.17

0.39 0.29

0.53 0.37

0.64 0.43

0.73 0.46

0.80 0.48

0.85 0.48

0.90 0.48

0.94 0.47

0.97 0.45

1.02 0.42

1.06 0.36

1.09 0.30

1.10 0 21

1.08 0. 14

1.03 0.09

0.89 0.04

0.70 0.01

0.48 0.00

0.25 0.00

0.01 0.00

0.00 0.00
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Table 5. Equilibrium abundance N, and percentage of age 7+ clams as a function
of fishing mortality F for the set of razor clam spawner-recruit parameters
with medium density dependence.

Abundance N, imi l lions!

11' Total 9o 7'7 8 9 10F a:4 5

0.00 0.933 0 823

0.08 1.018 0.893

0. 17 1.094 0.955

0.25 1.162 1.007

0 33 1.219 l,051

0.42 1.268 1.087

0. 50 1. 309 1. 116

0.58 1.343 1.138

0.67 1.371 1.154

0.75 1.393 1.166

0.83 1.411 1. 174

1.00 1.435 1.181

1.25 1.451 1.173

1.50 1.451 1.153

2.00 1.417 1.087

2.50 1.354 1.003

3.00 1.270 0.909

4.00 1.062 0.708

5.00 0.819 0.509

6.00 0.557 0.323

7.00 0.288 0.156

8.00 0.015 0.007

8.05 0.001 0.001

0.727

0 772

0.808

0.835

0.854

0.865

0.869

0.868

0.862

0.853

0.841

0.811

0.758

0.699

0.582

0.474

0.379

0.230

0. 129

0.064

0.024

0.001

0.000

0.641 0.566 0.499

0.658 0.534 0.434

0.665 0.497 0.371

0.663 0.456 0.313

0.655 0.414 0.262

0.640 0.373 0 217

0.622 0.333 0.178

0.599 0.295 0.145

0.575 0.261 0.118

0.550 0.229 0.095

0.523 0.201 0.077

0.471 0.153 0.050

0.396 0.100 0.025

0.329 0.065 0.013

0.222 0.026 0,003

0.146 0.011 0.001

0.095 0.004 0.000

0.038 0.001 0.000

0.01'l 0.000 0.000

0.005 0.000 0.000

0.001 0.000 0.000

0.000 0.000 0.000

0.000 0.000 0.000

0.441

0.352

0.277

0.215

0. 166

0.126

0.095

0.072

0.054

0.040

0.030

0.016

0.006

0.003

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.389

0.286

0.207

0. 148

0. 105

0.073

0.051

0.035

0.024

0.017

0.011

0.005

0.002

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

5.020 50.5'/0

4.946 45 8'%%d

4.874 41.4'%%d

4.800 37.4 %%d

4.725 33.9'%%d

4.649 30.7'/o

4.573 28.0'%%d

4.496 25.5'%%d

4.419 23.3'%%d

4.343 21.4o%%d

4.268 19.7'%%d

4.121 16.8'%%d

3.911 13.5o%%d

3.711 11.0'%%d

3.338 7.5'%%d

2.988 5.3'%%d

2.657 3.7'%%d

2.038 1.9 /o

1,471 1.0 /o

0.949 0.5'/o

0.468 0.2'/o

0.023 0.1'/o

0.002 0.1'/o
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instructive to illustrate changes. In Figure q, egg production decreases expo-
nentially as a function of fishing mortality for the three levels of density
dependence. Higher fishing mortality has a greater effect on egg production as
the level of density dependence decreases. In Figure 5, high fishing mortality
has a great effect on recruitment at weak and medium levels of density depen-
dence, but almost no effect at the strong level. The peak of recruitment occurs
at a lower fishing mortality level as density dependence decreases. The recruit-
ment peaks can be matched with the spawner-recruit curves in Figure 3.

Figure 6 shows the relationship between catch and fishing mortality for the
three levels of density dependence. For strong density dependence, the curve is
flat at higher values of F, and the value of F �. is about 10, suggesting a
population that is incredibly resilient to exploitation. Even at that fishing
mortality, equilibrium egg production drops to no less than about one quarter
of the unfished level  Figure 0!, but equilibrium recruitment increases by about
a factor of 3 due to the egg production-recruitment curve  Figure 5!. The high
maturity at lower ages is partially responsible for the failure of fishing to have
much effect on the population. For weak density dependence, the curve is
strongly dome-shaped and catch is unsustainable for F > 3.2. The value of F
is about 1, suggesting a population much more sensitive to exploitation. The

1.406+14

1AOE+10

1.20E+1 ~

o 1.006+14
Z a a a
$ O.OOE+13

E
< O.OOE+13

EOOE+13

2.00E+13 0 1 2 3 4 6 4 7 4 0 10 11 12 13 14 16
Fishing morlalhy F

Figure 0. Equilibrium egg production Np as function of fishing mortality F from Approach 2
for three levels of density dependence defined in Figure 3.
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Figure 5. Equilibrium number of recruits N, as funciiim of fishing mortality F from
Approach 2 for three levels of density dependence defined in Figure 3.

results for medium density dependence are more similar to weak density
dependence, with F �about 2. The sensitivity of these results to the P param-
eter suggests that the relationship between C and F, and thus maximum sustain-
able catch, cannot be determined unnl the spawner-recruit. relationship is
better defined.

In contrast, the relationship between catch of fully mature clams and fishing
mortality is practically independent of the level of density dependence  Figure
7!. The value of Fr, which maximizes catch of these ages is about 0.6 for all
three levels. Thus, the strategy of maximizing catch of older clams provides
protection of the age composition of the population.

Approach 3: Per-recruit analyses

Independent of the level of density dependence, the variables catch, egg pro-
duction, and catch of clams age 7+ on a per recruit basis from Table 4 are shown
as a function of F in Figure 8. While catch per recruit increases monotonically,
egg production per recruit drops to less than 30% of the unfished level as F
increases to a value of 1.3, and catch per recruit of older clams drops draman-
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Figure 6. Equilibrium catch C as function oj fishing mortality F from Approach 2 for three
levels of density dependence defi~ed in Figure 3. Maximum sustained catch and
corresponding F, can be seen by projecting from the pealz of each curve to the
appropriate axis.

cally past that point. The value of F that maximizes catch of age 7+ clams per
recruit is about 0.5, similar to Fr,.

These results suggest that fishing mortalities less than 1.3 are most appropri-
ate for defining sustained yield for razor clams. Estimated values of full recruit-
ment fishing mortality in Table 1 never have exceeded this benchmark, suggest-
ing that if early life survival E�continues to be at or above the current median
level g,, harvests of clams at Clam Gulch are sustainable.

Discussion

The determination of sustained yield cannot be separated from the objectives
for managing a fishery, yet frequently these objectives are not explicitly deter-
mined and may even be contradictory. Popular recreational strategies include
maximum sustainable catch or yield, optimum sustainable catch or yield,
optimum predator-prey relationships, preserving size and age compositions,
preserving populations and stocks, maintaining catch per unit effort, and
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Figure 7. Equilibrium catch C7, of ages 7 and older as function of fishing mortality F from
Approach 2 for three levels of density dependence defined in Figure 3. Maximum
sustained catch of ages 7+ and corresponding F7, can be seen by projecting from the
peak of each curve to the appropriate axis.

avoidance of erratic boom and bust fisheries  P. Kirk, Waterways Experiment
Station, Vicksburg, MS, personal communication!. The age-structured model
in this paper provides a means to address the trade-offs in achieving some of
these objectives, as shown above.

This research suggests that in order to determine sustained yield for recre-
ational fisheries, certain basic information about a population must be ob-
tained. Natural mortality M�may be inferred from tagging studies, analysis of
growth, or life history inferences  e.g., Alverson and Carney 1975; Pauly 1980;
Vetter 1988!. Necessary fecundity f and maturity m, information requires
fieldwork or information on a similar population in another area. In order to
determine early life survival /,, the most straightforward approach may be to
obtain a possibly short time series of age-structured estimates of abundance
N . Such a series requires information about harvest at age C�, and auxiliary

au
information from surveys, mark-recapture methods, or catch per unit effort.
Catch-age analysis  Deriso et al. 1985, 1989! then provides abundance and
fishing mortality estimates. While the data demands are varied and may require
intense effort over time, it should be possible to scale back operations and carry
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Figure 8. Equilibrium egg production per recruit No/N� equivalent to P�1 scaled to a
maximum value of 1 for an unfished population, catch per recruit C/N�, and catch
of fully mature clams per recruit C,,/N�as function of fishing mortality F from
Approach 3.

on with only a residual monitoring program, once sustained yield has been
determined.

By utilizing a generic age-structured model, this paper shows that fishing
mortality F� is a reasonable candidate for determining sustained yield. This
approach does not assume a spawner-recruit relationship, but at least r years of
data need to be collected, because this is the minimum period to be able to
estimate early life survival 5r In practice, many values of E�are needed to infer
future trends. Supposing that /'�values will persist into the future, then F� is a
fishing mortality that will leave the population close to its current level. If a
population needs to be rebuilt, then F�provides a benchmark for adjusting
fishing mortality downward.

Fishing mortality F� is conceptually identical to F p  Sissenwine and Shep-
herd 1987!, the level of fishing mortality which allows a population to replace
itself. The difference between the two is that F, was derived conceptually from
general relationships of spawning and recruitment, while F� is derived math-
ematically from an age-structured model with maturity, fecundity, selectivity,
and early life survival. F� is also similar to F,<  Sissenwine and Shepherd 1987;



Quinn & Szarzi ~ Sustained Yield in Recreational Fisheries82

Acknowledgments

This work was supported by the Central Region, Sport Fish Division, Alaska
Department of Fish and Game. Douglas McBride, Douglas Vincent-Lang, David
Nelson, and David Athons provided logistical help and valuable discussion
regarding sustained yield and razor clam sampling. Part of the development of
the methods in this paper relies on Richard Deriso's unpublished material, to
which the senior author had access. Referees D. Hankin and P. Kirk made
several helpful comments and suggestions that improved the paper. Discus-
sions about this topic with J. Polovina, K. Sainsbury, T. Smith, R. Kearney, N.
Andrew, and J. Annala, among others, also were helpful.

Jakobsen 1992!, the fishing mortality derived from the median line in a
spawner-recruit plot, which is a recommended implementation of F�, . The
difference between these two is that F,> is obtained from an empirical
spawner-recruit plot, while F� is obtained from early life survival in an age-
structured model. Thus, F�can be thought of as the mathematical realization of
F�, and F,d.

If a spawner-recruit relationship can be defined for a population, then F
normally is recommended as the optimal level. However, the example in this
paper suggests that a more robust measure of fishing mortality may be needed.
Fishing at F �may have deleterious effects on the age-structure in the popula-
tion, and its determination is quite sensitive to the level of density dependence.
The general difficulty of defining a reasonable spawner-recruit relationship
suggests that along with longer time series, information on environmental
effects and multispecies interactions also may be necessary for success. For
Alaska's recreational fisheries, it is unlikely that such time series or auxiliary
information will occur due to limited personnel and funding. Thus, techniques
independent of the spawner-recruit relationship, such as Approaches 1 and 3
above, most likely will be needed. An alternative approach is to determine a
fishing mortality that maximizes catch of older individuals in a population of,
say, those that are fully mature; thts results in F7, in the clam example. This
strategy is robust to the level of density dependence.

In the management of commerctal fisheries, the use of a fishing mortality
that would reduce spawning biomass per recruit to 35 /0 of the unfished level is
a useful candidate for producing close to maximum sustained yield for a variety
of life history parameters  Clark 1991!. This paper suggests that a similar
concept for age-structured populations and/or recreational fisheries is some
percentage of egg production or spawning abundance per recruit. In the clam
example, fishing mortality F�provides egg production per recruit near the 30 /o
level, while F7, results in a value near the W5'/o level.
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Appendix 1

Table Al. Translations between notations used in this paper and in Getz and
Haight �989!.

Quinn and Szarzi Getz and Haight

Age subscript

Age at first recruitment

Oldest age

Abundance

Survival

Net fecundity

Survival from age 0 to age a

N�,

S;

b,

Pauly, D. 1980. On the interrelationships between natural mortality, growth parameters and mean
environmental temperature in 175 fish stocks J. Cons. Ini Explor. Mer 39: 175-192.
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Robust Harvest Policies for
Pacific Salmon fisheries

Douglas M. Eggers
Alaska Department of Fish and Game

Juneau, Alaska

Abstract

Contribution PP-072 of the Alaska Department of Fish and Game, Dnnsion ol Commercial Fisheries,
Juneau

Proceedings o  the International Symposium on Management Strategies for Exploited Fish Populations,
Alaska Sea Grant College Program, AK-SG-93-02, 1993.

The robustness of the constant escapement and constant harvest rate policies
with respect to management error was examined for Pacific salmon fisheries. A
stochastic computer simulation model based on Ricker-type spawner-return
dynamics with log normal deviation in return per spawner and a single age-at-
return was used to compute average catch, average run, average natural loga-
rithm of catch  LC!, and average coefficient of variation of catch  CV catch!
expected under the constant escapement, constant escapement within a range,
and constant harvest rate exploitation strategies. Computer simulations were
conducted to examine the response of catch, run, LC, and CV catch under these
harvest policies for various stock productivity, levels of management error
expressed as the deviation from desired escapement levels or harvest rate
depending on the harvest policy, and whether the stock productivity param-
eters are known or learned from the emerging data. With perfect management,
the average catch, average run, and average CV catch expected under the
constant escapement strategy were slightly higher, and average LC was slightly
lower than those expected under the constant harvest rate strategy. However,
with management error and stock productivity parameters in the range of that
observed for Bristol Bay sockeye salmon, the average catches and runs expected
under the constant escapement strategy were 1.5 to 4 times higher, average LC's
were slightly lower to 3 times higher, and average CV catches were slightly
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lower to slightly higher than those expected under the constant harvest rate
strategy. Managing for an escapement within a broad range and the lower end
near that which produces maximum surplus production  i.e., 80 /o of the MSY
escapement level! did not appreciably reduce average catch. These results were
not sensitive to the particular values of the stock productivity parameter nor to
the state of knowledge.

Introduction

Ricker �958!; Larkin and Ricker �96%!; Reed �979!; and Tautz et al. �969!
have shown that maximum sustainable catch was possible for salmon fisheries
on fluctuating runs when a constant level of escapement is achieved regardless
of run strength. Under the constant escapement policy, catches may approach
zero during years of low natural productivity; thus, the policy may result in
highly variable catch  Allen 1973! and may not be optimal for risk averse
management objectives, with respect to loss of catch. Hilborn �985b! and
Deriso �985! showed the constant harvest rate policy minimized catch varia-
tion and maximized natural logartthm of catch  ue., one risk averse utility
function that assigns a relatively high cost to low catches!.

Because of the difficulty in achieving stock-specific escapement goals, the
constant harvest rate policy has been considered more appropriate for mixed
stock salmon fisheries  Paulik et al. 1967; Hilborn 1976, 1985a!. However, the
constant escapement policy appeared to maximize catch when fluctuations in
production were correlated among stocks; whereas, when fluctuations were
uncorrelated, the constant harvest. rate policy appeared to maximize catch
 Hilborn 1985b!.

All of the above analyses assume that harvest policies may be implemented
without error. To implement a constant escapement or constant harvest rate
policy, a manager must know the size of the run, but there is considerable inter-
annual variability in the run size. Pacific salmon runs cannot be predicted with
any degree of certainty  Fried and Yuen 1987; Henderson et al. 1987; Peterman
1981, 1982!, and managers must therefore make management decisions based
on in-season assessments of run strength. Because of limited processing capac-
ity and the fact that salmon quality deteriorates over time, managers must
execute fisheries before run strength and escapements can be fully assessed.
Consequently, it is impossible to implement harvest policies in Pacific salmon
fisheries without error  Eggers 1992!. This paper examines robustness of the
constant harvest rate and constant escapement harvest policy with respect to
management error.
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Methods

A stochastic computer simulation model was used to compute average catch,
average run, average coefficient of variation of catch  i.e., standard deviation of
catch divided by average catch!, and average logarithm catch expected under
the constant escapement and constant harvest rate management policies. The
model incorporated stochastic variation in production as well as management
error. The harvest policies were examined under a variety of stock recruitment
and management error parameters that encompass the range of values observed
for Pacific salmon stocks and fisheries.

A Ricker-type  Ricker 1975! spawner recruit relationship with random log
normal deviations in return was used to calculate returns from parent escape-
ment:

R = uS exp  � PS! exp e!

where R is the return from parent escapement, S is the parent escapement, 0,'
and P are model parameters, and e is the process error which reflects random
deviations and is distributed N�, P,!. To simplify the analysis, equation �! was
transformed using the equilibrium escapement  SR = In tx!/P! and 0,' param-
eters:

R = us exp  1nt�n !si s,! exp a! �!

The catch  C! in a given year was calculated based on the implicit harvest
policy  i.e., constant escapement or constant harvest rate! and management
error. Observations of management. error in the Bristol Bay sockeye salmon
fishery  Eggers and Rogers 1987; Eggers 1992!, wh>ch has been managed to
achieve a constant level of escapement by river system  Minard and Meacham
1987!, were used to develop a general model. The frequency distribution of the
natural logarithm of the ratio of catch to target catch, ln  C/C*!, estimated for
various Bristol Bay sockeye salmon stocks using observations from years in
which the run was greater than the escapement goal, was approximately normal
 Figure 1!.

In the situation where the run is less than the escapement goal, the t.arget
catch under the constant escapement policy should be zero. However, because
some level of fishing would occur before the weak run could be fully assessed,
management error always would result in catches greater than the target level.
Analysis of historical management error in the Bnstol Bay sockeye fishery
 Eggers and Rogers 1987; Eggers 1992! has shown that harvest rates for weak
runs  i.e., R < target escapement goal E! were randomly distributed on an
interval from 0 to maximum harvest rate  U !. These harvest rates during weak
runs varied among Bristol Bay fishing stocks  Figure 2!; however, the maxtmum
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Figure l. Frequency distributions of management error expressed as natural
logarithm of ratio of catch to target catch for various Bristol Bay river
systems and for years 1962-1988 where run was greater than the
escapement goal. The mean and standard deviation, respectively, for
Kvichak was 0.115, 0.748; Naknek,� 0.166, 0.315; Egegik, -0.09, 0.454;
Ugashik, -0.045, 0. 763; Wood, � 0.249, 0.348; lgushik, � 0.288, 0. 622;
Nushagak, � 0.086, 0.182; and Bristol Bay, � 0.119, 0.557.
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harvest rate was approximately 0.65 for all districts  Ftgure 2!. The uniform
distribution  Uniform [O,U ]! would serve as a reasonable model for the
realized rate of exploitat.ion  Ug. In the simulation study, management error
was treated differently during strong runs  R > C*! and weak runs  R < C*! for
the constant escapement policy where a constant level of escapement  E! is
sought regardless of run st.rength. For strong runs,

C = R � E exp�! �!

where exp  @ is the log normal; that is, 6 is normally distributed  N[0,$2]!,
random deviation from the target catch due to management error. For weak
runs,

C= RUB

C = RU exp�!

This assumption cannot be evaluated directly from the Bristol Bay data
because these runs have been managed under the constant escapement rather
than constant harvest rate policy. However, for Bristol Bay fishing districts,
realized harvest rate was related to level of fishing effort  Figure 3!. Based on
historical relationship between harvest rate and fishing effort, managers could
achieve any desired harvest rate by controlling fishing effort during the season.
Target fishing effort can be set by an a priori target harvest rate, and the
relationship between harvest rate and I'ishing effort can be estimated by linear
regression of harvest rate on fishing effort. The historical deviations in observed
harvest rate and predicted harvest rate  Figure 3! were used to estimate the
management error expected under the constant harvest rate policy. Assuming
that historical levels of fishing effort were set preseason to achieve the target
harvest rate required to meet escapement goals, then the distribution of man-
agement error [exp �!] under the constant harvest rate policy was estimated as
the ratio of observed catch and predicted catch  i.e., predicted exploitation
from the observed level of fishing effort times the run size!.

Observed management error under the constant escapement policy and
estimated management error expected under the constant harvest rate policy

where U> is the stochastic exploitation rate and uniformly distributed
 U[O,U ]!.

Under the constant harvest rate policy, a constant fraction  U! of the run was
sought as catch regardless of run strength. Management error under the con-
stant harvest rate policy was the same for all run strengths and identical to that
assumed for the constant escapement goal policy where runs were great.er than
the escapement goal:
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Figure 3. Observed and predicted sockeye salmon harvest rate and fishing effort, 1967-1987,
for the following fishing districts: Naknek7Kvichak  Ra = 0335!; Egegik  R = 0516!;
Ugashik  R~ = 0.579!; and Nushagak  R~ = 0.204!. Fishing effort is drift gillnet
fishing vessel days  i.e., set gillnet fishing effort converted to drift gillnet equivalents
based on relative fishing power!.

were compared  Figure 4! for years 1967-1987 and among Bristol Bay fishing
districts. There were no differences  two-way analysis of variance, p = 0.70! in
these distributions of management error. This supports the assumption used in
the simulation study that management errors were comparable for the constant
escapement and constant harvest rate policies.

Simulations were conducted assuming fixed Sz �,000! and a range of  x
parameter values lee = 2, 4, 6, 8! which brackets the productivity observed for
Pacific salmon  Walters 1975!. The deviation around the stock-recruitment
relationship was assumed to have a log normal distribution, with a standard
deviation   t!!! that was taken to be 0.4, which is comparable to that observed
for Bristol Bay sockeye salmon  Eggers and Rogers 1987!. Eight levels of
management error were examined as reflected in eight combinations ot'  le and
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Figure 4. Observed management erro> under the constant escapement policy  clear bars,
ln fC /  R � E!]!, and estimated management error under the constant ha>ves/ rate
policy  solid bars, ln fC /  U"" ' R!J, where U""' estimated from observed fishing
effort and relationship in Figure 3 between harvest > ate and fishing effort!. Data are
for years 1967-1987 and Bristol Bay fishing districts.

U values. These ranged from perfect management    >2 � � 0, U = 0! to a very
high management error  >!
 � � 1.4, U>v = 0.7!. The management error parameters
that reflect very high management error were estimated as follows: The value
Pz �� 1.4 was roughly twice the average standard deviation of ln  catch/target
catch! observed among stocks for strong Bristol Bay sockeye salmon runs
 Figure 1!, and U = 0.7 was the maximum exploitation rate observed among
stocks for weak Bristol Bay runs. The range of management error parameter
values used in the simulation roughly bracketed the levels of management.
errors observed in evolution of the Bristol Bay sockeye fishery  Eggers 1992!.
To prevent the extinction of the stock and the logarithm of catches from
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vanishing, harvest rates were constrained to a maximum of 0.95, and catches
were constrained to a minimum of 1.

Simulations were conducted using FORTRAN with numerical rout. ines for
random number generation and curve fitting provided by Press et al. �989!.
Average catch, average run, and average logarithm catch wire based on the
results of 100 replicated 100-year simulations. The coefficient of variation of
catch was the average standard deviation catch  mean of 100 replicated 100-
year simulations! divided by average catch. Management objectives were ex-
pressed relative to the maximum sustained yield  MSY! escapement level for the
constant escapement policy and the MSY harvest rate for the constant harvest
rate policy.

Simulations were conducted assuming that managers have knowledge of the
MSY escapement goal and harvest rate. In reality, managers do not know with
certainty the relationship between parent escapement and return. To estimate
the relative performance of the constant escapement and constant harvest rate
policies in the more realistic situations of uncertain knowledge of the escape-
ment-return parameters, computer simulations were conducted where manage-
ment was based on an evolving estimate of MSY escapement goal and harvest
rate. Here average responses were calculated for one hundred 35-year simula-
tions. For each 35-year realization, management was based on an arbitrary 50'lo
harvest rate for the first. 10 years; thereafter, management was based on MSY
escapement goal or harvest rate estimated by fitting the Ricker model  both o,'
and P in equation  I! were estimated! to the evolving escapement return data
by nonlinear least squares. Management objectives were updated every 5 years
in the simulations.

Because Alaskan salmon fisheries are managed for a range of escapement
goals rather than a point goal, computer simulations were conducted to evalu-
ate average catch expected under an escapement goal range policy. The simula-
tions were conducted for a grid of possible escapement goal ranges, where the
range was expressed as a pair of lower  E �! and upper  E,! ends of the range.
In these simulations, escapements were uniformly distributed within the es-
capement goal range unless the run was smaller than the lower end of the
escapement goal range. In this situation, some level ot' fishing would be ex-
pected to occur. For the escapement goal range policy, management error
during weak runs  R < E �! was treated as it was for the constant escapement
policy in equation �!. Computer simulations of average catch were conducted
under perfect management  U = 0! and moderate management error
 U = 0.4!, and low  u = 2! and high  u = 0! stock productivity. In addition,
simulations of the escapement goal range strategy were conducted for the
situation wherein managers know the MSY escapement goal and must estimate
the MSY escapement goal based on the evolving escapement-return data.
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Results

The response of mean catch, mean run, mean logarit.hm catch, and mean
coefficient of variation catch to management error and management objective
was simulated for the constant escapement policy and constant harvest rate
policies. These simulations were made assuming both low productivity  o,' = 2;
Figure 5! and high productivity  c = 6; Figure 6! escapement-return scenarios.
For bot.h harvest policies, the average catch, average run, and average logarithm
catch declined with increasing management error  F>gures 5 and 6!, whereas
the average CV catch increased with increasing management error. However,
for levels of escapement or harvest rates in the vicinity of maximum sustained
yield levels, the rate of decrease in the response variables  i.e., catch, run, and
logarithm catch! with increasing management error was greater for the constant
harvest rate policy  Figures 5 and 6!. For the constant escapement policy, there
was a much broader range of management errors and management objectives
where catches, runs, and logarithm catches were maintained at moderate to
high levels  Figures 5 and 6!.

The relative performance of the constant escapement and constant harvest
rate policies was apparent in the ratio of average catch, average run, average
logarithm catch, and CV catch expected when managing for the MSY escape-
ment level to that expected when managing for the MSY harvest rate  Figure 7!.
In situations of perfect management  i.e., management error equal to 0 in
Figure 7!, average catch, average run, and CV catch were higher  i.e., contours
in Figure 7 greater than 1!, while average logarithm catch was lower  i.e.,
contours in Figure 7 less than 1! for the constant escapement policy. However,
when management error was considered, the constant escapement policy was
superior to the constant harvest rate policy. The ratio of catch, run, and
logarithm catch expected under the constant escapement policy to that ex-
pected under the constant harvest rate policies increased with increasing man-
agement error. The advantage of the constant escapement policy over the
constant harvest rate diminished at very high levels of stock productivity.

For normal levels of management error  i.e., management error near the
center of the range of values examined in the simulations! and normal levels of
stock productivity  i.e., abetween 2 and 4!, the catch, run, and logarithm catch
expected under the constant escapement policy were several times higher than
those expected under the constant harvest rate policy. Please note that manage-
ment error equal to 0.7 in Figure 7 reflects parameter values of Pz � � 0.7 and
U = 0.35. These parameter values represent the average management. error for
Bristol Bay sockeye during the years f 962-1988. The CV catch expected under
the constant harvest rate policy was lower for situations of low management
error; however, in situations of moderate to high management error, the relative
catch variation was lower under the constant escapement policy.
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Figure.5. Response of average catch, average run, average logarithm catch, and CV catch to
management error and management objective for the constant escapement and
constant harvest rate policies in situations of low productivity  u= 2!. The values of
average catch, average run, and average logarithm are relative to MSY  achieved
under the constant escapement policy!, unexploited run size, and maximum logarithm
catch achieved under the constant harvest rate policy, respectively. The CV catch is
in absolute units. Management obj ective for the constant escapement policy ts expressed
as a multiple of the MSY escapement goal  i.e., for u= 2, 1 = 355, 2 = 710, etc.!;
management objective for the constant harvest rate policy is expressed as a multiple
of the MSY harvest rate  i e., for a= 2, 1 = 0 32, 2 = 060, etc !. A management error
value of 0 reflects simulations using tt12 = 0 and U = 0, a management error value of
0.2 reflects pz = 0.2 and U�= 0.1, a management error value of 0. 9 reflects ttiz = 0. 0
and U�= 0.2, etc.
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Figure 6. Response of average catch, average run, average logarithm catch, and CV catch to
management error and management objective for the constant escapement and
constant harvest raLe policies in situations of high productivity  ce= 6!. The values of
average catch, average run, and average loganthm are relative to MSY  achieved
under the consLant escapement policy!, unexploited run size, and maximum logarithm
catch achieved under the constant harvest rate policy, respectively. The CV catch is
in absolute units. Management obj ecLive for the constant escapement policy is expressed
as a multiple of the MSY escapement goal it.e., for c = 6, 1 = 005, 2 = 810, etc.!;
management objective for the constant harvest rate policy is expressed as multiples
of Lhe MSY harvest rate  L.c., for a = 6, 1 = 0,67, 1.5 = 0.93, etc.!. A management
error value of 0 reflects simulations usi ng ttlz � � 0 and U�= 0, a management error
value of 0.2 reflects Pz = 0.2 and U = 0.1, a management error value of 0.9 reflects
tt!z = 0. 0 and U = 0.2, etc.
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Figure T. Ratio of average catch, average run, average logarithm catch, and CV catch expected
under the constant escapement policy  escapement goal = MSY level of escapement!
to that expected under the constant harvest policy  harvest rate = MSY harvest rate!
versus management error and escapement-return parameter. Simulations generated
assuming knowledge of MSY harvest rate and escapement goal.
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Discussion

The higher catch and runs expected for the constant escapement policy; lower
CV catch and higher logarithm catch expected for the constant harvest rate
policy with perfect management  Figure 7! were consist.ent. with earlier work
 Hilborn 1985B; Deriso 1985!. The economic advantages  i.e., lower CV catch
and higher logarithm catch! of the constant harvest rate policy do not occur in

In situations where the escapement return relationship was estimated from
the evolving data, the magnitude of the response ratios under the two policies
were lower  Figure 8!; however, the general pattern  Figure 8! in the relation-
ship between the response ratios and management error and escapement return
parameter was identical to that observed  Figure 7! in the computer simula-
tions where escapement return dynamics were known.

The low rate of increase in the response of catch and logarithm catch  i.e.,
the response surface was relatively flat! expected under the constant escape-
ment policy observed near the MSY escapement level  Figures 5 and 6! suggests
that an escapement goal range policy could be substituted for the constant
escapement policy without substant>al reduction in average catch. Under such
a policy, managers would strive to achieve escapement in the range  E �, E !
regardless of run st.rength. This policy provides managers with flexibility to
protect weak stocks in mixed stocks fisheries.

Computer simulations were conducted to evaluate average catch expected
under an escapement goal range policy. Average catches in both situations of
known  Figure 9! and evolving knowledge  Figure 10! of t.he escapement
return dynamics increased as the escapement goal range converged to the point
MSY escapement level  Figures 9 and 10!. However, a number of escapement
goal ranges produced comparable levels of average catch. If the benefits of the
escapement goal range policy are to reduce management error and to provide
manager flexibility, then the best escapement goal range would be the widest
escapement goal range for a given level of average catch.

The locus  i.e., line on the response surface! of best escapement goal ranges
generally included the MSY escapement level, except for the situation of low
productivity and evolving knowledge of escapement-return dynamics  Figure
IOA, 10B!. The best escapement goal ranges that resulted in average catches
wit.hin 90'/o of MSY were fairly wide  width approximately equal to the MSY
escapement level!. The locus of best escapement. goal ranges diverged from the
locus of escapement goal ranges that are symmetrical with respect to MSY level
of escapement level. This divergence indicated that the best escapement goal
ranges were skewed, with the lower end of escapement goal range closer to the
MSY escapement level.
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Figure 8. Ratio of average catch, average run, average logarithm catch, and CV catch expected
under the constant escapement policy  escapement goal = MSY level of escapement!
to that expected under the constant harvest policy  harvest rate = MSY harvest rate!
versus management error and escapement-return parameter. Simulations generated
assuming evolving estimates of the MSY harvest rate and escapement goal.
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Response of average catch over a grid of lower and upper ends of an escapement goal
range, with knowledge of the MSY escapement goals. Also plotted is the locus of
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 U = 0.0!. C. a = 6 and perfect management  U = 0!. D. a = 6 and moderate
management error  Uw= 0.0!. Note that the lower and upper end of the escapement
goal range is expressed relative to the MSY escapement goal  i.e., 1 is the MSY
escapement goal for the respective ct parameter value!.
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Figure 10. Response of average catch over a grid of lower and upper ends of an escapement
goal range, with evolving estimates of the MSY escapement goals. Also plotted is
the locus of widest escapement goal ranges for a given average catch  heavy
dashed line! and locus of symmetrical escapement goal ranges  tight dashed
line!. Note the locus of points is the set  i.e., line on the response surface! of
widest or symmetrical escapement ranges, and there is one widest or symmetrical
escapement goal range for each possible average catch. A. a = 2 and perfect
management  U = 01. B. a = 2 and moderate management error  U = 0.9!.
C. a= 6 and perfect management  U,,= 01. D. a= 6 and moderate management
error Q�= 0.0!. Note that the lower and upper end <rf the escapement goal
range is expressed relative to the MSY escapement g<ral  i.e., 1 is the MSY
escapement goal for the respective a parameter value!.
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the situation of imperfect management. The average catches, runs, and loga-
rithm catch were several times higher, whereas CV catch was lower for the
constant escapement. policy implemented under levels of management error
that are routinely encountered in Pacific salmon fisheries  Figure 7!. The
constant escapement policy is extremely robust in that the advantages of the
policy hold for the levels of the escapement return parameter and management
error commonly encountered in Pacific salmon fisheries. These results also
hold in the situation where knowledge of the underlying escapement-return
relationship must be estimated based on the evolving escapement-return data
 Figure 8!.

The superior performance of the constant escapement policy is due to the
addit.ional protection provided to the stocks during weak runs. With the
constant harvest rate policy, the same rate ot' fishing is applied regardless of run
strength. The deliberate fishing at low stock levels implicit with the constant
harvest rate policy, coupled with management error, results in low and highly
variable runs. Expected catches from these runs are lower and more variable
than catches expected from runs managed under the constant escapement
policy where runs are maintained at relatively high levels by ceasing or restrict-
ing fishing during weak runs.

Escapement-return theory predict.s the extinction of weak stocks in mixed
stocks salmon fisheries that are managed under a common constant harvest rate
to achieve the MSY from the collective stocks  Paulik et al. 1967!. However, this
result does not apply to mixed st.ock fisheries managed under a constant
escapement policy  i.e., separate escapement goals for the constituent stocks!.
The result further assumes that production is uncorrelated among constituent
stocks and that managers cannot achieve any degree of stock-specific harvest in
mixed stock fisheries.

These assumptions may not necessarily be applicable to all mixed stock
salmon fisheries. There is substantial evidence that production is correlated
among Pacific salmon stocks. Broadscale temporal correlat.ions in catches exist
among Pacific salmon species and geographic regions that have been attributed
to an overriding environmental regulation of salmon production  Quinn and
Marshall 1989; Beamish and Bouillon 1993!. There is a high correlation in
return per spawner among Bristol Bay sockeye salmon stocks  Eggers and
Rogers 1987!.

It is possible to identify specific management measures that enable more
stock-specific harvests in mixed stock salmon fisheries through application of
stock identification methods. Application of these methods in Alaskan sockeye
salmon fisheries have been widespread  Marshall et al. 1987!. Although Healey
�982! suggested that prospects were bleak for identifying stocks in the highly
mixed stocks fisheries along the west coast of North America, the catch stock
composition estimates from these fisheries have improved substantially since
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the United States-Canada Treaty of 1985 was implemented  cf. list of technical
publications in Pacific Salmon Commission [1990]!.

Although the simulation results reported here apply strictly to single-stock
fisheries, there may be some advantages with the constant escapement policy in
providing protection for weak stocks in mixed stocks salmon fisheries. With
correlated production and implementation of stock-specific management mea-
sures, it is possible to adopt a constant escapement policy for mixed stocks
fisheries. Certainly, if production among stocks commonly exploited in mixed
stocks fisheries is correlated, then the lower harvest rates on the more produc-
tive dominant stocks during years of weak runs that result from implementa-
tion of the constant escapement policy would provide protection for the less
productive subdominant stocks t.hat would not occur under the constant
harvest rate policy.

Modification of the constant escapement policy could provide added protec-
tion to weak stocks if managers reduce exploitation  i.e., increase escapement
goals on dominant stocks in fisheries where runs of weak stocks are commonly
exploited!. The escapement goal range policy would achieve this result without
substantial reductions in sustained catch, provided the lower end of the range is
below but near the MSY escapement level. The computer simulations reported
here suggested that an escapement goal range t'rom 0.8 to 1.6 times the MSY
escapement level might enable managers more sufficient flexibility to protect
weak stocks and maintain sustainable catch levels of dominant stocks to within
90"/o of MSY. However, this result needs to be verified by simulation of actual
mixed stocks fisheries.

Implementation of the constant escapement policy requires an expensive,
intensive fishery management system, where catches and escapements are
assessed in real time. Further, managers must be able to actively control
fisheries in order to achieve stock-specific harvests. The fishery management
system for Bristol Bay sockeye salmon  Minard and Meacham 1987! is an
example of an intensive fishery system where sustainable catches have in-
creased and management error has decreased with the evolution of the fishery
management system  Eggers 1992!, although this increase in sustainable
catches also has been coincidental with more favorable environmental condi-
tions  Quinn and Marshall 1989; Beamish and Bouillon 1993! and reductions
in high seas interceptions  Royce 1989!.

Because the monitoring of harvest rate requires monitoring of both catch
and escapement, or total run, the fishery management system necessary to
achieve a constant harvest rate with variable fishing power and catchability
would be identical to that required to achieve constant escapement. The con-
stant harvest rate policy can be ideally implemented by scheduled fishery
openings. However, a constant harvest rate can be assured with scheduled
openings only if' fishing power and catchability remain constant. This assump-
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Abstract

Proceethngs of the lnternattonal Symposium on Management Strategtes lor Fxpfottetf Ftsh Populattons,
Alaska Sea Grant College Program, AK-SG-93-02, 1993.

The current management strategy applied to regulate the harvest of sockeye
salmon, Oncorhynchtts nerka, in Upper Cook Inlet employs variable fishing time
and area to attain a fixed range of escapement objectives.

Run reconstructions for 1979-1988 show substantial variation in the magni-
tude and timing of peak migration into Upper Cook Inlet. The combination of
4-7 days residence times and large numbers of fish entering Upper Cook Inlet
sometimes have resulted in more than a million sockeye salmon being available
for harvest. Total annual harvest rates have varied from 51 /o �979! to 81/o
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�988!, with an annual average of 68'/o. The annual trend in exploitation rates
is upward for all stocks, with the average annual harvest rate for each stock
ranging from 46 /o  Crescent! to 75'/o  Kasilof!. The drift fleet achieved a 38'/o
average harvest rate per opening for the 160 openings examined. Mean drift
fleet harvest per period was higher than the 10-year average in both 1987
�6 /o! and 1988 �8'/o!. Those commercial fishery openings that were re-
stricted to a corndor along the east shore of Cook Inlet in recent years generally
at.t.racted fewer vessels and produced much lower period harvest rates  8-23'/o!.
Catch per unit effort by the drift fleet is a linear function of abundance. There
has been substantial variability in both the total amount of time spent by
sockeye salmon in the fishing areas and in t.he timing of changes in residence
time during the season.

The research suggests that  I! stock composition estimates of the three
major stocks should be obtained for each major drift and setnet fishery in the
Central District, �! drift fisheries south of Kalgin Island should be used early in
the year, �! the Nikiski to Ninilchik corridor drift net fishery seems to limit
harvests of Susitna fish, and �! the East Forelands t.o Cape Ninilchik drift
corridor fishery should receive further evaluation.

Introduction

The abihty to evaluate the consequences of regulatory actions is fundamental to
the development of a sound natural resource management program. In the
management of exploited Pacif'ic salmon stocks, sequences of regulatory ac-
tions, also known as management strategies, are designed to achieve the goal of'
seeding the spawning grounds by controlling harvests. As in many other
localities, in Cook Inlet the appropriate number of' spawners, the escapement
goal expressed as a numerical range, is selected according to generally accepted
theories predicting the responses of salmon populations to exploitation  e.g.,
Ricker 1958; Mathisen 1972!.

An annual harvest strategy is a plan for deployment ol' gear types in space
and time to achteve specified ranges of annual escapement for each stock, or
run, of the annual migration. The Cook Inlet salmon management goals include
the attainment of specific ranges of escapement for the major river systems
north of Anchor Point  Figure I!. Control of the magnitude of harvest. is
achieved by limiting the amounts of time, fishing gear, and localities available
to harvesters during the migration.

Evaluation of the effectiveness of the harvest regulations is accomplished by
estimating the number of adults reaching freshwater in each major river system.
Since the sockeye populations of a single river, the Kenai, often are numerically
dominant, and since the harvests occur in marine waters where populations of
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Susitna R. Fish Creek

Cre

Figure 1. The commercial fishing districts and principal sockeye salmon producing watersheds
of Upper Cook lnlei, Alaska.

many rivers are mixed, the challenge in meeting the escapement goals is to
design time and area openings that target the fleet on large populations while
sparing smaller populations. While the Cook Inlet sockeye salmon fisheries are
not explicitly managed to achieve a fixed harvest rate, the annual run size and
the escapement goal define the appropriate annual harvest rate.

The model described here was built to estimai.e the fraction of the available
sockeye salmon from the major rivers, the Kenai, the Kasilof, and the Susitna
 Figure I!, taken by the commercial fishery  harvest rate! during every fishing
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period for the years 1979-1988. Although harvest rate estimates for the fishery
include individual estimates for both set and drift. gillnet fisheries, the model is
primarily intended to evaluate the effect of various fishing regulations on
sockeye salmon harvest rates, both total and stock specific, achieved by the
drift gillnet fishery of the Central District of Cook Inlet  Figure I!.

Description of the Study Area and Fishery
Upper Cook Inlet is more than 250 km in length and 64 km in width at its
southern boundary  Figure 1!. A combinat.ion of geographic and tidal features
create a complicated circulation pattern of gyres; mixing areas; and, most
notably for the commercial salmon fishery, shear zones. The shear zones, also
known as rips and as frontal zones, are important as points of reference used by
the harvesters to locate productive fishing areas. The exclusion of harvesters
from these zones of good mixed-stock fishing provides the basic rationale for
the corridor fishing zones  Alaska Department of Fish and Game 1978!.

The greatest extent of sockeye salmon spawning and rearing areas is found
in the Kenai, Kasilof, Crescent, and Susitna river drainages  Figure I!. The
single largest producer of sockeye salmon in Cook Inlet, the Kenai River
drainage, includes approximately 5,200 km2 of the western Kenai Peninsula.
Cook Inlet's second or third largest producer of sockeye salmon, the Kasilof
River, drains an area ol approximately 190 kmz and contains the largest glacial
lake in the Cook Inlet area, Tustumena Lake �94.5 kmz!. The Susitna River
drainage, the second or third largest producer of sockeye salmon in Cook Inlet,
is located within the Northern District. of Cook Inlet where it drains an area
exceeding 49,000 km . The Crescent River drainage on the west side of Cook
Inlet encompasses 300 km~, and it is usually the fourth ranking producer of
sockeye salmon in Cook Inlet.

Beyond the stocks of the major drainages described above, there are many
so-called minor stocks for which no routine annual assessments of contribu-
tions by individual stock to the common property fisheries are available, While
sometimes it has been possible to identify one such minor stock, Fish Creek, in
the commercial catches by means of scale patterns analysis, the relative abun-
dances of the rest of these stocks have been estimated based on escapement
data from aerial and foot surveys and temporary weirs. The combined contribu-
tion of the minor systems to the total annual Upper Cook Inlet sockeye salmon
escapement has been estimated as 6-31/o, with a mean of 15'/0  Tarbox and
Waltemyer 1989!.

Cook Inlet was partitioned into two commercial salmon fishery management
areas in 1974: Lower Cook Inlet, consisting of marine waters and freshwater
drainages south of the latitude of Anchor Point, and Upper Cook Inlet, consist-
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ing of marine waters and freshwater drainages north of the latitude of Anchor
Point  Figure I!. Commercial salmon fishing is permitted only within marine
waters.

Upper Cook Inlet sockeye salmon fishing is dominated by set and gillnet
fishing, with the drift gillnet fleet usually catching slightly more than the
setnets. Drift gillnet fishing from vessels occurs in offshore waters where stocks
are mixed. Most setnet catches come from the east side of the Central District
 Figure I!, where fishing success indicates that sockeye salmon move inshore
just prior to entering two of the largest rivers, the Kenai and Kasilof. As of 1991,
a total of 582 drift gillnet and 741 set gillnet permits were issued for the Upper
Cook Inlet commercial salmon fishery.

The commercial fishing season in Upper Cook Inlet currently begins be-
tween the middle and end of June and continues until August 15 when the
setnet fishery on the east side of the Central District closes. The remainder of
the Central District from a line 8 km west of the east side and the entire
Northern District are open to fishing after August 15 until closed by emergency
order.

Managers have applied a combination of time and area restrictions on the
drift and set gillnet fisheries to reduce commercial exploitation on specific
sockeye salmon stocks. Two basic scenarios restricting the area fished are used
to manage the drift gillnet fishery � the corridor fishery and southern restric-
t.ions. During a corridor fishery, the fleet is restricted to a zone bordering the
Kenai Peninsula on Cook Inlet's eastern shore  Figure I!. Corridors, usually
about 4 km wide, are intended to harvest Kenai and Kasilof River stocks while
protecting Susitna River stocks. In the opinion of the managers, the width of
the corridor had to be narrow enough to exclude the fleet I'rom an area known
as the east rip, where sockeye salmon are expected to congregate. In the second
scenario, the fleet is held south of the latitude of certain markers, such as the
southern end ol' Kalgin Island, usually during the first third of July. Again, the
intended purpose of the southern restrictions is to direct harvest to Kenai and
Kasilof stocks while sparing Susitna stocks.

The management scenarios have evolved in response to directions received
from a policy body, the Alaska Board of Fisheries. Upper Cook Inlet has seven
management plans which govern allocation of harvests among user groups
 Alaska Department of Fish and Game 1992!. These include the "Upper Cook
Inlet Salmon Management Plan," which provides the framework for six other
plans by designating the permissible uses of salmon st.ocks which normally
move through upper Cook Inlet from July I to August 1.5.

The conjunction of data on escapements from sonar fish counters with data
on the stock composition of commercial catches permitted evaluation of the
escapement goals and of the stock specific harvest rates ol' various openings
starting in 1979  Marshall et al. 1987!.
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Methods

Run reconstruction model

Model development followed an approach similar to the multi-t.ime period
reconstruction procedures outlined in Starr and Hilborn �988!, wherein esti-
mates of the abundance of fish in each harvest area are formed by working
backward in time l'rom the end of the season. The escapements of each period
are moved backward to the period during which the fish passed through each
harvest area by subtracting the estimated residence time of each stock in each
harvest area from the date of escapement. In the event. an escapement is moved
to a date containing a harvest, the abundance on the time interval is found by
adding the escapements for each stock to the catches for each stock as esti-
mated by scale pattern analysis  Bethe et al. 1980; Cross et al. 1981, 1982,
1983b, 1985, 1986, and 1987; Cross and Goshert 1987, unpublished data of
Alaska Department of Fish and Game, provided by David Waltemyer, Division
of Commercial Fisheries, Soldotna, Alaska!. The major differences between our
approach and those defined by Starr and Hilborn �988! were:  I! We used
stock composition estimates from scale pattern analysis to allocate harvests of
each fishery to each stock; �! we used a daily time step, and �! we used daily
residence times for each stock in each fishery. The first two modifications were
facilitated by the quantity and resolution ot' the data available for these sockeye
stocks, and the third was implemented to reflect the migratory behavior of local
sockeye stocks.

The scope and structure of the model was influenced by the available data.
Using only data directly from the Alaska Department of Fish and Game
 ADF6zG!, daily stock composition estimates I'or major fishing areas and daily
escapement were assembled for five stocks: Kenai River, Kasilof River, Susitna
River, Fish Creek, and Crescent River, and daily catch statistics were compiled
for the eight. major fishing areas in Upper Cook Inlet. Fishery definitions were
based on the stock composition data and geographic location of each fishery
 see Table I and Figure I!. Stock composition data were used to identify the
presence of a stock in a fishery, and geographic location was used t.o amalgam-
ate and sequence the fisheries. Each of the fisheries within Upper Cook Inlet
was defined as either a pool or exit fishery for each stock, the pool fishery being
a large area through which some portion of each stock must migrate before
entering the exit fishery  see Table 2!. For example, the central dril't net fishery
and Kalgin Island setnet fishery were defined as pool fisheries for all of the
identifiable stocks. The exit fishery generally is a smaller area near the shore
which represents the last opportunity to harvest a stock before it reaches the
escapement enumeration site. For example, the exit fishery for the Kenai and
Kasilof stocks included the eastern setnet fisheries of the Central District on
the Salamatof  north of the Kenai River mouth to Boulder Point!; Kalifornsky
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Table 1. Designations of fisheries as pool  I! and exit �! fisheries for each of the
identifiable sockeye salmon stocks in Cook Inlet.

Type Kenai Kasilof Susitna Fish CrescentFishery

Central District

Offshore

Eastern beaches

Salamatof

Kalifornsky
Cohoe/Ninilchik

Western beaches

Kalgin Island
Western/Kustatan

Drift I II I

I I

I 1

I I

2 2

2 2

2 2

Set

Set

Set

I I

I 2
Set

Set

Northern District

General  west!

Eastern

2 2 I

2 2 1
Set

Set

 between the Kenai and Kasilof River mouths!; and Cohoe/Ninilchik beaches
 south of the Kasilol' River mouth!  Figure I!. Any harvests of other stocks in
these setnet fisheries were added to the pool fishery harvests for those stocks.

Four of the stocks  Kenai, Kasilof, Susitna, and Crescent! included in the
model are thought to represent over 85/o, on average, of the enumerated
sockeye salmon returns to Upper Cook Inlet  Tarbox and Waltemyer 1989!. In
years when total escapement counts for the Susitna River were not available, the
Yentna River sonar counts were used to estimate total sockeye escapement to
the Susitna by assuming that the Yentna sonar counts represented half of the
total escapement to the Susitna River. The Susitna River escapement was further
expanded to account for sockeye returns to other streams, the minor stock
systems, in Upper Cook Inlet  Big, McArthur, Chilligan, Packers, and others!.
The magnitude of the Susitna expansion was calculated using the assumption
that the total escapement to the minor sockeye systems was 15 /0 of the total
enumerated escapement to the five major sockeye systems  Tarbox and
Waltemyer 1989!. The total enumerated escapement includes the expansion of
sonar counts from within the Susitna  Yentna counts! to account for drainages
within the Susitna not covered by the sonar counts. The decision to add the fish
of the minor stock systems to the Susitna run was based on the 1983-84 scale
pattern analysis, which indicated that a large portion of the harvest of minor
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Table 2. Example of the boxcar design of the reconstruction model showing
location  columns! of an escapement clump  rows! on each of 10 dates
during t.he season.

Total
residenceEscapement

elate Reconstruction date time

clump 05 Jul 06 Jul 07 Jul OH Jul 09 Jul 10 Jul 11 Jul 12 Jul 13 Jul 14 Jul  days!

11-Jul Pool Pool Pool Exit River River

Pool Pool Pool Exit River River12-Jul

13-Jul

14-Jul

15-Jul

Pool Pool Pool Exit River River

Pool Pool Exit River River 5

Pool Exit River River

Clumps m

Pool 1 2 3 2 2 1

1 1 1

1 2

1

2 2
Exit

River

sockeye stocks would be classified as Susitna fish in years when the stock
composition analysis was limited to the five major stocks  Cross et al. 1986,
1987!.

In our model, fish entered the first fishery when they crossed the Anchor
Point line and escaped when they passed the site of the sonar counters at
various distances from the mouths of the rivers  compare Figure 2 to Table 3!.
In the example of Table 2, a group of migrating sockeye with a total residence
time of 6 days spends 3 days traversing the pool fishery, 1 day traversing the
exit fishery, and 2 days traversing the portion of the river below the sonar site to
escape on July 11. The example of Table 2 also illustrates the concept that the
stock and area specific residence times in the pool fishery could decrease over
the period of the migration. Fish escaping on July 14 have a total residence time
of 5 days, spending 2 days in the pool fishery, and fish escaping on July 15 have
a total residence time of only 4 days, spending a single day in the pool fishery.

The reconstruction algorithm used to combine daily catch and escapement
data was a boxcar design, where each day's escapement for each stock  referred
to as a clump! was assigned a total residence time  number of boxcars!, and
each boxcar was assigned a geographic location  see Table 2!. The model keeps
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Figure 2. The estimated cumulative percentage of the reconstructed socheye salmon run
and its Kenai component passing Anchor Point each day, and the daily
cumulative percentage escapement to the Kenai River during 1984.

track of the number of boxcars of each stock present in each fishery every day
and assigns the stock specific harvests for that day to each boxcar. We assumed
that all fish of a specific stock in a fishery were equally vulnerable to the fishing
gear. The reconstruction sequence allocates all exit fishery harvests to the
appropriate boxcars prior to allocating any pool fishery harvests. The final step
in the reconstruction for each stock was to assign entry dates to each clump,
which were calculated by subtracting the total residence time from the escape-
ment date. Daily abundance estimates from each stock specific reconstruction
were combined to compute total run timing and daily harvest rates for each
fishery.

The model was evaluated by comparing the cumulative reconstructed run
timing with the cumulative run timing est.imated from catch per effort data of
the Anchor Point test I'ishery. In the comparison of the migratory timings
estimated from reconstruction to those estimated by offshore test fishing,
similarity was taken to mean that there were no substantial problems with the
model's structure, assumptions, or residence time estimates.
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Table 3. Values used to estimate minimum residence times for each stock of
sockeye salmon migrating from Anchor Point to a river enumeration
site.

Distance  km!

Marine: Anchor Point � river 108 92 205 205 55

Maximum migration rates  km/day!:

Marine: Anchor Point � river 50 50 50 50 50

20 20 20 20 20Fresh: River mouth � sonar

Minimum model residence time  d!:

Marine: Anchor Point � river 2 2

Fresh: River mouth � sonar

1979-80

1981-82

1983

1984-88

Fresh: River mouth - sonar

1979-80

1981-82

1983

1984-88

Total: Anchor Point � sonar

1979-80

1981-82

1983

1984-88

Mundy et al. ~ Sockeye Run Reconstruction

Kenai Kasilof Susitna Fish Crescent

32 27 38 10 30

32 27 51 10 30

32 16 51 10 30

32 16 51 10 2

2 1 2

3 1 2

3 1 2

3 1 0

3 6 5

3 7 5

3 7 5

3 7 5
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Residence time analysis

As a general concept, total residence time was defined as the number ol' days
each clump of sockeye salmon resides in the area between Anchor Point and its
escapement. enumeration site. If F I  d! is the function representing the cumula-
tive percent at the Anchor Point test fishing transect, and F2 d! is the function
representing the cumulative percent at the escapement enumeration site, then
the expected total residence time for a clump crossing the test f'ishing transect
line during day  d! is the value of h that satisfies

F2 d+k!-F> d! =0

I. The escapement of a stock, most probably the Kasilof, may start before the
first. day of the test fishery, and escapements of all stocks often continue after
the last day of the test fishery.

2. The stock composition data from drift net fisheries confined to areas near
the mouth of the Kenai and Kasilof rivers  corridor fisheries! may not ad-
equately estimate composition of the test fishery sockeye catches.

The first problem was addressed by estimattng the starting and ending
points for the escapement data that were appropriate for each year's test fishery
data set. These dates were estimated by adding the minimum time required for
sockeye salmon to travel from Anchor Point to its sonar or fence counting
location to the starting and ending dates for the test fishery. The minimum
travel times were estimated by combining information on maximum ocean
migration rate and in river migration rates with the total inlet and in-river
migration distances  Table 3!. We estimated the ocean migration rate to be

This estimate is designated base residence time to distinguish it from the estimate
known as model residence time, which is calculated from the base residence time.
Residence time, both base and model, may be further characterized as total
residence time, the amount of time between Anchor Point and the sonar
counters, and pool residence time, exit residence time, and river residence time,
which are the amounts of time spent in each of these three localities. Total
residence time is the sum of the pool, exit, and river residence times. Model
residence times are functions of calendar date, with the exception of river
residence time, which is held constant for each individual river  Table 3!.

Stock composition data from the Upper Cook Inlet dnft net lishery were
used to allocate catch per effort  CPE! data from the test fishery to the river of
origin. Daily stock composition estimates were interpolated from the commer-
cial drift net data, and the resulting stock specific daily CPE estimates were
used to define the cumulative test I'ishing curve for each of the major stocks.
The most significant problems associated with the available data were:
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50 km/d, and the maximum sockeye migration rate in the river to be 20 km/d
 Tarbox 1988a!.

A simple solution to the second data problem does not exist due to lack of
stock composition data for the Anchor Point test fishery. However, the sensitiv-
ity of our residence time estimates to the application of inappropriate stock
composition was investigated using a Bayesian approach. The dril't net stock
composition data provided the first  or prior! estimate for the test tishery, and
subsequent estimates were obtained through successive runs of the run recon-
struction model. If the procedure used to estimate residence time is sensitive to
the stock composition data, we would expect to see substantial changes in the
residence time estimates and reconstructed run with each successive iteration.

The residence t.ime analysis was based on the assumption that the early
portions of a sockeye run will reside in terminal marine fishing areas longer
than the later portions of the run. This assumption was supported by prior run
reconstruction analyses performed by ADFR'G  Waltemyer 1983a, 1983b,
1986a, and 1986b; Hilsinger and Waltemyer 1987; Tarbox and Waltemyer
1989!. The application of this assumption in our reconstruction model resulted
in the following three constraints:

1 Total residence time must be greater than or equal to the minimum residence
time  Table 3!.

2. Total residence time can be constant or decrease as the season progresses,
but cannot increase.

3. Residence time for each location  pool fishery, exit fishery, river! were
rounded to the nearest number of days.

The constraints lead us to apply a smoothing procedure to the initial
residence times, or base residence times. The smoothed values are the model
residence times. An example of the base residence times and model residence
times used in the run reconstruction shows the effect of the three constraints
 Table 0!. The dates refer to the escapement curve.

The base residence times were estimated by working backward through the
season to the later of the following two dates:  I! the day when t.he cumulative
escapement was less than 1/o of the total escapement or �! the first day of
catch data for that stock in the test fishery  see dates adjacent to "First" at the
bottom of Table 0!. Residence times presented for the period between the first
day of catch data and the starting day for the test fishery  june 20! were set
equal to the value estimated for the first day of catch data.

Model residence time  Table 0! are 3-day moving averages of base residence
times calculated by  I! determining the dat.e when 50'/o of the sockeye escape-
ment has passed the sonar/fence counters  the median date for the escapement
curve!; �! working forward from the median date to the end of the season
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Table 4. Example of daily total residence times calculated for each stock. Base
residence times represent the temporal separation between the test
fishery and escapement timing curves. Model residence times are the
values used in the run reconstruction model.

Model residence tnnes, 1984
Kena Kasi Susi Fish
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� 2
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allowing residence times to decrease to the minimum travel time value for each
stock; and �! working backward from the median date to the beginning of the
season, allowing residence times to increase.

Residence times could not be estimated l'or every stock each year because of
gaps in the available stock composition data  Bethe et al. 1980; Cross et al.
1981, 1982, 1983b, 1985, 1986, and 1987; Cross and Goshert 1987, unpub-
lished data of ADFQG, provided by David Waltemyer, Division of Commercial
Fisheries, Soldotna, Alaska!. For those years when Crescent River was excluded
from the stock composition estimates �980-81, 1986-88!, we set the residence
times equal to the minimum travel time for this stock  Table 3!. Fish Creek
sockeye residence times for 1986-88 were set equal to those of Susitna sockeye
salmon less the difference between the minimum travel times within the river
for these two stocks � days!. In 1988 stock composition estimates were limited
to percent Kenai River in each major fishery. Consequently, our residence time
analysis for 1988 was based on stock composition data for Kenai sockeye
salmon and an assumption that 30'/o of the non-Kenai sockeye salmon caught
in the test fishery were Susitna fish, and the rest were Kasilof fish.

The last step in the residence time analysis was to subdivide the total inlet
residence times into river, exit fishery, and pool fishery residence times. The
residence time for each river was set equal to the minimum travel time from
river mouth to the sonar counters  Table 5, Table 3!. The division of the
remaining days between the exit and pool fisheries was based on analysis of
1983-84 sockeye tag recovery  Tarbox 1988a! and on the relative distance each
stock had to travel through each fishery  Table 3!. Both the tag recovery data
and migration distance data suggest that Susitna River and Fish Creek sockeye
salmon would spend roughly equal time in the Central and Northern Districts;
therefore, we divided the marine residence time equally between the pool and
exit fisheries. Prior analyses of the available data support the assumption that
Kenai and Kasilof river sockeye salmon would spend most of their marine days
in the offshore areas in the Central District prior to moving rapidly through the
eastern beaches on their way to the rivers  Waltemyer 1983a, 1983b!, The
analysis ol' the tagging data  Tarbox 1988, 1988b! also support this assumption.
Therefore, we allocated one day to exit fisheries for these stocks and the
remaining days to the pool fishery. Similar assumptions were used for the
Crescent River sockeye in the absence of any justification for an alternative
approach. The final matrix of fishery-stock-day specific residence times drives
the run reconstruction model by defining the general location of each clump of
sockeye salmon in Upper Cook Inlet for each day in t.he migration period
 Table 2!.
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Table 5. Example of fishery-stock-day specific residence times for 1984, where
P = Pool fishery, E = Exit fishery, R = River, T = Total.
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Results

Run reconstruction

Timing of the run reconstructions

The timing of the reconstructed runs at the Anchor Point location was similar
to that observed in the test fishery data, and the medians ol the time series of

Reconstruction of sockeye salmon entry into Upper Cook Inlet was consistent
with the Anchor Point test fishery data  Table 6!. The best fit  lowest sum of
squares! was in a year when the harvest was dominated by a single identifiable
stock  Kenai River in 1987, Table 6, Figure 3!, and the worst fit was in 1980
when Kenai, Kasilof, and Susitna stocks are estimated to have contributed
similar numbers of fish to the total return to Upper Cook Inlet. However, the
second �985! and third �979! best fits came in years when the numbers in the
top three stocks were reasonably well-balanced. The second worst fit was 1986,
when Kasilof numbers balanced those of the Kenai  Table 6!. No relation
between relative stock strength and the similarity between reconstructed run
and test fishery was apparent.

The number of days the test fishery was in operation did not appear to be
related to the magnitude of the sum of squares  Table 6!. Even in years when
the operation of the test fishery was relatively abbreviated, such as in 1979,
1981, and 1982, the reconstructed run was a reasonably good fit for the test
fishery when compared to years in which the test fishery was operated the
longest �983 and 1984!.

The cumulative daily percentages of the reconstructed sockeye salmon runs,
as seen from the vantage of Anchor Point between late June and early August
 Table 7!, serve as a tightly compressed summary of the sockeye migrations and
fishing seasons of a 10-year period. As an image of the total migration, the
cumulative daily percentages describe the basic framework on which each
fishing season was built. The cumulative percentages of 1987, for example,
depict a very late migration that was slow to materialize, but which developed
very fast once it did. By contrast., the migration of 1981 was virtually complete
before the middle of July, a time when most migrations are barely half over.

The combination of a 4-7-day residence time and a large pulse of fish
ent.ering Upper Cook Inlet can result in more than a million sockeye salmon
being available for harvest by drift net fishers on a given day. The run recon-
struction estimated that the daily abundance in Upper Cook Inlet peaked at
more than 2 million sockeye salmon around July 17, 1987. Given that it is not
unusual for more than 5'/o of a migration to pass Anchor Point in a single day
 Table 7!, and given that the second and third quartiles of the migration usually
go by in only 10 to 12 days, the challenging nature of Upper Cook Inlet harvest
management should be readily apparent.
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Table 6. Comparison of run reconstruction model results with the Anchor Point
test fishery using cumulative percentage timing curves. Mean daily
difference indicates the average number of percentage points separating
timing curves.

Sum of

squaresYear

' Note Susttna values for 1979-85 encompass all mmor stocks except Ftsh Creek, and 1986-88 encompass
all mtnor stocks mcluding Fish Creek.

reconstructed runs for 1979-1988  Table 7! agree very closely with those of the
catches, effort, test fishing, and escapements for those years  Table 8!. The
reasonably close qualitative agreement of the medians of the reconstructed runs
to those of the other fishery performance indicators reveals an overall high
degree of similitude. These results agree closely with those obtained by
Marshall et al. �987, Table 3!.

The relative timings of the three principal stocks at Anchor Point during the
10-year period generally were similar to the patterns seen in 1984  Figure 4!.
The run reconstruction represents the average timing of the three stocks as they
would be seen in the mixed-stock test fishery at Anchor Point; however, the
curves for each major stock were estimated from observed test fish and stock
composition information. The Kasilof stock is first across the Anchor Point line,
followed not too closely by the Susitna stock. The last major stock across the
line is the Kenai, at times running quite closely to the Susitna stock. The
relative timings of the three major stocks results depicted by this run recon-

1979

1980

1981

1982

1983

1984

1985

1986

1987

1988

646

4,425

1,012

1,370

934

1,099

602

2,022

572

1,096

Mean Test

daily fishery Run size in thousands
difference days Kenai Kasilof Susitna'

4.9 27 606 433 493

11.8 32 994 790 639

6.1 27 996 661 823

7.0 28 2,326 1,243 668

4.6 45 3,566 667 1,531

4.9 46 935 751 1,234

4. 1 36 1,901 1,351 1,457

7.7 34 2,513 1,807 996

3.7 41 8,657 1,839 1,264

5.4 37 6,439 961 753
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Figure 3. The estimated cumulative daily percentage of the reconstructed sockeye salmon run
at Anchor Point, and the same time series and location for the reconstructed run,
1987.

struction agree closely with those obtained by Marshall et al. �987, Figure 3!.
Both sets of results show a clear sequence of Kasilof-Susitna-Kenai. However,
all of these stocks, especially those of the Susitna and Kenai, can be mixed to
some extent throughout the season.

Based on the median dates, the average fish took about 4 to 5 days to reach
the center of the drift harvest area in 1979-1988. When setnet harvests are
added to those of the drift fleet, the timing of commercial catches always is later
than the test catches of Anchor Point. Comparing the medians at Anchor Point
to those of the escapements, the average fish spent 10 to 11 days between
Anchor Point and the sonar sites/weirs during the 10 years ending with 1988.

The timing of fishing effort usually does not coincide with the migration and
escapements, but trails the migration and escapements in time. The timing of
fishing effort was later than the timing of escapements in 7 of the 10 years, and
later than the timing of the harvests in the combined harvest areas  total! in 9 of
10 years  Table 8!.
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Harvest rates

Total annual harvest rates have varied from 51'/o �979! to 81 /o �988!, with an
annual average of 68'/o  Table 9!. The annual trend in exploitation rates is up-
ward for all stocks, with the average annual harvest rate for each stock ranging
from 46'/0  Crescent!, to 75 /0  Kasilof!. In terms of annual harvest rate, Kenai
usually is slightly less than Kasilof but greater than Susitna. Fish and Susitna
have similar 10-year averages, but individual annual harvest rates may be quite
different from one another. Crescent does not have annual harvest rates compa-
rable to those of the other stocks. Total annual harvest rate is directly propor-
tional to the total annual abundance  r = 0.81, n = 10! data of Table 9. The
relation between harvest rate and total annual abundance becomes more vari-
able as abundance increases, and the harvest rate of 1987 on the largest annual
abundance in Cook Inlet history is an obvious outlier to the linear relation.
However, the actual relation of harvest rate to abundance is necessarily asymp-
totic because the fleet size, and therefore effort, is capped by law.

For average harvest rates weighted by abundance, the drift fleet achieved a
38'/0 average harvest rate per opening  usually 12 hours! for the 160 openings
during 1979-1988. The simple average drift period harvest rate during the
same period was 28 /o  SD = 19.3!. Weighted mean drift fleet harvest per period
was higher than the 10-year average in both 1987 �6 /o! and 1988 �8 /0!. The
unweighted arithmetic mean effort per drift fishing period during the 10-year
period was 4,637 boat-hours. Mean levels of effort were higher than the 10-year
average in both 1987 �,356 boat hours! and 1988 �,115 boat hours!.

Daily harvest rates for Upper Cook Inlet drift net fishers appear to be highly
dependent on the amount and location of areas open to fishing. From 1979 to
1988, the 46 inlet-wide openings that have occurred under times and condi-
tions similar to the corridor opening have achieved a harvest level of 35-45'/0
�1'/0 average! of the sockeye salmon present  Table 10!. During the first half of
the fishing season, inlet-wide openings occasionally have been confined to the
waters south of Kalgin Island  SKI!. Estimated harvest rates for SKI fisheries
were similar to those for inlet-wide drift net fisheries. Corridor openings have
been used in recent years, and these generally attract fewer vessels and produce
much lower harvest rates  8-23/o!. The only exception was the Nikiski-
Ninilchik  NTN! narrow corridor which tended to have similar effort to the
inlet-wide fisheries, and it had only slightly lower harvest rates  an average of
36 /o!. A bright spot for preserving efficiency among the corridor fisheries is the
EFCN corridor  see Table 10! which has produced a 50'/o reduction in overall
harvest rate, with only a 14 /o reduction in catch per vessel hour.

Catch per effort  CPE! by the drift fleet is a linear function of abundance up
to levels of abundance of about I million sockeye salmon  Figure 5!. At levels of
1-1.5 million sockeye, CPE becomes highly variable, and above 1.5 million
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Table 7. Cumulative percent Cook Inlet sockeye run as estimated at Anchor
Point by the run reconstruction model, and total run size in thousands
for each year, 1979 1988.

1988198719861985198419831982198119801979
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Table 8. Median dates of fishery performance indicators and the run
reconstruction  Reconst! at Anchor Point, 1979-1988. The indicators
are sockeye per hundred fathoms per hour in the Anchor Point test
fishery, AP CPE; drift gillnet catch, Drift; total commercial catch, Total;
combined escapements, Escape; and drift. boat-hours, Effort.

AP CPE Reconst Drift Total Escape Effort

1979

1980

1981

1982

1983

1984

1985

1986

1987

1988

Mean

Max.

Min.

sockeye, the relation between CPE and abundance is not well documented. As
depicted by a natural logarithm transformation of the harvest rates, the harvest
rate actually achieved by the drift fleet in any fishing period rs directly propor-
tional to total fishing effort up to a point; however, increasing effort beyond
about 6,000 boat-hours in any 24-hour period appears to have little impact on
harvest rate  Figure 6!. For example, the application of 11,448 boat-hours of
effort on July 21, 1983, is estimated to have produced a period drift harvest rate
of only 55'7o on an estimated population of 533,000 sockeye salmon. The
natural logarithm of the percent harvested by the drift fleet is highly variable at
low levels of abundance. However, as abundance increases, log harvest rate
rises quickly and stabilizes. At abundances of 0.5 to 2.0 million sockeye
salmon, the natural logarithm of the drift harvest rate appears unrelated to
abundance  Figure 7!. The natural logarithm transformation was employed to
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Figure d. Run reconstruction estimates of the daily cumulative percentage of the reconstructed
sockeye salmon run and its Kenai, Kasilof, and Susitna components at Anchor Point
dunng 1989.

reduce the numeric range of values for harvest rate to enhance the visual impact
of the graphical relation.

Residence time analysis

The results of the residence time analysis confirmed our hypothesis that there
has been substantial year-to-year variability in both the magnitude of the
residence times and in the timing of changes in residence time during the
season  Table 11!. Comparison of the Anchor Point test fishery and escapement
data for major Cook Inlet stocks indicated that residence times were not
constant withm years, between years, or between stocks. Comparisons of the
cumulative test fishing and escapement curves suggested that there was a
substantial reduction in the time sockeye salmon reside in Cook Inlet as the
season progresses. However, the analysis also showed some consistent patterns
in the results for each stock. Residence times for the Kenai stock have a modal
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Table 9. Annual total harvest rates for each stock and for all stocks combined,
and the total sockeye salmon return to Upper Cook Inlet, 1979-1988.

Total runHarvest rates

Total Kenai Kasilof Susitna Fish Crescent 1000sYear

Mean 68.2 70.3 74.9 57.3 54.1 46.1 4,143

value of 11 days early in the season, rapidly declining to 4 days at some point
between July 9 and 20  Table 11!. Residence times for the Kasilof stock are
fairly constant within any year, averaging 9 days at the beginning of the season
and declining to an average of 5 days at the end of July. Residence times for
Susitna and Fish Creek stocks average 19 days in the early portions of these
runs, gradually declintng to an average of 7 days late in the season, the data for
1984 being typical  Table 5!.

Our residence time estimates were not sensitive to sequential changes in the
estimates of stock composition for test fishery catches. Changes in residence
time estimates and the timing of the reconstructed run were minor �-2 days! in
all years except 1980. Sequential adjustments to 1980 daily stock composition
estimates resulted in substantial increases in the residence time estimates �-7
days for two stocks! and better agreement between the model and test fishery
estimates of run timing at Anchor Point, indicating potential problems with
applying stock composition estimated from the drift fishery to estimate the
stock composition in the test fishery.

1979 51.6 52 9 66 2

1980 57.4 53.3 76.7

1981 54.5 56.4 62.7

1982 71.6 73.4 85.5

1983 77.0 82.3 69.9

1984 60.3 63.2 69.4

1985 69.6 73.6 62.7

1986 79.6 82.1 85.3

1987 79.0 81.6 86.4

1988 81.5 84.1 84.5

45.2 40.7 27.7 1,767

46.6 51.3 29.3 2,680

47.0 59.0 18.4 2,594

41.4 64.8 67. 5 4,496

74.3 63. I 40.0 6,238

61.6 32.2 46.2 3,423

70.6 67.3 71.4 5,367

66.0 � 50.2 5,356

61.2 � 47.5 11,989

59. 1 � 63. I 8,309
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Table 10. Mean daily harvest rates, fishing effort, and fishing success for the
average harvester for Upper Cook Inlet drift net fisheries from 1979 to
1988. Note that the NTN and NTK corridors were used only in 1988.
Fishing success is the number of fish caught per harvester for each
100,000 fish available to be caught.

Individual

catch per
100,000 fish

12 hrs

Daily
harvest

Total

vessel

hours

Sample
sizeFishery type rate

SKI = South of the souihem tip of Kalgin Island
SKB = South of rnid-Kalifomsky Beach within 3 miles
NTN = Nikiski to Ninilchik within 3 miles
NTK = Nikiski to mid-Kalifornsky Beach within 3 miles
CNCK = Cape Ninilchik to Cape Kasilof
EFCN = East of Easr Foreland to Cape Nimlchik

Discussion

Run reconstruction model

The description of the results from a complex model such as this one required
two basic compromises. The first compromise was between being mathemati-
cally explicit and reaching a wider audience. While computer models lend
themselves to descriptions couched in mathematical formalism, it was our
desire to reach the widest possible audience within the scientific community. In
keeping mathematical symbolism to a minimum, we tried to minimize the
potential for losses in rigor by maximizing the clarity of our verbal descriptions
of quantities and processes. The second compromise was between presenting
an exhaustive compendium of results and keeping the length of the manuscript
within reason. Far more information was generated during the modeling pro-
cess than could be presented here. Our intention in selecting results for presen-

Inlet-wide

Inlet-wide � SKI

Narrow corridor � SKB

Narrow corridor � NTN

Narrow corridor � NTK

Wide corridor � CNC

Wide corridor � EFCN

41

42

12

36

14 8
23

6,102

6,254

4,528

6,359

3,833

3,519

3 995

80.35

81.48

32.40

68.80

43.60

25.58

69.02

46

8 3 3 2 2
9



Management of Exploited Fish ~ Alaska Sea Grant 1993 131

140

120

100
0
z

o 80

e 60

to 40

20

0
0 1 1.5

Number of Sockeye
 Millions!

0.5

Figure 5. Catch per boat-hour by the drift fleet versus sockeye abundance, 1979-1988
�st = 1601.

tation was to give the reader a broad sense of what could be accomplished by
applying run reconstruction methods in an Alaskan salmon fishery.

Cook Inlet sockeye runs can be reconstructed effectively using the types of
data available from 1979 to 1988. More accurate and precise stock composition
data possibly could improve the fit of the reconstruction to other fishery
performance indicators. The Anchor Point test fishery has proven its ability to
trace an input signal for Upper Cook Inlet sockeye salmon that faithfully
mirrors the performance of other time series such as catch and escapement.
Earlier run reconstruction studies  Cross et al. 1983a; Marshall et al. 1987! that
made extensive use of stock identification data pointed the way for the success
of this approach.

Timing

The Anchor Point test fishery and the combined escapements form an envelope
of time and geography around the events of the Upper Cook Inlet sockeye
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Figure 6. The natural logarithm of the estimated drift fleet period harvest rates versus the
number of boat hours expended during thefishing period for all drift fishing periods,
1 979-1 988.

fishery, as demonstrated by the envelope formed by the run reconstruction and
the Kenai escapement in Figure 2. Very sharp changes in the annual timings of
individual stocks were observed through the comparison of Anchor Point test
fishing and escapement data. Thus, the ability to forecast timing using physical
variables  Mundy 1982! may be an essential tool to maximize accuracy in the
attainment of fixed escapement goal ranges. Highly accurate provision of opti-
mum escapements is expected to maximize the long-term yield  Eggers 1993!.

The fact that the timing of effort usually trails the timing of migration in the
harvest areas and at the escapement counting sites  Table 8! illustrates the basic
conservatism of salmon harvest management. Fishing effort usually is not
released until the regulators are able to see how the migration is developing.
Since the surest measure of successful management performance is the count of
escapement, fishing effort typically is released in response to escapements, so
the timtng of effort will match or slightly trail the timing of escapements under
this management strategy. Ideally, the timing of effort would match the migra-
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Figure 7, The natural logarithm of the drift fleet period harvest rates versus the estimated
abundance of sockeye available to the drift fleet during the drift fishing period for all
drift fishing periods, 1979-1988.

tion in the harvest areas in order to avoid disproportionately harvesting any one
time segment of the run  Mundy 1982!. The timing of effort was most closely
matched to the timing of harvest in the combined harvest areas in 1987.

Harvest rates

A picture of the behavior of annual total and daily drift harvest rates is now
coming into focus. Although considerations of length prohibit presentation of
harvest rates by stock and fishery, the reader is referred to the pattern of stock-
specific harvest rates by fishery presented by Marshall et al. �987, Table 2!,
which generally is similar to our results. All gear combined apparently has
harvested no more than about 82% of the sockeye salmon returning to Upper
Cook Inlet during 1979 to 1988. Management appears to have been successful
in its attempts to harvest Kasilof and Kenai stocks hardest while sparing the
Susitna River stocks, at least on an annual harvest rate basis. Most of the

cd
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+
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 Millions!
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Table 11. The estimated total residence time in days at the start and end of July
and the month and day on which the residence time first decreased
for sockeye salmon stocks returning to the Kenai, Kasilof, and Susitna
rivers, Cook Inlet, Alaska, 1979-1988.

Kenai Kasilof Susitna
Days Break Days Break Days Break

Start � end date Start � end date Start - end date

24 � 13 7/23

12 � 6 7/13

19 � 7 7/18

8 8/06

3 6/29

5 7/16

22 � 4 7/21 12

10 � 4 7/09 5

13 - 4 7/16 9

Max.

Min.

Mean

corridor fisheries really cut down on fleet efficiency in the process of directing
harvest toward Kenai and Kasilof stocks, with the possible exception of the
EFCN  Table 10!. Catch per effort appears proportional to available sockeye
salmon up to about I million fish, and is highly variable above that.

While the apparent relation between annual harvest rate and total abun-
dance  Table 9! may be due to successful fixed escapement goal management, it
also may be an artifact. As the run sizes generally have been increasing from
1979 to 1988, there also may have been general increases in the fishing power
of individual drift vessels and setnet sites. Increases in efficiency of individual
harvesters would be matched to the upward trend in abundance; hence, the
harvest rate may be independent of total abundance. While it is most probable
that the exploitation rate is truly proportional to abundance up to the point

1979

1980

1981

1982

1983

1984

1985

1986

1987

1988

10 - 4 7/19

22 � 4 7/16

11 � 4 7/09

10 � 4 7/17

11 � 4 7/13

14 � 4 7/15

17 � 4 7/21

12 � 4 7/20

11 � 4 7/20

12 - 4 7/10

5

10

6

11

11

10

12

6

7

7

4 6/29

4 7/15

4 7/09

7/15

8 7/15

8 7/17

3 7/25

5 7/13

7 8/06

6 7/22

20 � 6 7/19

24 - 6 7/17

12 � 7 7/14

19 � 7 7/17

20 � 7 7/13

22 - 7 7/15

22 � 7 7/23

14 � 7 7/23

20 - 7 7/18

21 � 13 7/19
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where total allowable harvest exceeds the harvest capacity of the fleet, the
possibility that increasing time trends in fishing power and abundance coincide
should be noted.

While a detailed analysis of the success of the management program in
achieving annual escapement goals for the river systems of Cook Inlet is within
the capability of the model, it is beyond the scope of this paper to draw more
than general conclusions. One general conclusion is that very large returns to
the Kenai River, such as were observed in 1987 and 1988, are extremely
difficult to harvest at rates appropriate to the current fixed escapement goal
ranges. An appropriate harvest strategy for such Kenai River returns would be
to provide ample openings early in the season  prior to July 15 in most years!,
as recommended below.

Residence time analysis

Much time was devoted to the residence time analysis because it is the linchpin
of any Cook Inlet sockeye run reconstruction model. Being able to estimate the
residence time in the inlet for each stock as a daily variable was the key that
permitted the run reconstruction model to produce reasonable estimates of
harvest rates and migratory timing by stock.

The steep decline in estimated residence times  Table 4! may reflect the
point during the season when the majority of the sockeye salmon of a stock
have matured to the point when they are ready to enter freshwater. Such
apparently rapid changes in sockeye salmon inlet residence times make the use
of seasonal average residence times inappropriate for Cook Inlet sockeye run
reconstruction. An initial model not reported here used constant residence
times estimated from tagging studies  Tarbox 1988a, 1988b!; the distances to
be covered; and the assumed swimming speeds of sockeye salmon. Unfortu-
nately, in the initial model the exploitation rates and time series of abundance
calculated using constant residence times were not consistent with other data
such as the time series of test fishing catches, as was expected from other
studies  Mundy 1982!.

The critical nature of residence times has been recognized in earlier, pub-
lished and unpublished Cook Inlet sockeye run reconstruction efforts
 Waltemyer 1983a, 1983b, 1986a, 1986b; Hilsinger and Waltemyer 1987!. In
the earlier models, the use of constant seasonal residence times resulted in the
estimation of a ume series of abundance in the commercial fishing areas during
the season that could not be reconciled with observed catch and escapement
data at the end of the season. Similar problems had been encountered with
sockeye run reconstruction efforts in Bristol Bay, Alaska, where the methods
initially used by Waltemeyer �983a! and Hilsinger and Waltemyer �987!
were developed  Mundy and Mathisen 1981!. Waltemyer and Hilsinger were
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Recommendations

1. Stock composition estimates need to be obtained for the Kenai, Kasilof, and
Susitna river systems in order to evaluate the effects of alternative management
approaches.

able to partially circumvent the errors introduced by the use of time constant
residence times  also called Iag times and travel times! by building a residual
abundance factor into the model that inflated numbers in the harvest area to
account for the fact that fish apparently were not moving out of the harvest
areas into the rivers as had been predicted by the constant travel times. In the
present run reconstruction, there are no residual abundances in the harvest
areas since the travel times are adjusted daily to account for changes in the
observed movement of the fish.

It should be noted that the numbers remaining in the drift areas could be
calculated from a knowledge of catch and effort and the estimate of catchability
that could be made from Figure 5. Catch per effort is proportional to average
abundance in the drift harvest areas, where the constant of proportionality is
the catchability.

Noise imposed on the Anchor Point input signal by the relatively low
sampling rates afforded by the single vessel fishing the transect probably
account for the sometimes anomalous beha~~or of the residence time estimates.
Errors introduced by the application of stock composition estimates to the
Anchor Point transect probably are due primarily to geographic differences in
stock composition, in addition to the usual sources of classification error. For
example, the difference in timing between Anchor Point and the drift fleet
clearly is a function of the annual patterns of drift fleet deployments. When the
majority of the drift harvest comes from areas south of Kalgin Island, the
timings and stock composition will be similar. The farther north the fleet fishes,
the more dissimilar is its timing from that of Anchor Point.

Some error in residence time estimates probably is due to changes in the
nature of the stock composition data during the period of the analysis. The
initial approach of ADFtsrG was to use scale pattern analysis and age composi-
tion to identify the contribution of the four most abundant stocks to the
commercial catches  Bethe et al. 1980!. While as many as five stocks were
identifiable in the catches at some point between 1978 and 1986, the classifica-
tion accuracy was found to be inversely proportional to the number of stocks
identified. In order to maximize the classification accuracy of the model for the
Kenai stock as the bellwether of the fishery, a model identifying only two
stocks, Kenai and other, was used in 1987 and 1988  David Waltemyer, Alaska
Department of Fish and Game, Soldotna, Alaska, personal communication!.
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2. Stock composition estimates should be obtained for each major drift and
setnet fishery in the Central District. The marginal benefits of collecting stock
composition data for other fisheries appears to be small due to the relatively
low magnitude of these harvests.

3. Drift fisheries south of Kalgin Island should be used early in the year because
they are efficient, they provide a good early indicator of run strength, and they
distribute the harvest evenly over the run.

4. The Nikiski to Ninilchik corridor  NTN! drift net fishery could be used to
limit harvests of Susitna fish while maintaining relatively high harvest rates on
Kasilof and Kenai stocks.

5. The East Forelands to Cape Ninilchik  EFCN! drift corridor fishery should
receive further evaluation because it appears to be effective at reducing the
overall harvest while maintaining efficiency.
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Abstract

A threshold management strategy is defined so that harvesting occurs at a
constant exploitation rate, but ceases when a population drops below a thresh-
old level. Computer simulations were conducted to evaluate this harvest strat-
egy for herring stocks in the Eastern Bering Sea and Prince William Sound,
Alaska, based on a single-species model. Population parameters were derived
from cohort analysis, catch-at-age analysis, and catch and population sampling.
Several threshold values ranging from 0  no threshold! to the biomass level
producing MSY, in combination with different exploitation rates from 5% to
609o, were examined. Other factors investigated were recruitment, initial bio-
mass, natural mortality, implementation error, and measurement error. Three
criteria used to evaluate the threshold management strategies were the trade-off
between mean yield and standard deviation of yield, harvest opportunity, and
variation of spawning biomass. Recruitment, especially stock-recruitment rela-
tionships, and exploitation rate are the most important factors influencing
optimal threshold levels. A combination of high threshold and high exploita-
tion rate approximates a pulse fishing scenario that results in the highest yield

Contribuuuii PP-069 of the Alaska Department of Fish and Game, Duusion of Commercial Fishenes,
]uneau.

Proceedings of the Imemational Symposium on Management Strategies for Exploited Fish Populations,
Alaska Sea Grant College Program, AK-SG-93-02, 1993.
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and variation in yield. Large measurement error decreases both the optimal
exploitation rate and threshold level. For Eastern Bering Sea herring, optimal
thresholds range from 10% to 25%, median of 20%, of pristine biomass under
an exploitation rate of 20%  H��,�, �,�! and from 10% to 35%, median of 30%,
of pristine biomass under an exploitation rate of 31'/o  Hp t!. Optimal thresh-
olds for Prince William Sound herring vary from 5% to 25%, median of 15%, of
pristine biomass and from 0% to 45%, median of 25%, with exploitation rates
of H���, ��and Hp,, respectively.

Introduction

A threshold management strategy for Pacific herring, Clupea pallasi, in Alaska is
defined so that harvesting occurs at a constant exploitation rate, but ceases
when a population drops below a threshold level. A threshold is defined as a
percentage of pristine biomass that is estimated as a long-term average of
biomass in the absence of fishing and under average environmental conditions.
This strategy is a compromise between the constant harvest rate and fixed
escapement strategies. Under the threshold management strategy, a constant
harvest rate is adopted to provide a good balance between average yield and
variation of yield when the population biomass is high, and a fixed escapement
strategy is adopted to protect the population when it drops down to a low level.

Our study applied the threshold management strategy to Prince William
Sound  PWS! and Eastern Bering Sea  EBS! herring stocks, two of the largest
herring stocks in Alaska. In PWS, Alaska Board of Fisheries regulations distrib-
ute the allowable harvest among five fisheries: sac roe purse seine �8.1%!, sac
roe gillnet �.4%!, pound spawn-on-kelp �4.2%!, natural spawn-on-kelp  8%!,
and food/bait �6. 3%!. In the southeastern Bering Sea, primarily the Togiak area,
regulations set aside 1,361 tonnes of the allowable catch for the natural spawn
on kelp fishery; 7% of the remaining allowable catch to the food/bait fishery; and
the remainder to the sac roe fishery, of which 75% is allocated to the purse seine
fleet and 25% to the gillnet fleet. In the central and northern EBS, primarily the
Norton Sound area, more than 90% of the allowable catch is allocated to the sac
roe gillnet fishery, and the balance to the sac roe beach seine fishery.

For the purpose of management, PWS herring are assumed to be a single
stock. Although Sandone et al. �988! reported that length-at-age of herring
from the food/bait fishery in the fall in southeastern PWS during some years
was significantly different from that in the spring sac roe fisheries, Burkey
�986! found no genetic and scale pattern differences among herring spawning
at different locations inside PWS. PWS herring are geographically separated
from other spawning stocks.
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Based on the geographic separation of spawning grounds, there are more
than a half dozen herring stocks in the EBS. However, only three distinct stocks
are apparent in growth data: a southern stock which spawns at Togiak, Security
Cove, and Goodnews Bay; a central stock which spawns between the mouths of
the Kuskokwim and Yukon rivers; and a northern stock which spawns at
Norton Sound and Port Clarence  Wespestad 1991!. Despite spawning, geo-
graphic, and growth differences, no significant genetic differences among the
stocks from Norton Sound to Togiak have been found  Grant and Utter 1984!.
For purposes of our analysis, we regard all EBS herring as a single stock. This
simplification allows us to make maximum use of existing data, and it is
pragmatic: About 80'/o of herring in the EBS spawn in one location, Togiak
 Wespestad 1991!.

Herring fisheries in Alaska have followed a boom-and-bust syndrome typify-
ing herring fisheries through the world. Catches have ranged from under
10,000 tonnes to over 150,000 tonnes during the past 6 decades. Variations in
herring populations are caused by both environmental factors and human
exploitation  Wespestad 1991!. To prevent overfishing, the goal of Alaska
herring fisheries management is to protect the sustained yield of the stocks and
to provide an equitable distribution ol the available harvest between various
users  Alaska Department of Fish and Game 1992!. In an attempt to stabilize
the fisheries, Alaska herring fisheries have been managed with a range of
perceived conservative exploitation rates of 0 /o to 20 /o since the early 1970s. In
recent years, thresholds have been established to be 20 /0 or 25yo of the normal
biomass level. Methods to establish this normal biomass level vary among
areas. The effectiveness of the overall herring harvest strategy never has been
explicitly analyzed.

The purpose of our study was to evaluate and compare current management
strategy with alternative strategies through computer simulattons for PWS and
EBS herring stocks. Specifically, age-structured models were constructed to
analyze the population dynamics of EBS and PWS herring stocks under various
thresholds. The effects of some important factors � recruitment, initial biomass,
natural mortality, and error � on each threshold management strategy were
investigated. Optimal threshold and exploitation rate levels were estimated as a
function of average yield and standard deviation of yield.

Methods

Data analysis

Natural mortality, maturity, and catch-age data of EBS herring from 1959 to
1988 were provided by Wespestad �991!, and the catch-age data were up-
dated with the recent data from Alaska Department of Fish and Game. Mature
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Table 1. Estimates of natural mortality, maturity, selectivity, and weight and
stock-recruit parameters of Eastern Bering Sea  EBS! and Prince William
Sound  PWS! herring.

Selectivity'
PWS

Age EBS PWS EBS PWS SR SRPS SRGN Pound F/B

Stock-recruit parametersGrowth  kg! parameters
EBS PWS

Spawning Spawning F/B

PWS

EBS No-cycle Cycle

a = 6.7028 12.039 15.278 42.478

13 = 0.0054 0.0215 0.0370 0.0145
a = 1.0 1.29 0.8 0.6

W = 0.5618 0.2036

0.2 0.2856

to � � � 1.853 � 1.450
3.4044 3.2833

0. 1158

0.4472

� 1.771

2.8896

' Abbrerdations. SR = sac roe, SRPS = sac roe purse seine; SRGN = sac roe gillnet; Pound = pound spawn-
on-kelp; F/ft = food/bait.

3

4 5 6 7
8 9

10

11

12

13

0.25 0.43

0.15 0.43

0.18 0.43

0.23 0.43

0.29 0.43

0.36 0.43

0.45 0.43

0.57 0.43

0.71 0.43

0.89 0.43

1. 12 0.43

0.40 0.20

0.83 0.68

0.96 0.95

1.00 0.99

1.00 1.00

1.00 1.00

1.00 1.00

1.00 1.00

1.00 1.00

1.00 1.00

1.00 1.00

0.05 0.09 0.00 0.20 0.71

0.14 0.40 0.02 0.53 1.00

0.31 0.91 0.20 0.80 0.80

0.39 0.99 0.60 0.99 0.50

0. 70 1.00 0.96 1.00 0.28

0 75 1.00 1.00 1.00 0.14

0.81 1.00 0.96 1.00 0.07

0.86 1.00 0.60 1.00 0.07

0.85 ] .00 0.20 1.00 0.07

1.00 ] .00 0.02 1.00 0.07

1.00 l .00 0.00 1.00 0.07
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population abundances and weight and age compositions estimated from aerial
surveys and test  experimental! fishing were available for EBS herring after
1977. Table 1 summarizes the population parameters.

Wespestad �991! applied cohort analysis to EBS herring. In his cohort
analysis, catch data were truncated at age 9, and for each year from 1959 to
1977, the averages of fishing mortalines over ages 7 and 8 were used as
terminal fishing mortalities at age 9. Terminal fishing mortalities after 1977
were tuned using the test fishing age composition data in 1978, 1982, 1984,
and 1988; population abundance was assumed to equal aerial survey abun-
dance in the terminal year �988!. Because the aerial survey abundances were
unreliable  Baker 1991; Wespestad 1991!, cohort analysis tuned with only one
source of auxiliary information  age compositions of spawning population! is a
natural choice for stock-reconstruction of EBS herring.

To update the cohort analysis, we followed Wespestad's approach with some
modifications. In our cohort analysis, we used the same natural mortalities as
those used by Wespestad �991!. However, the catch data were truncated at age
12, and terminal fishing mortalities at age 12 for each year from 1959 to 1977
were set equal to the averages of fishing mortalities from ages 7 to 11. This
assumed the same catchability for these age groups. Furthermore, the terminal
fishing mortalities after 1977 were adjusted using the age composition data
from test fishing in 1978 and from 1982 to 1990. Adjustments were made until
the estimated population had the closest age composition to those of test
fishing. The important difference between the results of our cohort analysis and
those of Wespestad �991! was that we estimated the peak biomasses in the
1960s and 1980s to be similar magnitude, whereas Wespestad �991! esti-
mated the peak biomass in the 1960s to be about twice as large as that in the
1980s.

A variety of data sources are available for PWS herring  Funk and Zheng
1992a!. Catch-age data were classified by fishery and gear type from 1973 to
1992. Mature population abundances and age compositions were estimated by
aerial surveys in 1974 and from 1976 to 1991, and spawning abundances by
age were estimated through spawn deposition surveys for 6 years, 1984 and
1988-1992. In addition, the number of miles of milt observed by the aerial
surveys from 1972 to 1992 were used as relative indices of abundance.

To take advantage of the auxiliary information, catch-age analysis with
auxiliary information  Deriso et al. 1989! was applied to PWS herring. Funk
and Sandone �990! conducted the initial catch-age analysis, which was up-
dated by Funk and Zheng �992a!. Natural mortality, maturity, and selectivities
were estimated from the catch-age analysis and summarized in Table 1. We
used the results of the updated catch-age analysis in our study.

Since 1959, three very strong year-classes �962, 1977, and 1978! of EBS
herring have occurred  Figure I!. We assumed environmental variation to be
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the cause. Recruits appear to decline asymptotically with extremely large
spawning biomass, suggesting the Ricker curve as a good candidate stock-re-
cruit model  Figure 1!. The three most recent estimates of recruits  year-classes
1985, 1986, and 1987! were highly affected by the terminal fishing mortalities
and excluded from fitting stock-recruit models. We examined the sensitivity of
choices of natural mortality in the cohort analysis on the shape of the stock-
recruit model using constant natural mortalities ranging from 0.2 to 0.4 to re-
peat the cohort analysis. The stock-recruit data with different natural mortali-
ties were standardized by a common scale and fitted to the Ricker model; the
two most different curves were illustrated in Figure 1. The shape of the stock-
recruit curve influences optimal threshold levels  Quinn et al. 1990!, but the
choice of natural mortalities in the cohort analysis has little effect on the shape.

Strong year-classes of herring have occurred in PWS every 4 years since
1976  Figure I!. This 4-year cycle was found in other herring stocks in the Gulf
of Alaska as well  Colhe 1991; Haist and Schweigert 1990!. This phenomenon
may be caused by large-scale environmental factors, but causative factors are
unknown. We interpreted these PWS data in two different ways.

First, we considered the deviations of recruits from the stock-recruit rela-
tionship to be caused solely by the variation of environmental conditions. A
Ricker curve was fined to the data regardless of the known 4-year cycle  called
no-cycle!. Note that the recruits were so variable that the fitted curve explained
only a very small portion of the variation. Second, we assumed that there may
be two kinds of environmental conditions for herring recruits: Every 4 years,
favorable environmental conditions occurred, but the environmental condi-
tions were unfavorable otherwise. Two Ricker curves were fitted corresponding
to these two environmental conditions  called cycle!. One was fit to all data
except the four strongest year-classes; the other was fit only to the four strong-
est year-classes. We assumed that the stock-recruit curve shifted from the weak
recruit model to the strong recruit model once every 4 years due to a shift to
favorable environmental conditions. Both sets of the stock-recruit models de-

rived by these two interpretations were used in the simulation study described
below.

Age-structured harvest policy simulation model

The simulation models were similar in approach for these two herring stocks,
except that a different number of fisheries was modeled for each stock. To
simulate herring fisheries in a realistic fashion, we modeled five herring fisher-
ies in PWS: sac roe purse seine; sac roe gillnet; pound spawn-on-kelp; natural
spawn-on-kelp; and food/bait, according to the order of their occurrence. In
the EBS, we did not explicitly model the relatively small harvests by the Dutch
Harbor food/bait fishery and the trawl bycatch, where exploitation rates are
typically 0.5 /0 or I'k. Because we were unable to separate gear selecttvittes of
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purse seines and gillnets in the cohort analysis for EBS herring, we modeled
only one fishery for this population � the sac roe fishery. The following models
were applied to PWS herring. For EBS herring, the models were identical,
except that the models for pound spawn-on-kelp, natural spawn-on-kelp, and
food/bait fisheries were not applied.

In the spring each year before spawning, the mature herring biomass B, was
obtained as

B, = g,[N�m�W,]

where N� is abundance just before spawning in year t and age a; m� is maturity
rate; and W, is weight at age a, which is determined by a general von Bertalanffy
growth equation

w. = w l[ � exp[ � b a � t,![l
where W�, h, to and b are growth parameters.

Total yield Y, was determined as

Y, =Bh,

where h, is exploitation rate in year t. The total yield was allocated to different
fisheries by predetermined proportions pJ. To convert the yield by fishery to
catch in number by age, we estimated exploitable biomass by fishery, EB,J,

EB, J = P, [N, ~s�J W�] �!

where age and fishery selectivity coefficient s�J is equal to I for at least one age.
The effective exploitation rate by age and fishery is

H J � � P!h,s,JB /EB J .

The catches  in number! for the four spring fisheries were calculated as

C, t=N,�H, J.

Total spawning biomass, S,, was

s, = L[ N,. � Xi c�i!w,m.].

�!

Assuming that 50'/0 of fish caught for the pound spawn-on-kelp fishery
would die after the fishery  Lloyd A. Webb, Canada Department of Fisheries
and Oceans, personal communication!, we estimated total number of fish dying
due to fishing, D,�:
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D,a = C,�, +C�, +0.5C,��

where s stands for sac roe purse seine, g for sac roe gillnet, and k for pound
spawn-on-kelp. About a half year after the spring fisheries, the abundance just
before the fall food/bait fishery was

N ps ps  N D,! exp  � 0.5Ma!  9!

Catch for the food/bait fishery was obtained by multiplying the abundance with
the effective exploitation rate, H�b.

Cpa,b Nk+0 5 a+0 5 Ca,b �0!

The abundance was advanced to the next year, N�k �k, as

N�,.�=  N����� C�b! exp  � 0.5Ma! �1!

for all ages except the oldest age in the model and by

N��a =  N��,, � C...b! exp  � 0.5M�,!

+ N<+0 s la Ct fa b! exp  � 0 "~a!
�2!

for the maximum age  la! in the model.
The Ricker model was used to describe the stock-recruit relation because of

simplicity and best fit of the data:

N�,�= o,'S, exp  � PS, +u,! �3!

where r is the starting age, u and P are parameters, and v, is a random variable
assumed to follow a normal distribution with mean 0 and variance 0' z  Quinn
et al. 1990!.

Simulations

To investigate how a herring population might respond to different threshold
levels and exploitation rates when fish biomass declines to low levels, we used
the age-structured model for computer experiments. For this we varied thresh-
old level, exploitation rate, and several factors influencing herring population
dynamics. We examined threshold levels from 0'/o  no threshold! to 60 %%d of the
pristine biomass, and exploitation rates from 5'%%d to 60'yo. Two different levels of
initial biomass equal to 5 /o and 25%%d of pristine biomass with corresponding
equilibrium age compositions were assumed. Previous simulation studies on
EBS pollock indkcated that the effects of planning horizon on the optimal
threshold levels were minor when the planning horizon was 20 years or longer
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Optimal criterion

Management of a fishery ideally should achieve a stable optimal spawning
biomass, result in a large yield, avoid large annual variation of yield, and
maintain continuous harvest opportunity. However, it is possible that a man-
agement strategy will result in conflict results on these objectives, leading to an
optimization problem with multiple objectives. Simulation results indicated
that we could use the standard deviation of yield linearly to approximate the
CV of spawning biomass and the probability of no fishing. The optimization
problem then is simplified because the objective function needs to consider
only average yield and standard deviation of yield. We chose an objective
function to provide the trade-off between increased average yield and decreased
variation of yield. Detailed descriptions of this objective function are given by
Quinn et al. �990!. The function is a linear combination of average yield and
the standard deviation of yield over the planning horizon, or

max [t 1 � iL!Y�� 2 S D�], �4!

where Y,> and SD,> are average annual yield and standard deviation under
threshold level th, and iL is a penalty weighting factor. There are three special
cases: maxtmum average yield  il, = 0!; equal trade-off of increased average

 Quinn et al. 1990!. Therefore, we used a fixed planning horizon of 50 years
and rephcated each scenario 200 times. To compare different scenarios under
the same environmental conditions, we used the same set of seeds for random
generators for all scenarios.

Measurement error  ME! during stock assessments was assumed to follow a
lognormal distribution. Implementation error, defined as the difference be-
tween the intended catch quota and the actual catch, was assumed to follow a
normal distribution. Three levels of measurement error and implementation
error corresponding to standard deviations of 0, 0.2, and 0.5 were examined.
To prevent extremely large errors in both ends of the error distributions, we
truncated the measurement errors by their 95% conftdence limits, and the
implementation errors by their 90'/o confidence limits.

Consecutive poor recruits for a number of years in conjunction with high
exploitation rates often are the cause of fishery collapse. We simulated this
feature by generating first-order autocorrelated errors  v,!. Two levels of
autocorrelation  AC!, wtth coefficients 0 and 0.5, were used in our simulations.

From each simulation, diagnostic statistics were  I! average yield; �! stan-
dard deviation of yield; �! total time below a threshold level  no fishing!; and
�! coefficient of variation of spawning biomass. These statistics were used as
measures of the performance of harvest policy combinations of thresholds and
exploitation rates.
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yield with decreased standard deviation � = 0.5!; and minimum variation of
yield � = 1.0!.

Two optimality problems were considered. First, for a given exploitation
rate, the optimal thresholds were found from the objective function. Second,
optimal combinations of thresholds and exploitation rates were determined
simultaneously using the objective function. Solution of the first optimality
problem provides advice on adjustments to the current threshold level while
continuing to implement the current exploitation rate policy. Solution of the
second problem provides advice on the current management practices with
respect to optimal harvest policy.

Results

Non-threshold, age-structured models with stochastic variation in recruitment
for PWS and EBS herring were replicated up to 500 times. Each replicate was
iterated for 300 years, and the results in the last 100 years were used to
determine associated average mature biomass and yield, as functions of exploi-
tation rate  Figure 2!. Simulated hernng population abundance and yield are
extremely variable  Figure 2!. EBS herring are about 5 times as abundant as
PWS herring. For EBS herring, the maximum yield was achieved with an
exploitation rate of 0.36  Table 2!, and the probability of population collapse
increased dramatically with exploitation rates higher than 0.5  Figure 2!. For
PWS herring without a 4-year cycle, exploitation rate corresponding to maxi-
mum yield  HMsz! was 0.34  Table 2!, and an exploitation rate of 0,4 or higher
results in high probability of population collapse  Figure 2!. If strong recruits
occurred every 4 years for PWS herring, HMsr was 0.42 and the population was
more productive  Table 2!.

The simulations under different threshold levels then were made for differ-

ent scenarios for each herring stock. In all scenarios under a constant exploita-
tion rate of 0.2 or higher, the average yield increased as a function of the
threshold to a maximum value and then decreased. The standard deviation

generally increased monotonically. The coefficient of variation  CV! of spawn-
ing biomass decreased with increasing threshold levels, and the proportion of
years without fishing increased. The proportion of years without fishing was
almost parallel to the standard deviation of yield as a function of the threshold,
whereas the decreased CV of spawning biomass and the increased standard
deviation of yield were roughly symmetrical over the increased threshold
levels.

Figure 3 illustrates the benefits � increased average yield and reduced CV of
spawning biomass � of introducing a threshold level for EBS herring given an
exploitation rate of HMsz. Measurement error generally reduced the average
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Table 2. Pristine mature biomass; mature biomass BMsY at maximum average
sustainable yield  MSY! and its percentage of pristine mature biomass,
MSY, in thousands of tonnes; and exploitation rate HMsY, for EBS and
PWS herring.

PWS

No-cycle CycleEBSParameter

81.5

4.5.0

0.55

18.9

0.42

0.40

83.4

45.6

0.55

15.5

0.34

0.40

421.0

254.0

0.6

92.0

0.36

0.31

B�

BMsY
M5Y/B

MSY

HMsY
Hp!

yield and increased the standard deviation of yield, CV of spawning biomass,
and proportion of years without fishing. 1mplementation error  not shown
here! also reduced the average yield and increased the variation of yield, but the
trends with threshold levels were the same under different levels of implemen-
tation errors. Environmental autocorrelation had effects similar to measure-
ment error, but the increase in average yield with a threshold level under
positive autocorrelation was slightly higher than without autocorrelation. A
threshold strategy was not. as beneficial when t.he initial biomass was high as
when it was low, because the population was less likely to drop to a threshold
level when it began high. However, trends with threshold levels were similar.

The results of simulations for PWS herring  not shown! were qualitatively
similar to those for EBS herring in regard to the level of the threshold. The
variation of yield, CV of spawning biomass, and proportion of years without
fishing were much larger with no-cycle of recruitment than those with a 4-year
cycle.

The optimal levels of threshold and exploitation rate were determined by
examining the response surface formed by values of the objective function over
a grid of thresholds and exploitation rate ranges. We examined EBS herring
with two levels of environmental autocorrelation, three levels of weighting
factors, an initial biomass of 5'%%d, three levels of measurement error, and no
implementation error  Figure 4!. To illustrate results on a common scale, we
show the results as contour plots of the objective function for each scenario
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Table 3. Optimal combinations of threshold levels and exploitation rates and
associated levels of average yield and standard deviation, and optimal
threshold levels and the percentages of their objective values compared
to the optimal objective values under a given exploitation rate. Results
are shown for an initial biomass of 5'yo and no implementation error.

Optimal combmatton H=02 H=Hpt H=HMar
OH TH% Yield SD TH% Obj% TH% Ob1% TH% Obl%

Factor
IAM ME ACSN

EBS
EBS
EBS
EBS
EBS
EBS
EBS
EBS
EBS
EBS
EBS
EBS
EBS
EBS
EBS
EBS
EBS
EBS
PWS
PWS
PWS
PWS
PWS
PWS
PWS
PWS
PWS
PWS
PWS
PWS
PWS
PWS
PWS
PWS
PWS
PWS
PWS
PWS
PWS
PWS
PWS
PWS
PWS
PWS
PWS

00
00
0.0
0.0
0.0
0.0
0.2
02
02
02
0.2
0.2
0.5
0.5
0.5
0.5
0.5
0.5
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5

00
0.0
0.2
0.2
0.5
0.5
0.0
0.0
0.2
0.2
0.5
03
0.0
0.0
0.2
0.2
0.5
0.5
0.0
0.0
0.0
0.2
0.2
0.2
0.5
0.5
0.5
0.0
0.0
0.0
0.2
0.2
0.2
0.5
0.5
0.5
0.0
0.0
0.0
0.2
0.2
0.2
0.5
0.5
0.5

0.0
0.5
0.0
0.5
0.0
0.5
0.0
0.5
0.0
05
0.0
05
0.0
05
0.0
0.5
0.0
0.5
Cyc
00
05
Cyc
00
05
Cyc
0.0
0.5
Cyc
0.0
05
Cyc
0.0
05
Cyc
00
05
Cyc
00
0.5
Cyc
00
05
Cyc
00
05

0 45
0 45
0 40
0 45
0 35
0. 40
0 35
0. 40
0 35
0.35
0.30
0 '30
0 30
0 25
0 30
0.23
0.22
0.15
0.55
0. 60
0. 60
0 60
0 60
0 60
045
0. 55
0 60
0. 50
0. 35
0. 55
0. 50
0.35
0. 50
0 40
0. 30
035
035
0 05
0 05
0.35
0.05
0.05
0.25
0.05
0.05

50
45
45
45
40
45
35
35
30
30
25
25
20
15
20
15
15
10
35
40
40
40
45
45
30
60
50
25
25
30
25
25
30
20
20

25 5 5
15 5 5
10 5
0

80.97 78.46
77.55 82.78
79.83 73.38
76 93 87.20
75 42 79 94
72 19 95 0]
78 99 56.81
76 29 71 96
78.17 58.65
74.23 68.97
74.37 66.96
70.09 75. 54
74.77 47.82
64.95 50.69
75 00 51.16
62 98 51 25
67.10 55.40
50.43 48.48
1 6.42 15.03
16 17 33.76
14.83 28.55
16 37 18.12
15 85 33.51
14.67 29.92
15 35 16.95
14 32 35.49
13 53 32.8'3
16 05 12.46
13 36 18.96
14 13 25.16
16.04 13.31
13.38 19.28
13. 66 24. 51
15.06 14.52
12.57 18.65
11 87 21.86
1436 983
3 14 294
286 328

14 44 10.4
3 19 3.09
2 90 343

12 49 10.72
3.43 3.84
3 09 4.19

25 75.6 35 94 7
25 75.0 35 93 3
25 77.4 35 96 0
25 763 35 940
20 85.1 30 99.0
25 84.2 35 98.2
20 835 30 986
20 850 '30 980
20 849 30 990
20 86.2 30 98 7
20 91.0 25 99 7
20 92.1 25 99 8
15 96.0 20 99 5
15 98.9 20 98.4
15 97.3 20 99.4
15 99.6 15 97.6
15 998 15 962
10 98 5 10 91.6
20 62 6 30 9'3.4
20 60.8 35 88 1
25 58.5 35 86 2
20 63.5 30 93 8
20 62.7 35 89 6
25 59.9 35 87 2
15 71.3 30 98 7
20 725 35 969
25 677 45 936
15 731 25 975
15 88.9 30 99 6
15 85 6 25 98 1
15 746 20 98 1
15 89.4 30 99 9
15 87.1 25 99 0
15 81.4 20 100
15 93.2 30 97 1
15 92.6 30 99.8
10 93.9 15 99.8
10 90.5 15 63.2
5 79.7 5 62.9
0 95.2 15 99.5

10 89.4 15 63.5
5 77 7 5 61 0

10 99.8 10 94 8
10 81.7 10 55 0
5 69.1 0 442

40 982
40 972
40 990
40 977
40 998
40 99. 7
35 99,8
35 99 7
30 99. 7
30 99.9
30 97.8
35 98.8
20 966
20 95.4
20 96.2
15 94.0
15 91 2
10 87.4
30 94.7
30 82.1
30 79.8
30 95.2
30 83.8
30 81.0
30 99.2
35 92 7
40 88.2
25 98.3
25 99 7
25 95.9
25 987
25 99.8
25 97.1
20 99.6
25 99.4
25 999
15 99.3
15 72.2
5 673

15 99.0
10 71.5
5 65.1

10 93.6
10 63.4
5 56.3
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Table 3 notation:

Cyc: Four-year cycle of strong recruitment for PWS hemng.
H: A given exploitation rate.
LAM: Penalty weighting factor.
Obj /o. Percentage of objective value to the optimal objective value.
OH: Optimal exploited rate.
SN: Stock notation.

SD: Standard deviation of yield.
TH'/0. Optimal threshold level, expressed as percentage of pristine biomass.
Yield: Mean yield in thousands of tonnes.

scaled to a maximum value of one as a function of exploitation rate and
threshold level.

The optimal threshold level and exploitation rate declined as a funCtion of
weighting factor and measurement error and were fairly robust to variatfons in
the other factors  Figure 4!. That is, when we weigh the variation of yield more
heavily or we cannot estimate the population biomass accurately, we should
choose a low threshold and a low exploitation rate. Environmental
autocorrelation influenced the optimal threshold and exploitation rate differ-
ently with different weighting factors. When 1 = 0, the maximum yield crite-
rion, environmental autocorrelation increased the optimal exploitation rate and
average yield by using thresholds. When 1 = 0.5  equal trade-off between
average yield and variation of yield; !, environmental autocorrelation decreased
both the optimal threshold level and exploitation rate. Combinations of large
implementation error and large weighting factor Q = 0.5! slightly reduced the
optimal thresholds and exploitation rates. In other cases, optimal levels of
thresholds and exploitation rate were independent of implementation error.

For EBS herring under the maximum yield criterion, il, = 0, the optimal
threshold levels generally varied from 40'/0 to 50% of pristine biomass, and the
optimal exploitation rates varied from 35'/o to 45% among scenarios  Figure 4,
Table 3!. For each scenario, there was a broad region between the 0.9 contour
and the maximum point at 1, which represents the combinations of the two
parameters that would produce approximately 90 /o or greater of the maximum
yield possible  Figure 4!. This suggests that several combinations could pro-
duce close to the maximum yield. For lower values of exploitation rate, the
contour lines are flat, indicating that threshold level has little effect when
exploitation rate is small. For the status quo of 20'/o exploitation rate, optimal
thresholds were about 25'/o, and we obtained 759o or more of the average
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maximum catch with less variation  Table 3!. If we increased exploitation rate
to 31'%%d  i.e., H> t!, we might obtain more than 93'/o of the average maximum
catch, but with much higher variability, with an optimal threshold of about
35 /0. Under H~sr exploitation rate, above 97'/0 of the average maximum catch
could be achieved with an optimal threshold level of 40 %%d.

For the equal trade-off criterion, corresponding to iL = 0.5, the optimal
threshold levels generally varied from 10 /o to 20 %%d of pristine biomass, and the
optimal exploitation rates ranged from 15 /0 to 30/o among scenarios for EBS
herring  Table 3!. The contour lines closed off the upper right corner, which
eliminates the combinations of both high thresholds and exploitation rates
from being the optimal choice  Figure 4!.

Optimal combinations of threshold levels and exploitation rates were evalu-
ated for PWS herring with an initial biomass of 5 %%d and no implementation
error  Figure 5!. The overall effects of measurement error and weighting factor
on the optimal levels were similar to those for EBS herring. Increases in average
catch using thresholds were much higher with no-cycle in recruitment than
with a 4-year cycle of strong recruitment. This may be due to the weaker
dependence of recruits on spawning biomass with a recruitment cycle. Because
of high standard deviation of catch, the objective function values were close to
zero or negative in scenarios with no-cycle in recruitment and a weighting
factor of 0.5, which suggested that the optimal results were almost equivalent
to fishery closures  Figure 5!.

For PWS herring under the maximum yield criterion Q = 0!, the optimal
threshold levels varied from 30'/o to 60'/o, and the optimal exploitation rates
ranged from 45'/o to 60%%d among scenarios  Table 3!. For the status quo
exploitation rate of 20'/0, optimal thresholds were 15'%%d to 2510, and more than
589o of the average maximum catch could be obtained  Table 3!. If Ho
exploitation rate was used, we mtght obtain more than 86'%%d of the average
maximum catch with optimal thresholds ranging from 30'/o to 45'/o. Under
HMsr exploitation rate, more than 80'yo of the average maximum catch could be
achieved with optimal threshold levels from 30 /0 to 40 %%d.

With l = 0.2, the high contour values are associated with intermediate
threshold levels and high exploitation rates  Figure 5!. Optimal threshold levels
were quite robust: 15'%%d and 25'%%d, with 20'%%d and HMsr exploitation rates,
respectively  Table 3!.

For the equal trade-off criterion, the optimal threshold levels were 10%%d or
15'/o, and the optimal exploitation rates ranged from 25%%d to 35%%d among
scenarios for PWS herring with recruitment cycle. When no-cycle in recruit-
ment occurred, both the optimal threshold levels and exploitation rates were
5'/o or less due to large standard deviations of yield.



Zheng et al. ~ Threshold Management of Alaska Herring160

Discussion

A threshold management strategy aims to conserve fish stocks, minimize the
risk of collapse of a fishery, and enhance long-term productivity of a popula-
tion. However, over the short-term, such a policy increases the probability of
economic hardships for the fishing industry caused by closed fisheries. There-
fore, optimal threshold levels have to be determined by a trade-off among
benefits and costs. In this study, we handled this trade-off by choosing a
weighting factor iL. Certainly, the choice of il value is subjective, but most likely
iL ranges from 0 to 0.5. Fisheries management policies in Alaska traditionally
favor a small weighting factor  i.e., more weight is placed in protecting re-
sources and maximizing sustained yield!.

Optimal threshold levels from our study ranged from 10'/o to 40'%%d of the
pristine biomass for EBS herring and from O%%d to 60'/o for PWS herring. The
threshold values depended upon the trade-off between the increase of yield and
the decrease of variability in yield and exploitation rates. The response surfaces
of the objective function values were flat  i.e., several combinations of exploita-
tion rate and threshold level could produce close to the maximum objective
value possible!. This increases management flexibility. Under the status quo
exploitation rate of 20'%%d and the maximum yield criterion, optimal thresholds
varied from 20'Yo to 25'%%d for EBS herring and from 15"/0 to 25'/o for PWS
herring, but increases in average yield by using a threshold were small. With all
factors and population models considered in this study, a threshold of 25 %%d of
pristine biomass provides a safeguard to protect the herring populations and
approximately maximizes the sustained yields under a 20'/0 exploitation rate.

The current threshold levels for most of the herring stocks in Alaska are
about 20'/o to 25'/o of the average observed biomass. The average observed
biomass probably is less than the pristine biomass defined in this study. Thus,
thresholds used in current herring management plans may be somewhat lower
than optimal levels for maximizing average yield. Estimation of pristine mature
biomass is as important as definition of a percentage for threshold level. The
most current data should be examined to estimate pristine biomass before
setting thresholds. Our study validated the threshold of 25'yo of pristine bio-
mass set arbitrarily for British Columbia herring stocks  Hall et al. 1988!.

Under the maximum yield criterion, optimal exploitation rates almost al-
ways were higher than HMsy. Combinations of high threshold levels and exploi-
tation rates approximated pulse fishing and resulted in maximum average yield,
but with very high variation. However, the gain in yield was very little, with an
exploitation rate exceeding HMsr. Like previous studies of Pacific herring man-
agement strategies  Funk 1991; Fried and Wespestad 1985; Hall et al. 1988!,
exploitation rates H p i and HMsr were much higher than the status quo exploita-
tion rate of 20"/o. The status quo exploitation rate results in 75%%d to 85'/o and
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599o to 73% of the maximum yield possible for EBS and PWS herring, respec-
tively, with much less annual variation. Moreover, under the status quo exploi-
tation rate, the spawning biomass was less variable and the chance to close a
fishery was much lower than under exploitation rates Ho, and H~sy. Unless the
management objective is solely to maximize average yield, it is not beneficial to
move the exploitation from the status quo to Hp I or H~,sr.

Species interactions and depensatory predation mortality were not consid-
ered in our study. Wespestad �991! showed that EBS herring abundance is
negatively associated with EBS pollock abundance. Kajimura �980! indicated
that Pacific herring is an important prey for northern fur seals along the coasts
of Washington, British Columbia, and Southeast Alaska. Haist et al. �993!
demonstrated that the fisheries data of British Columbia herring statistically are
better fitted with a depensatory natural mortality than with a constant natural
mortality and that maximum sustainable exploitation rate is lower with a
depensatory natural mortality than with a constant mortality. With the uncer-
tainty of species interaction, the status quo exploitation rate plus a threshold of
25 /o of pristine biomass may be a safe approach for Alaska herring stocks.
Further study on the optimal harvest strategies of Alaska herring will be
desirable when species interactions can be quantified.

Alternative objecnve functions for roe fisheries management of herring
include maximizing roe production and maximizing economic return. Because
the roe production of Alaska herring was approximately a linear function of the
body weight  Linda Brannian, Alaska Department of Fish and Game, personal
communication!, maximizing yield was close to maximizing roe production.
Roe from old, large herring is generally more valuable than from young, small
herring. Funk �991! addressed this economic problem and concluded that the
exploitation rates corresponding to objectives of maximizing yield and maxi-
mizing economic return are similar for EBS herring and only slightly different
for PWS herring. Although the unit price of roe from large herring is higher
than that from small herring, the total economic return ts not necessarily
higher, because many herring die off before they have an opportunity to grow
to a large size. On the other hand, when multiple users share a fisheries
resource, maximizing economic return is seldom a sole management objective.
Equitable allocation among different user groups outweighs the maximum
economic return. Herring fisheries in Alaska are such a case.

Successful threshold management strategies are highly dependent on the
accuracy of population estimates. Two kinds of measurement error are likely to
occur: random and systematic errors. Random measurement error was exam-
ined in this study and could reduce both optimal thresholds and exploitation
rates. Spawn deposition surveys used to estimate absolute herring abundance
in PWS may result in standard deviations of random measurement errors
between 0.2 and 0.5  Schweigert et al. 1985!, as defined in our study. System-
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atic bias may occur from aerial surveys. Peak biomass estimated from aerial
surveys may represent a fraction of total mature biomass because migrations to
and from the spawning grounds are spread over time and because poor weather
often reduces visibility during surveys. For EBS herring, primarily in the Togiak
area, aerial surveys substantially underestimated spawning biomass during the
mid-1980s  Baker 1991; Wespestad 1991!. Effectively, this reduces the maxi-
mum exploitation rate of 20Vo to a smaller percentage. Systematic measurement
error reduces not only average yteld, but also the effectiveness of threshold
management strategies. A threshold is not needed when the exploitation rate is
very small.

Our results indicated that implementation error had relatively minor effects
on optimal threshold levels. The most important effect of implementation error
on management strategies was to slightly reduce the optimal threshold levels
and exploitation rates when heavy weight was given to the vanation in yield,
because implementation error increased the variation in yield. We assumed
implementation error with a mean of zero, but actual herring catches in Alaska
often are above the catch quota, which results in a positive mean of implemen-
tation error  Funk and Zheng 1992b!. The skewed implementation error does
not alter our conclusions of effects of implementation error on optimal thresh-
old levels, but it affects optimal exploitation rates. The positively skewed error
cancels a small proportion of exploitation rate; thus, optimal exploitation rates
are a little lower than those with an unskewed implementation error.

A stock-recruit relationship is a key element of long-term harvest strategies.
Optimal thresholds are sensitive to this relationship  Quinn et al. 1990!.
Commonly, Ricker curves have been fitted to herring stock-recruit data  e.g.,
Hall et al. 1988; Stocker et al. 1985; Stocker and Noakes 1988; Winters and
Wheeler 1987!. Density of herring egg masses generally is related to spawning
biomass; the survival and development ol eggs are inversely associated with egg
density; and maximum larval production occurs at medium egg densities
 Taylor 1971!. Together, these relationships suggest a dome-shaped stock-
recruit model. Furthermore, cannibalism in Pacific herring is not uncommon
 Grosse and Purcell 1990!. However, environmental noises are so large that
spawning biomass could explain only a small proportion of recruitment varia-
tion. Environmentally stratified stock-recruit curves were applied to Atlantic
herring, Clupea harengus harengus  Anthony and Fogarty 1985!, and prawn
 Penn and Caputi 1986; Tang et al. 1989!. The occurrence of strong herring
recruitment every 4 years in the Gulf of Alaska since 1976 most likely is
induced by the variation of oceanographic conditions. Alternative explanations
are that recruitment cycles may result from oceanographic factors interacting
with the dynamics of the stock, or simply from the biology of the stock
 Murphy 1968!. Whatever the mechanism, these herring populations primarily
consist of two age groups, and stocks are very vulnerable to overfishing.
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Abstract
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The management policies for the British Columbia herring fisheries, historically
for reduction to meal and oil, and now for roe, are reviewed and evaluated from
1936 to 1992. Spawning stock biomass, recruitment, surplus production, and
roe production are estimated for the west coast of Vancouver Island and Strait
of Georgia herring stocks. During much of the reduction fishery �936-1968!,
catches exceeded estimated surplus production rates while spawning stock
biomass and mean age declined in both stocks. Instantaneous population
growth rates increased markedly during this time as the age structure declined.
Stocks collapsed in the mid-1960s due to high exploitation rates and a period
of poor recruitment. Total surplus production during the roe fishery period
since 1972 is comparable to or exceeds that of the earlier reduction period,
while production of roe exceeding 00 g has increased due to the reestablish-
ment of a higher mean age in both stocks. The current fixed harvest rate
management policy provides the greatest stability in total catches, but uncer-
tainty remains about the ideal harvest rate and threshold biomass levels for
Pacific herring due to limited information about the form and shape of the
stock-recruitment relationship. In addition, optimal harvesting rates for herring
stocks are dependent on non-biological objectives such as roe yield and quality,
economic and social impacts of fishery closures, and other factors which are not
currently explicitly defined in the provision of management advice.
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Introduction

Pacific herring have supported a commercial fishery in southern British Colum-
bia since at least 1877  Taylor 1964!. At the beginning of this century, the catch
was taken for food, both local and export, with catches of up to 80,000 mt
�904-1934!. Since the 1930s, the history of the fishery can be characterized by
two periods: a reduction fishery from the early 1930s through to the collapse
and closure of this fishery in 1968, and a roe fishery beginning in 1972 through
to the present. The management objective throughout both periods was to
maximize the economic return to the fishing industry. However, during the
reduction period this implied maxim>zing the total catch of herring of all sizes,
whereas during the more recent roe fishery the objective has been to maximize
the quantity of high-quality herring roe. As a result, different strategies for
managing the British Columbia herring populations have been instituted over
the course of the fishery to attempt to achieve the desired economic goals.

Underlying the management strategies throughout this period has been
uncertainty about the impact of the fisheries on the ability of the populations to
sustain themselves under differing levels of exploitation. How much of the
existing stock in each area can be removed on an annual basis without reducing
the populations to unfishable levels? In particular, catches during the reduction
fishery period 1930-68 exceeded 150,000 mt for almost 20 years on an appar-
ently sustainable basis, whereas declines of individual stock units during the
course of the roe fishery have led to fishery closures in all areas in at least one
season under relatively lighter levels of exploitation. Exploitation of inshore
migrating stocks during the reduction fishery reached levels of at least 75'%%d and
averaged over 50'/o  Hourston 1980!, whereas during the roe fishery, harvest
rates have been maintained at approximately 20'/o. Does this indicate that
British Columbia herring stocks are currently less productive than they were
during the reduction fishery period! Alternately, spawning stocks may be too
high or low for maximum recruitment, or current environmental conditions
may be unfavorable for the production of herring.

Several decades have passed since Tester �948! first contemplated the
importance of the various factors that determine recruitment and surplus
production rates for British Columbia herring stocks, yet limited new under-
standing of these processes has emerged. In this paper, historical herring
production rates, recruitment levels, exploitation rates, and total mature bio-
mass levels are estimated to re-examine these processes for the stocks of fish
spawning along the lower west coast of Vancouver Island and in the Strait of
Georgia. This information is evaluated in relation to the various historical
management strategies.
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Methods

B�=C�, +E�,

where
B�, = total spawning biomass at age a m year t,
C�, = total catch at age a in year t,
E�, = total escapement at age a in year t.

Estimates of the total escapement are derived by determining the total area
of egg deposition, estimating the average egg density, and assuming a constant
population egg production rate of 100 eggs g ' of spawning herring based on a
1:1 sex ratio  Schweigert 1993!. Numbers of fish at age are then determined
throughout the time series from estimates of age-structure and average weight-
at-age.

Herring in southern British Columbia generally spawn for the first time at
age 3, so the estimated number of fish at age 3 in each year may be used as an
index of recruitment or year-class strength, assuming the maturation rate is
constant from year to year. However, due to uncertatnty about how well the
age-structure in the catch reflects the spawning population during the pre-

Although documentation of the fishery for Pacific herring in British Columbia
dates back to the late 1800s, complete and reliable information on total catch,
spawn deposition, age structure, and length and weight at age are available only
since 1950. Both published and unpublished information on various biological
characteristics of herring is available from several sources prior to this period.
Data on the length, width, and intensity of egg deposition on the spawning
grounds are available from the late 1920s to the present. Since no width data
exist for some of the spawning ground surveys in the early years of the times
series, the long-term mean was assumed for width data  Hay and Kronlund
1987!. Data on total catch prior to the 1950-51 season are taken from Taylor
�960!, and data on age composition for these stocks are presented in Tester
�955!. Information on weight-at-age is not available in published form prior
to 1950-51. Instead, unpublished summaries dating back to the time of Taylor's
�96'I! publication were used in the current study.

Spawning stock abundances back to the 1936-37 season were determined
from these data as well as other biological parameters for the two major herring
stocks in southern British Columbia, the Strait of Georgia, and the west coast of
Vancouver Island. The methods utilized to reconstruct the stock abundances
from 1937 to 1992 are described in Schweigert and Stocker �988!. Estimates
of escapement are back-calculated from total egg deposition and are combined
with total catch and information on age structure and weight-at-age to deter-
mine total spawning biomass at age:
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1950 period and due to concern about the relative accuracy and consistency of
the escapement data, an alternative recruitment index was developed. The
recruitment index is derived from the virtual population estimate suggested by
Fry �949!:

tt=l0,t+B
RI,, = $ C�,+m,E�,

tt= 2.,t
�!

where
RI, z = estimated numbers of recruits at age 2 in year-class t � 2,
C>, � � estimated catch in numbers of age h fish in year t,
m>, � � natural mortality rate of age k fish in year t,
E<, � � estimated escapement in numbers of age h fish in year t.

By incorporating both catch and escapement estimates for each year-class
over its lifetime in the population, the potential effects of year-to-year inconsis-
tency in data quality during the early portion of the time series should be
minimized. Natural mortality is assumed to be constant over age and time
 M = 0.45!. Tester �955! reported that mortality appears to increase with age,
but this assumption was not investigated in the current study.

Total surplus production available for harvest is a function of both recruit-
ment and growth. Production of new biomass was estimated using the ap-
proach outlined by Chapman �968! where

P�, = g�B +R�,

P�, = production of new biomass from age ct to a+I during the time
interval t to t+1,

g�= instantaneous growth rate in weight from age a to a+I during
time interval t to t+1,

at a+1 t+1
Bat � average biomass alive from age a to a+I during

mme interval t to t+1,

R�= estimated gonad production from age a to a+I during time
interval t to t+1.

In this study, average biomass is the average of the escapement at the
beginning of the time interval and the total of escapement and catch at the end
of the time interval. The estimate of total surplus production also was adjusted
for the loss in biomass attributable to gonad production during each year. Total
surplus production ts calculated directly from the estimated numbers of fish at
age, and the associated instantaneous growth rates are determined from average
annual weights at age. The ratio of  P/B! or production to mean biomass also
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provides a measure of population turnover rate or the instantaneous annual
total mortality rate  Z! under equilibrium conditions.

To evaluate the impacts of the fishery and management pohcies during the
roe fishery period, I also estimated the potential production of herring roe from
1936-37 to 1991-92. No long time series of data on gonad weight exists for
Pacific herring. However, Ware �985! has demonstrated that gonad produc-
tion appears to be a conservative property in Pacific herring, and his estimates
of reproductive rate are used for the Strait of Georgia:

G � 0 y]4~''6s �!

and for the west coast of Vancouver Island

G, = 0.075W,'"' �!

where
G, = reproductive output or ovary weight in grams at age a,
W�= total weight in grams at age a.

Data are available only for 1980 on the west coast of Vancouver Island, but
the relationship describing reproductive rate for the Strait of Georgia in 1974
and 1980 is virtually identical in both years. Since no comparable data are
available for testes production, these relationships are assumed to apply to both
males and females in estimating total gonadal production by each stock given a
1:1 sex ratio.

Exploitation rates for each stock in each year are estimated directly from the
ratio of catch of age 3 and older fish to total spawning biomass determined from
catch and total escapement of age 3 and older fish. This simplifies comparisons
between the reduction and roe fishery periods, since there was exploitation of
some pre-spawning or immature fish during some years of the reduction
fishery.

Results

The catch history for the herring fishery m British Columbia is presented in
Figure 1. Dunng the reduction fishery prior to 1968, catch levels increased
consistently throughout the period as more and more of the available stocks
became exploited coastwide. Similar patterns are evident within the Strait of
Georgia  Figure 2A!, but not for the west coast of Vancouver Island  Figure 2B!.
During the roe fishery period, total coastwide catches have been maintained at
levels of 30,000-40,000 mt annually. It is evident that quota levels established
during the reduction period, and even the escapement targets set more recently
in the early roe fishery period, had a limited effect in controlling catch and
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Figure 1. Total catch War! and landed value gine! of British Columbia Pacific herring from
1929 to 1992.

exploitation levels  Figure 2!. During the reduction period, quota extensions
frequently were permitted after 1952-53 if herring abundance appeared to be
high. On the west coast of Vancouver Island, the quota levels set in 1936-37
coincided with a period of poor recruitments  Taylor 1964!, so they had little
effect in curtailing catch levels. Stmilarly, during the period 1971-72 through
1981-82 when a fixed escapement policy was in place, the escapement targets
were well above apparent stock levels, so the policy did little to limit catch
levels. It is only during the recent period of fixed harvest rates �983 to present!
that total catch is being controlled by quota levels.  See Table 1.!

The reconstruction of total spawning btomass for the Strait of Georgia and
for the southern west coast of Vancouver Island indicates similar trends in

spawning biomass for the two stocks since the early 1960s  Figure 3A!. The
west coast of Vancouver Island stock has averaged about 20,000 mt in mature
biomass annually, while the Strait of Georgia has averaged about 60,000 mt.
Stock levels have remained stable or increased slightly during 1937 to 1992 on
the west coast of Vancouver Island, while 1.hey apparently have decreased
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Figure 2. Total catch  solid1 and quota levels  dashed1 for  A1 the Strait of Georgia
stock and  B1 the west coast of Vancouver Island stock from 1936-37 to
1991-92.



Schweigert ~ Pacific Herring in British Columbia174

Table 1. Estimates of average spawning biomass  metric tons! and average catch
 metric tons! for British Columbia herring stocks from 1936-37 to
1991-92 under various management policies.

Management Strait of Georgia West Coast Vancouver Island
policy Catch CV Biomass CV Catch CV Biomass CV

Quota Control
1936-37 to
1945-46 40,860 0.31 24,552 0.31 10,986 0.65 7,513 0.76

West Coast
Experiment
1946-47 to
1967-68 49,083 0.41 27,466 0.60 14,813 0.73 6,948 0.45

Fixed
Escapement
1971-72 to
1981-82 11,948 0.54 53,260 0.38 12,527 0.82 20,173 0.38

Fixed Harvest
Rate
1982-83 to
1991-92 10,278 0.30 48,348 0.39 8,652 0.41 25,423 0.28

slightly in the Strait of Georgia. It is plausible that stock levels in the Strait of
Georgia have never fully returned to those during the reduction fishery, since a
number of traditional herring spawning areas may have been permanently lost
to industrial development throughout this area  Hay et al. 1989!. However, the
interpretation of these stock trends and all that follows is dependent on the
acceptance of existing information on spawn deposition data  see Hay and
Kronlund [1987] for further discussion on the extent of this problem!. If spawn
survey information prior to the 1950s is particularly incomplete, then total
spawning biomass, recruitment, and surplus production will be underesti-
mated, and any apparent declines in these parameters in recent times will be
more extensive than that indicated by the current interpretation of the data. It is
almost certain that some of the spawn deposition was not observed in the early
years of the time series, and in some years this may have represented a
significant proportion of the total egg deposition. However, since exploitation
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Figure 3.  A! Estimated spawning stock biomass  metric tons! for the Strait of
Georgia  solid! and the southern west coast of Vancouver Island  dashed!
herring stocks from 1937 to 1992.  B! Estimated recruitment indices for
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rates were relatively high  Hourston 1980; Taylor 1964!, the effect of underesti-
mating total escapement on these population parameters would not be as
significant as during the more recent period of low exploitation levels.

The recruitment index and spawning biomass estimates demonstrate
broadly similar trends  Figure 3A,B!, which is not surprising since recruitment
is the dominant factor determining fluctuations in herring stock abundance.
The recruitment indices for the two stocks for the 1935 through 1988 year-
classes indicate a positive relationship with coincident strong and weak year-
classes throughout the time series  Figure 3B!. Recruitment also is an important
determinant of surplus production with periods of enhanced production coin-
cident with periods of above average recruitment  Figures 4A, 4C!. It is appar-
ent that catches were exceeding available surplus production throughout much
of the reduction fishery period for both stocks, while this occurred once during
the roe fishery period on the west coast of Vancouver Island  Figure 4A, 4C!. In
both stocks, there are indications of declines in surplus production following
periods where catch exceeds production, apparently until the next strong year-
class recruits into the populations. This effect is not as pronounced in the Strait
of Georgia prior to 1950 and may reflect the fishing down of existing stocks in
this area.

The ratio of catch to surplus production demonstrates that both stocks
sustained levels of catch exceeding surplus production for almost 30 years
 Figure 4B, 4D!. Surplus production estkmates for the Strait of Georgia in-
creased from 1937 through 1967, while those for the west coast of Vancouver
Island are stable but quite variable. If abundance levels prior to 1950 are
underestimated, then the catch-to-production ratio would follow a downward
trend reflecting primarily a fishing down of existing biomass. It also appears
that the extent to which catches were exceeding surplus production increased
steadhly in the Strait of Georgia from 1958 through 1966 when the stock
collapsed  Figure 4B!. No similar trend is apparent for the west coast of
Vancouver Island stock, which already appeared to be heavily exploited  Figure
4D!. Surplus production to biomass ratios in both stocks also reached maxi-
mum levels during this period, approaching 2.5 in the Strait of Georgia and 1.4
in the west coast of Vancouver Island stock. These high levels suggest that
recruitment overfishing occurred in both stocks. The instantaneous growth
rates  P/B! in both stocks have stabilized at about 0.5-0.6 during the roe
fishing period. This is consistent with current estimates of total mortality rates.

The mean age in both stocks also has recovered to a level of about 4.0 after
declining steadily during the reduction fishery period  Figure 5A!. As a result,
the mean weight of fish in both stocks has increased relative to the reduction
period, most markedly on the west coast of Vancouver Island  Figure 5B!. The
production of gonads or the reproductive rates should be a function of average
weight or mean age, and the relative abundance of different age classes. It is
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interesting that total roe production has not been significantly altered during
this period for the Strait of Georgia stock, although it has almost doubled for
the west coast of Vancouver Island stock  Table 2!. This response is consistent
with the extent of the relationship between roe production and the average age
or size of fish in the population  Table 3, Figure 6A, 6B!. The production or
yield of roe to the fishery is a function of the natural production of gonads
associated with the current age structure and growth rates in the stock and the
exploitation rate which acts to remove some of the gonad production and
thereby depletes the stock of older fish. Thus, the production of the most
desirable roe, that exceeding 00 g in weight, should be inversely related to the
rate of exploitation. The available data support the hypothesis, although there
is significant variability in this roe production during the roe fishery period.
This may reflect the impact of unusually large year-classes that affect roe
production over several years, but are not themselves significantly depleted by
current moderate exploitation rates  Figure 7!. The relationship between pro-
duction of IO g roe and exploitation rate for the Strait of Georgia is of the form:

Roe production = 3,556 � 3,352 Exploitation rate  P   0.01!
and for the west coast of Vancouver Island stock is:

eeoc prodaeeioa = 2,638 � 2,987 8xploaaeioa rare  p < 0,01i
These equations indicate that the production of large roe decreases in direct

relation to the exploitation rate  i.e., the production of large roe declines from a
virgin level of no exploitation at rates of 9'70 and 11 7t for every 10'7 increase in
exploitation rate in the Strait of Georgia and west coast of Vancouver Island
stocks, respectively [Figure 7A, 7B]!.

An important consideration in any fishery management strategy is the eco-
nomic well-being of the fishing industry. In both the reduction and roe fishery
periods in British Columbia, a goal of management has been to attempt to
stabilize total catch to provide a more consistent economic return for the
industry. An examination of the variability in total catch levels over the course
of the various management scenarios indicates that the coefficient of variation
of total catch has been smallest under the current fixed harvest rate policy in
both areas  Table I!. Since this is a relative measure of variability, it represents a
substantial decline in variance of total catch. Total catches have declined
significantly in the Strait of Georgia as the spawning biomass has doubled,
while on the west coast of Vancouver Island, catch levels have declined moder-
ately as spawning biomass has more than tripled. Variability in spawning
biomass has remained stable within Georgia Strait, increasing during the period
of limited control on harvest rate and declining thereafter, while variability in
spawning biomass has declined steadily on the west coast of Vancouver Island
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Figured.  A! Estimated surplus production  solid! and corresponding catch
 dashed! for the Strait of Georgia from 1936-37 to 1991-92.  B!
Estimated total catch-to-production ratio  solid! and production-to-
biomass ratio  dashed! for the Strait of Georgia stocks during 1936-
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Figure 0.  Continued.!  C! Estimated surplus production  solid! and corresponding
catch  dashed! for the west coast of Vancouver Island from 1936-37
to 1991-92.  D! Estimated total catch to production ratio  solid! and
production to biomass ratio  dashed! for the west coast of Vancouver
Island stocks during 1936-37 to 1991-92.
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Strait of Georg>a West Coast Vancouver Island
Surplus Roe Surplus Roe

production CV production CV production CV production CV

Manage-
ment
policy

Quota Control
1936-37 to
1945-46 29,321 0. 22 8,014 0.23 8,411 0.57 2,403 0. 58

West Coast
Experiment
1946-47 to
1967-68 9,449 0.35 9,886 0.39 2,814 0.5036,763 0. 37

Fixed
Escapement
1971-72 to
1981-82 29,909 0.30 8,082 0.39 14,160 0.40 4,622 0.48

Fixed Harvest
Rate
1982-83 to
1991-92 26,300 0.41 7,103 0.34 15,011 0.23 4,573 0.29

throughout the nme series to a level comparable to that of the Strait of Georgia
stock  Table I!.

Indications are that the total surplus production in the Strait of Georgia has
remained constant at about 30,000 mt annually  Table 2!, as has the total roe
production. Variability m roe production has shown no long-term trend in the
Strait of Georgia. On the west coast of Vancouver Island, surplus production
has increased by about 60/o during the roe period, relative to the reduction
period, and total variability has declined by a similar amount. Roe production
has doubled, while relative variability in roe production has declined by 50 fo.
Exploitation rates in both stocks averaged almost 60'/o during the reduction
fishery, and the coefficient of variation in exploitation rate more than doubled
during the period of the West Coast Experiment, apparently due to the in-
creased reliance on recruiting stocks as evidenced by the reduction in mean age
during this period  Table 3!. Exploitation rates were much reduced with the
introduction of a fixed escapement policy, but remained quite variable. Exploi-

Table 2. Estimates of average surplus production  metric tons! and roe production
 metric tons! for Bntish Columbia herring stocks from 1936-37 to 1991-92
under various management polrcies.
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Table 3. Estimates of average exploitation rate and mean age for British Columbia
herring stocks from 1936-37 to 1991-92 under various management
policies.

Manage- Strait of Georgia West Coast Vancouver Island
ment Exploitation Exploitation
policy rate CV Mean age CV rate CV Mean age CV

Quota Control
1936-37 to
1945-46 0.62 0. 19 0.60 0.26 3.50 0. 143.42 0.09

0.54 0.59 3.29 0.080.58 0.45 3.34 0.07

0.34 0.52 4.42 0.090.16 0.42 3.95 0.07

0.26 0.31 4.20 0.120.16 0.36 3 88 0.09

tation rates have become less variable with the introduction of fixed harvest
rates. The mean age and weight have increased in both stocks as the popula-
tions have rebuilt during the roe fishery period, most dramatically on the west
coast of Vancouver Island.

Discussion

The determination of an optimal level of exploitation for British Columbia
herring stocks has been the focus of both research and management virtually
since the inception of the reduction fishery early in this century. Initially,
researchers attempted to define the maximum sustainable yield, which required
an understanding of the stock structure. Did the fish harvested in one or more

West Coast
Experiment
1946-47 to
1967-68

Fixed
Escapement
1971-72 to
1981-82

Fixed Harvest
Rate
1982-83 to
1991-92

Schweigert ~ Pacific Herring in British Columbia
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Figure 6.  A1 Estimated total roe producnon in relation to mean age for the Strait of
Georgia stocks from 1936-37 to 1991-92.  B! Estimated total roe production
in relation to mean age for the west coast of Vancouver island stocks from
1936-37 to 1991-92.
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geographical localities represent a single stock, or were separate management
regulations required for several stock units? It was also necessary to determine
the yield per recruit relationship, because as increasing fishing mortality re-
moves the accumulated old fish, the age structure is shifted to the point where
the fishery operates only on recruiting stocks. If the equilibrium between
growth and mortality occurs before the fish recruit, then yield per recruit is
maximized if all recruits are caught by the fishery. However, unless some of the
fish have matured and spawned prior to recruitment, a certain proportion of
the stock must be allowed to escape the fishery to spawn and sustain the
population. Therefore, it was crucial to understand the relationship between
spawning stock abundance and the subsequent recruitment to determine the
magnitude of the required escapement for maximum sustainable yield.

Because of limited biological information on British Columbia herring and
concern about apparent declines in herring abundance in target fishing loca-
tions, catch quota restrictions were first instituted in 1936-37  Stevenson
1954!. The quotas were first applied to the west coast of Vancouver Island and
the lower east coast or Strait of Georgia stocks for a period of 5 years to gather
additional information on the extent of mixing between populations, the opti-
mum level of exploitation, and the effect of the fisheries on the harvested
populations  Taylor 1964!. On the west coast of Vancouver Island, catches
never reached the quota, as three weak year-classes appeared and no relation-
ship seemed to exist between spawn deposition and resulting recruitment.
However, while small spawn depositions and poor recruitments occurred on
the west coast of Vancouver Island, the Strait of Georgia exhibited large
spawnings and stronger recruitments. Since no clear conclusions on the effects
of fishing were available, quotas were maintained in a modified form and
instituted in other areas of the coast  Taylor 1964!. The west coast of Vancouver
Island quota was reduced to 25,000 short tons in an effort to stabilize current
catch and increase future catches by permitting larger escapements and
spawnings. Unfortunately, catches connnued to decline through 1945-46, ap-
parently because of decreased abundance which exceeded what was expected
simply from the removal of accumulated stock, and therefore suggested a
decline in recruitment  Taylor 1964!.

Decreased recruitment could be a function either of natural environmental
fluctuation or a decline in spawning stock below the level of maximal recruit-
ment. To separate these effects, it seemed necessary to fish the stocks very
heavily to the point where declines in stock abundance would lead to reduc-
tions in recruitment. This led to the removal of catch quotas on the west coast
of Vancouver Island in 1946-47 in what was referred to as the West Coast

Experiment.
The objective was to increase exploitation rates on the west coast of

Vancouver Island stocks while matntaining catch quotas on the Strait. of Georgia
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stocks to determine whether significant decreases occurred in catch, spawn
deposition, and recruitment which would be maintained over several years.
The quota controls were maintained and enforced from 1946-47 through 1951-
52. Negligible catches in 1952-53 due to a labor dispute and the granting of
quota extensions in subsequent years marked the end of the experiment, which
was to have run for at least 10 years  Tester 1948!. From the available data, it
appeared that catches did not affect recruitment and that recruitment was
determined most significantly by environmental variability  Taylor 1963,
1964!. As a consequence, it appears to have been implicitly assumed that
exploitation rates could not reach levels that would cause stocks to collapse,
although it was recognized that exploitation rates had reduced the age structure
to the point. where the fishery was operating essentially on the recruiting year-
class  Taylor 1964!. Stevenson �954! also points out that on the west coast of
Vancouver Island, stocks were afforded some protection in that a proportion of
the stock remained offshore and did not migrate onto the spawning grounds
until after the fishery closed February 5 each year.

Documentation of the decision process involved in closing the reduction
fishery in 1968 is limited. It appears that it was the absence of fish rather than
any economic limitations in catching them that stopped the fishery. Hourston
�980! speculates on several factors that contributed to the overexploitation of
the stocks and the inability of managers to recognize the drastic declines in
abundance that had occurred. Although all major populations were fished
heavily, all stock units within each area were not fished every year, so partial
recoveries occurred in some areas that subsequently were targeted by the fleet
in other years. Hence, some stocks actually appeared to increase, while others
declined. By the 1960s, the efficiency of vessels had increased much more than
was recognized by managers. Stock assessment methodology was not sensitive
to the decline in spawning escapement that had occurred. In additton, the
underestimation of spawn deposition suggested that stocks had been able to
sustain harvesting levels exceeding 75 /o with no detectable effects. Hence, it
was assumed that overfishing of herring stocks was not a real possibility. It was
not until the fishery had removed most of the mature adults and large numbers
of age 2 fish, and finally, age I fish that stock depletion became obvious and the
fishery was stopped.

Management of the subsequent roe fishery differed markedly from the
reduction fishery because the fishery targeted spawning aggregations associated
with individual spawning beds or beaches rather than mixtures of migrating
stocks. Hence, management was predhcated rnitially on the premise that groups
of herring spawning stocks in locahzed areas could be managed similarly to
salmon by means of a fixed escapement policy  Hourston 1980!. For each
spawning stock, desired escapement levels were set prior to the fishery and
catchable surpluses allocated to all fisheries  food, bait, spawn-on-kelp!, the
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remainder being taken as roe. Because of the large overcapacity in the fleet �52
seines, 1,327 gillnets! and the need to dtstribute effort coastwide, area licensing
was introduced in 1983. With area licensing came a need to provide informa-
tion on stock abundance for each license area well in advance of the fishing
season. Although a fixed escapement policy also could provide this informa-
tion, a fixed harvest rate policy theoretically should provide for greater year-to-
year stability in catch levels. As a result, a 20% fixed harvest rate policy was
adopted in 1983, and a threshold or cutoff level, below which spawning stock
biomass was endangered and fisheries closed, was adopted in 1985  Haist et al.
1986!. The threshold was defined as 25 k of the unfished equilibrium biomass
level as determined by stock reconstruction analyses.

The most important question for managers under both policies was the
determination of the appropriate level of exploitation. In both instances, the
answer is related to the form and shape of the st.ock-recruitment curve for
British Columbia herring. For the reduction fishery, where the objective was to
maximize total catch, a fixed exploitation rate was not critical and the pulse
fishery that occurred in many areas clearly was very efficient. However, it is
unknown whether the high exploitation rates during the reduction fishery had
any long-term detrimental effects on the productive capacity of the stocks
through extinction of unique genetic races or subcomponents of the stocks.
Perhaps fishing at the maximum sustainable yield  MSY! level would have
prevented closure of the fishery in 1968, but this would have required an
accurate estimate of the form and shape of the stock-recruitment curve. The
other important factor in evaluating the quota control policy during the reduc-
tion fishery was the extent and significance of the implementation error in
setting quotas. Quotas were identified for each stock, but they were never
rigidly adhered to, and with the frequent granting of quota extensions, they did
not provide any effective control on harvesting activities. Hence, it. is difficult to
assess whether quota levels designed to achieve MSY would have prevented
overfishing, even if the form and shape of the stock-recruitment curve were
known accurately.

In the fixed escapement policy, escapement levels are set to ensure maxi-
mum recruitment, while for a fixed harvest rate policy, the harvest rate is set to
maximize the yield given various other constraints such as the average spawn-
ing biomass, age structure, and propensity for the stock to fall below threshold
biomass levels  Haist et al. 1993!. The productivity of each stock and hence, the
maximum sustainable harvest rate, will be a function of the assumed form and
shape of the stock-recruitment relationship. Attempts to define the maximum
sustainable harvest rate indicate that under certain sets of assumptions, rates
higher than the current level of 20'/o may be sustainable  Hall et al. 1988; Haist
et al. 1993!. However, even given the current exploitation level, natural fluctua-
tions in abundance have resulted in fisheries closures on the west coast of
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Vancouver Island during 1985 and 1986 and in the Strait of Georgia in 1986. In
combination with the uncertainty about the stock-recruitment relationship for
herring and the impact of long-term environmental variability on herring
recruitment, it is difficult to assess what the optimal sustainable harvesting rate
for herring should be. It appears evident from the lessons of the reduction
fishery that herring can sustain harvesting levels well above 20%%d, but will
produce significantly reduced quantities of large roe because of the truncated
age structure  Table 3, Figure 6, 7!. Funk �991! also has argued for relatively
reduced harvesting rates to maximize roe production from a yield per recruit
perspective.

The results of this study indicate that the herring stock in the Strait of
Georgia consistently shows higher surplus production than that on the west
coast of Vancouver Island partly as a result of reduced variability in recruit-
ment, perhaps because it is buffered from the environmental variability of the
open ocean. This result suggests that different exploitation rates and cutoff or
biomass thresholds may be required for stocks with differing surplus produc-
tion rates. It is not clear that a threshold biomass level is critical for herring
management, given the dynamic nature of herring populations. Based on a 20'%%d
harvest rate, it may be exceedingly unlikely that any herring stock will not
rebound from temporarily reduced levels within I or 2 years as favorable
environmental conditions produce an above-average recruitment to the stock.
The economic and social costs of fisheries closures must be weighed agatnst the
impact on stock conservation in the decision to implement or maintain thresh-
old biomass levels. A more extensive evaluation of the economic consequences
of a reduction in harvesting levels from the current 200%%d rate to maximize the
production of the highest quality roe product also should be investigated in the
determination of an optimal harvesting rate.

In conclusion, the history of fisheries management for British Columbia
herring indicates that given average or favorable environmental conditions,
herring are resilient to moderate exploitation levels and require few manage-
ment controls if the goal is simply to maximize .the total catch from the
resource. Conversely, if the objective is to maximize roe yield and quality, a
much-reduced exploitation level is appropriate as well as the consideration of
economic and social objectives for stock management. Throughout the course
of the reduction and roe fisheries, crucial biological questions remain regarding
the stock structuring within particular areas and the form of and factors
affecting a stock-recruitment relationship. Uncertainty about these components
of herring population dynamics should be investigated through simulation to
provide guidance on optimal harvesting levels to maximize the economic
returns from the resource.
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Abstract

Introduction

Surplus production models are among the simplest and most widely used
models for estimanng sustainable yields from exploited populations  Hilborn
and Walters 1992!. They operate on the premise that the harvestable surplus is
the difference between population growth and natural mortality, and that this

Proceedtngs nr the International Sympnsium nn Management Strategies for Exploited Fish Pnpulattons,
Alaska Sea Grant College Program, AK-SG-93-02, 1993.

We developed a conservative application of a surplus production model to
estimate the potential annual yield for sea cucumbers, Parastichopus californicus.
This application was motivated by a lack of information on the population
biology of sea cucumbers and is conservative in at least three ways: Quota
reductions are made to account for potential errors in the model, only a portion
of the entire population size is estimated, and the population size estimate used
to set a harvest quota is the lower bound of the confidence interval. The
maximum annual yield is estimated to be 6.4 /u of the population surveyed. We
have initiated an assessment program to evaluate the ability of the stocks to
sustain harvests as prescribed by the model. We determined that it is important
to reduce sample variance from location effects; this allows detection of changes
in population density that are the same size as the commercial harvests. It may
also be important to consider seasonal migrations in survey design.
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surplus can be esttmated using abundance as a predictor variable in a logistic
growth model. These models frequently are used in data-limited situations,
particularly where the use of age-structured models >s precluded by a lack of
age-specific data.

Typically, surplus production models are applied to fisheries for which no
estimate of absolute abundance is available; instead, these applications involve
an index of relative abundance  e.g., catch-per-unit-effort [CPUE]! and an
assumption that this index is directly related to true abundance by a
catchability coefficient. Examples of this approach include the models of
Schaefer �954!, Pella and Tomlinson �969!, and Walters and Hilborn �976!.
All of these models require a time series of catch and effort, usually spanning a
decade or more.

Here we apply a surplus production model for developing fisheries where
time series of catch and effort data are not available or are unreliable. The model
was proposed by Gulland �971! and has been widely used in tropical fisheries
 Caddy 1986! and elsewhere. We have adapted this model to calculate annual
yields for harvests of the giant red sea cucumber, Parastichopus californicus, in
Southeast Alaska since 1990. This model requires an estimate of virgin stock
size and mortality rate. We describe the historical context for this application,
the theory on which the application is based, the measures we have used to
guard against overharvest, and how we evaluate model performance.

History of the Fishery

The commercial sea cucumber fishery in Alaska developed as an extension of
the fishery that started in Washington State in 1971 and in British Columbia in
1980  Imamura and Kruse 1990; CDFO 1990!. As exploitation increased in
Washington in the past decade, the Washington Department of Fisheries im-
posed seasonal closures and limited entry. The fishery in British Columbia also
is limited to season, but not to entry, and arbitrary quotas are assigned to
various sections of the coast to limit harvests until more biological data can be
gathered. As a result of these management actions, there was increased interest
in harvesting sea cucumbers in Alaska.

The commercial fishery in Alaska began in 1987 near Ketchikan and de-
veloped rapidly. By early 1990 the fishery grew beyond the ability of the Alaska
Department of Fish and Game to manage the resource by the permit system in
place at the time. In response, the Central Council of the Tlingit and Haida
Tribes of Alaska filed suit in the State Superior Court claiming that the State of
Alaska was not properly managing the resource and was not protecting oppor-
tunities for subsistence harvests. Traditional subsistence fishing for sea cucum-



Management of Exploited Fish ~ Alaska Sea Grant 1993 I 93

Chich

ana
Ketchikan

Figure I. Map of Southeast Alaska showing major locations mentioned in the text.

bers is a widespread activity among Native peoples in Southeast Alaska
 Mathews et al. 1990!.

The commercial fishery was closed in May 1990 and was not opened until a
management plan was written using the surplus production model as its
principal feature  ADFtsrG 1990!. Following judicial scrutiny, the plan was
applied to the disputed sea cucumber fishery. This fishery now opens October 1
each year in several areas in Southeast Alaska for harvest of a limited quota. The
major fishing grounds are in the vicinity of Ketchikan and Sitka and on the west
side of Prince of Wales Island  Figure 1!.
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Sea cucumbers are harvested by divers who pick each animal by hand.
Nearly all parts of the animal can be marketed, including the skin, the muscle
bands, and the gut. However, the viscera atrophies in fall and winter
 Fankboner and Cameron 1985! when the fishery occurs in Alaska, and only
the muscle and skin are marketed. Most of the product. goes to Asia, and some
product is sold in Asian markets in major cities on the Pacific coast of North
America.

The MSY Model

The maximum sustainable yield model of surplus production  Gulland 1971! is
based on the assumption that populations grow according to the logistic
formula  e.g., Lotka 1925!. That is, population growth is slowest at low and at
high population levels and fastest at moderate population sizes. The biological
argument for this assumption is that reproduction and feeding are expected t.o
be most efficient at moderate population densities  Ricker 1975!.

The key to the surplus production model we describe here is the assumption
that fishing mortality at MSY is equal to the instantaneous rate of natural
mortality, M, such that

MSY = XMB,

where Bo is the virgin biomass and X is a scaling factor  Gulland 1971; Tiurin
1962; Alverson and Pereyra 1969!. Under classic assumptions of logistic
growth, X is set equal to 0.5.

The model in equation  I! has been criticized on various grounds. In
general, it is a simplistic model that carries an inherent risk of fisheries collapse
if not applied in a conservative manner  Garcia et al. 1989!. Ideally, it would be
better to use a more exact model, including information on catch and effort. In
the case of sea cucumbers, we have only 3 years of catch and effort information,
and these data are mostly unreliable for analyses of abundance because catch
rates have not declined with increasing effort. In one area of Southeast Alaska,
Sea Otter Sound, we noted an increase in catch rates with effort during a single
season  ADFtsrG unpublished data!. This might be explained in part by divers
learning to be more efficient, but a potentially more important mechanism is
that CPUE statistics do not include search time. Divers are able to quickly
assess the abundance of sea cucumbers, and they can maintain high catch rates
by moving to unexploited areas of high densities.

Management of sea cucumbers is hampered by our poor understanding of
their population biology, and it is important to exercise caution if the simple
model of equation �! is used to establish harvest quotas. For example, the
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MSY = 0.2MB, �!

We have instituted a second conservative measure by restncttng our harvests
to the portion of the population occurring above 18 m depth, which is the
depth to which our scuba divers can salely operate while conducting repetitive
dives. Our preliminary work with manned submersibles  ADFRG unpublished
data! indicates that there are substantial densities at greater depths. We take
this moderate approach in the absence of information that there is migration
between depths, and in the absence of sufficient data on the abundance of sea
cucumbers below 18 m.

Our final conservative safeguard is to recognize the uncertainty in our
estimates of the virgin population size. Assuming that the estimate of a mean
population size is normally distributed, we take the lower bound of the one-
sided confidence interval as our population estimate  assuming a type I error
rate of 10%!. The literal interpretation of this safeguard is that we want to be
90% sure that the mean value of population size is greater than the value we use
to calculate a quota. Our use of the lower confidence bound is a unique
approach in echinoderm management, if not fisheries m general  see also
application by Hansen 1989!.

logistic model assumes a constant environment, so the virgin population level
and MSY also are considered constant. Support for this assumption would
require, at a minimum, evidence of regular annual recruitment, and we do not
have evidence of this for sea cucumbers in Southeast Alaska. There also is no
evidence that population growth in sea cucumbers is density dependent and
that a positive response in yield is expected if an otherwise virgin population is
exploited. An equally viable hypothesis is that sea cucumber populations may
fluctuate widely because of environmental factors operating independently of
population density.

Other criticisms of the surplus production model apply to exploited popula-
tions in general. For example, Francis �974! notes that the model is applicable
only to cases where recruitment is density independent, which is contrary to
the logistic formulation. In addition, various authors have indicat.ed that the
maximum sustatnable fishing mortality is often less than the natural mortality
rate  e.g., Deriso 1982; Beddington and Cooke 1983!, so equation  I! overesti-
mates MSY when X = 0.5. Caddy �986! notes use of X = 0.4 as a conservative
safeguard.

As a precautionary measure against errors in model assumptions, we follow
Garcia et al. �989! and limit harvests to one-half of that predicted by the
model during the early phases of fishery development. The allowable harvest,
where X = 0.4 and the resulting harvest is reduced by one-half, is then
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It is difficult to estimate mass for sea cucumbers because indtviduals can
hold varying amounts of water; we therefore estimate the unexploited popula-
tion in terms of number of individuals  No!. The final model formulation is

MSY = 0.2MNo tea �!

where No �cz is the lower bound of the one-sided 90'k confidence interval of
Np, This formulation requires assessments of population size and mortality rate
for unfished populations.

Parameter Estimation

Population Size

No,tcs = DotcaL

L is estimated using a map wheel rolled along the shoreline as shown on
nautical charts.

We have also tried an alternative approach of estimating densities as the
number of sea cucumbers per square meter of habitat area, where area is
estimated by transect width times length. We applied this method in some of
our surveys near Sitka in 1990 v here we estimated the total population by
multrplying the average density times the total benthic habitat area. We esti-
mated habitat area using a digital planimeter and nautical charts. We no longer
use this method, because we found that nautical charts may embellish the

Our survey objective is to directly estimate the total sea cucumber population
that is readily available to commercial divers. This is a unique approach in
echinoderm management. To achieve this objective, our divers count sea cu-
cumbers along strip transects running perpendicular from the shoreline to a
depth of 18 m; this depth roughly coincides with the usual depth limit of
commercial divers. Transects are 2 m wide and are systematically distributed
 evenly spaced! along shorelines of harvest areas. Harvest areas average ap-
proximately 100 km of shoreline, and about 30 transects are sampled in each
area.

The density from each area is calculated as the total count of sea cucumbers
divided by the sum of transect widths, and the density is expressed as the
number of sea cucumbers per meter of shoreline length  the width of each
transect is a segment of total shoreline length!. Densities for a harvest area are
summarized as the lower confidence bound of the 90fo confidence interval of
the average density  Dptcg! of the unfished population. These estimates are
expanded to population size estimates for each fishing area by multiplying this
density times total shoreline length  L! for each area:
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Table 1. Sea cucumber densities and population estimates from southern and
northern Southeast Alaska, 1990-1992. Southern Southeast Alaska
includes shorelines near Ketchikan and on Prince of Wales Island, Dali
Island, and Kuiu Island. Northern Southeast Alaska includes shorelines
on Chichagof and Baranof Islands near Sitka  Figure I!.

Densit: no./m
Area and Shoreline No. of Average Lower Population
year length  km i Areas' transects density boundb size'

Southern
SE Alaska

1990
1991
1992

5.0 3,160,000
11.9 10,769,500
8.3 10,532,700

632 7 124 7.9
905 7 254 15.6

1269 10 382 10.1

Northern
SE Alaska

1990
1991

1992

3,755,800
2,106,800

3,686,000

8.9
4.6

9.7

6 67 155
4 119 85
3 103 11 7

422
458

380

' Areas rel'er to coastal secrions managed as a unit with indivddual quotas.
Lower bound of the 90'h one-sided confidence interval of mean density, calculated as a weighted value
with weights equal to the shoreline length in each area.

' Lower bound estimate of population size.

Mortality Rate

We cannot estimate mortality rates for sea cucumbers directly, primarily
because they are difficult to age and tag. Instead, we rely on a linear relationship
between the logarithms of maximum age and instantaneous mortality rate
derived from molluscs, fish, and whales  Hoenig 19831:

subtidal area above 18 m depth, sometimes by as much as 100'%%d where
shorelines are steep. In addition, it is time-consuming for divers to accurately
estimate transect length, which varies radically depending on slope.

Densities and population estimates of areas surveyed in 1990, 1991, and
1992 are summarized in Table 1. These data are derived from 1,049 transects,
which represent one of the most extensive sets of direct measurements of sea
cucumber abundance.
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1n M! = 1.44 � 0.982 1n t .,! �!

where t is the maximum age in years. The maximum age for a population of
P. californicus in British Columbia may be 12 years  Imamura and Kruse 1990!.
We make the assumption that the maximum may be as much as 2 years greater
in Alaska, and set t at 14 years. Using the regression equation, the instanta-
neous mortality rate is estimated as 0.32.

Allowable Harvest Rate

Assuming the mortality rate = 0.32, the MSY of equation �! equals 6.4 7o of the
point estimate of the virgin population size  Pp!. For the populations sampled
to date, Po~ is usually 70/0 of Pp so MSY typically is t.5/o of the point
estimate, and less if survey variability is high. We believe that this is a conserva-
tive harvest rate.

The actual harvest rate used is 3 times that determined by equation �!, and
is the allowable catch applied only once every 3 years to any given area using a
rotating schedule of fishery openings. These rotations are imposed to limit
fishery activities to one-third of the available shoreline area each year, thereby
reducing the demand for management and enforcement. The rotation period is
not used to meet biological objectives.

An Approach to Evaluating Model Performance
Given the uncertainty about the applicability of surplus production models to
sea cucumber fisheries, it is important to evaluate the performance of the model
in providing for sustainable harvests. We have begun a program to resurvey sea
cucumber populations after commercial harvests in a subset of the areas open
to fishing.

Our first resurvey of sea cucumbers was made on the east side of Dali Island
 Figure 1! in southern Southeast Alaska, where there was concern for effects of
commercial harvest on subsistence fishing opportunities. The initial assessment
at Dali Island was done in February 1991, and data from that survey were used
to establish a harvest rate of 15"lo for the lishery in March. The area was
resurveyed in May, and the mean densities were virtually identical to those
before the I'ishery  Table 2!. This is a surprising result; however, the May
transects were at locations different from those in February, and the variance
was large, so the power of the test for finding a decrease in population size of
15'/a is only 0.2. Therefore, it cannot be safely concluded that there was no real
decrease in fished population size.
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Table 2. Comparison of sea cucumber population densities sampled at Dali Island
before and after a commercial fishery.

February 10-18 May 8-9

Number of transects

Average density
Standard error

38

11. I

1.2

16

10.7

2.1

Significance level p = 0.89'

' one-tatled t-tesr for stmple dttferences between means.

If there was no true decline in abundance, then sea cucumbers must have
migrated into the area. If so, the likely explanation is that animals moved up
from depths below 18 m This possibility is supported by observations that sea
cucumbers migrate to shallow waters to spawn in the spring  Courtney 1927!.
This scenario suggests that comparisons of population estimates should con-
sider potential effects of seasonal migrations, and that a high proportion of the
population is censused in spring, relative to winter.

A second resurvey study was conducted in West Behrn Canal north of
Ketchikan  Figure 1!. The survey design addressed the two potent.ial problems
of the Dali Island resurvey: seasonal effects on densities and low power of the
test. The first survey was made in June 1991 and was followed by a fishery in
October 1991 when 17% of the population size was harvested. A resurvey of
the area was made one year later in June 1992; the same transects were
sampled, allowing a paired comparison of differences in transect densities
 Table 3!. The average densil.y of sea cucumbers had declined by 23%, and the
difference in densities between years was significant at p = 0.012  t-test for
paired comparisons!. If the mean densities are compared without benefit of
transect pairing, then the difference in densities is not significant  p = 0.17,
t-test!. The conclusion from this second study is that paired comparisons of
transects provided sufficient statistical power to detect changes in abundance
equal in magnitude to the commercial harvest, given an adequate sample size of
transects.

These resampling results are preliminary and are insufficient to evaluate the
adequacy of the conservative MSY model. More telling results require addi-
tional monitoring of sea cucumber populations and their ability to sustain
fields over periods of several to many years.
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Table 3. Comparison of sea cucumber population densities sampled at West
Behm Canal before and after a commercial fishery.

24-25 June 199218-20 June 1991

Number of transects

Average density

Standard error

Significance level p = 0.170'

34

12.416. 1

2.0

Standard error of paired
differences = 1.56

Significance level p = 0.012

' one-tailed t-rest for simple difference between means.
" one-tailed t-test for paired dtfference between means.

Conclusion

The conservative harvest model used in Southeast Alaska is unique among the
management methods for sea cucumber fisheries in the Northeast Pacific. The
approach in Washington state also is conservative, but harvests are controlled
mainly by limiting effort and length of the fishing season, and there is no
assumed model of population growth. Commercial harvests in British Colum-
bia are limited primarily by quotas that are set conservatively and are not based
on a hypothetical model.

Our conservative harvest model approach was chosen in response to the
need for a biologically sound method. This intensive approach, requiring a
population assessment program, has the benefit of providing us with detailed
abundance and distribution data across large areas of Southeast Alaska.

Evaluation of the model will be improved by using a sampling design that
reduces variability arising from seasonal and location effects. We have es-
tablished permanent transects in the Sitka area that will be sampled by scuba
divers on a regular basis throughout the year. This is expected to reveal
variability in densities due to seasonal movements. We also have begun a study
of sea cucumber depth distributions using a manned submersible to estimate
the proportion of the population found below 18 m.
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The challenge is still before us to determine if the simple model is applicable
to exploited stocks of sea cucumbers. Our resampling program is a direct way
to monitor sustainability, but is a costly method that may not be feasible in the
long-term, depending on availability of funds. We are collecting catch and
effort statistics in the event that these data may prove useful for population
assessments based on comparisons of catch rates between years.
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Abstract

Introduction

Atka mackerel, Plettrogrammus monopterygius, is distributed from the
Kamchatka Peninsula eastward throughout the Komandorskiye and Aleutian
islands, northward to the Pribilof Islands in the eastern Benng Sea, and east-
ward through the Gulf of Alaska to southeast Alaska  Lowe 1992!. The center of

Proceedings of the Internattonal Symposium on Management Strategies for Exploited Fish Populanons,
Alaska Sea Grant College Program, AK-SG-93-02, 1993.

Atka mackerel is a fast-growing fish with a low age of maturity, resulting in
relatively high values for the fishing mortality rates associated with a number of
common harvest st.rategies. A stochastic simulation experiment was designed to
assess the effects of several such harvest strategies under a variety of objective
functions, with uncertainty explicitly incorporated into the estimation of re-
cruitment and stock size. The nondiscounted objective functions were particu-
larly informative. The shape of the stock-recruitment relationship was found to
be a critical factor in determining an optimal fishing mortality rate. However,
the flat-topped nature of the objective functions suggested that a fishing mor-
tality rate below the true optimum still may provide nearly the maximum
benefit while reducing variability in yield and biomass.
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Figure I. Map of the Aleutian Islands region showing major concentrations of Atka mackerel
found in resource assessment surveys.

abundance according to past resource surveys has been in the Aleutian Islands,
particularly from Buldir Island to Seguarn Pass  Figure 1!.

Atka mackerel are fast-growing fish with a relatively high natural mortality
rate estimated at 0.3  Lowe 1992!. They appear to reach maturity at approxi-
mat.ely the same age as they recruit to the fishery � years!, and exhibit a
maximum age of about 14 years. The most recent assessment surveys of the
Aleutian Islands  conducted in 1986 and 1991! indicate that the exploitable
biomass of Atka mackerel exceeds 0.5 million t. These biomass estimates are in

sharp contrast to those of earlier surveys, which indicated a much lower level of
abundance and upon which catch limits recommended during the 1980s were
based. Because Atka mackerel is a fast-growing fish with a low age of maturity,
the fishing mortality rates associated with a number of common harvest strate-
gies are relatively high, exceeding the natural mortality rate. These high target
fishing mortality rates, coupled with the new high estimates of abundance,
suggest that acceptable harvest levels could be much larger than those recom-
mended during the 1980s. Scientists and managers alike have been uncomfort-
able with implementing radically higher catch levels immediately, preferring
instead to phase them in over a 6-year period.

The reluctance of scientists and managers to implement higher catch quotas
resulting from the application of accepted assessment techniques can be inter-
preted in large part. as a response to the uncertainty regarding the abundance of
this stock. If the biomass of the stock and the stock's response to increased
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fishing mortality were known with certainty, it is likely that both scientists and
managers would be more confident in t.he harvest recommendations that
emerge from the stock assessment process. Unfortunately, it is clear that such
certainty never will be achieved. There is, however, another alternative to the
current ad hoc response to the uncertainty surrounding Atka mackerel, which
is to incorporate this uncertainty into the stock assessment explicitly. Rivard
and Maguire �993! recommend incorporating uncertainty in the stock assess-
ment as well as variability in recruitment to analyze risk to populations. This
paper represents a first step in such a process by examining how uncertainty in
the estimation of recruitment and stock size might influence the appropriate
strategy for managing the Atka mackerel fishery.

Methods

A stochastic simulation experiment was used to assess the effects of several
different target fishing mortality rates. A 50-year time horizon was employed to
ensure that the population reached a stationary state under a given target
fishing mortality rate. Because the simulation was stochastic, 100 iterations
 each spanning 50 years! were run for each target fishing mortality rate. The
experiment was designed to mimic both the dynamics of the stock itself and the
assessment process upon which harvest recommendations are based. Thus, the
simulation made use of two connected submodels, a stock dynamics submodel
and a stock assessment submodel.

Stock dynamics submodel

Mean individual weight in the stock was modeled by the growth equation of
Putter �920! and Brody �928!:

wta! =w  i � e I' "I!
where a represents age  in years!, w a! is weight at age a, w represents
asymptotic weight, K is Brody's growth parameter, and ao is the age intercept.

Recruitment was modeled by applying process error to a deterministic
stock-recruitment relationship r B!. The functional form suggested by Beverton
and Holt �957! was used to define r B!, parameterized here as

aver B�.! =
�!
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where R�, and B��are the average recruitment  in numbers! and biomass levels
for the years 1981-1991 estimated by Lowe �992!, and p is a shape parameter
that defines the ratio between R��and the recruitment asympt.ote. The use of
R��and B�, in this parameterization ensures that the deterministic curve will
pass through the mean of the observations.

Recruitment  in biomass! was then obtained by multiplying the determinis-
tic stock-recruitment relationship r B! by weight at the age of recruitment and
an error term:

R��= r B�!w a�! , �!

where M is the instantaneous natural mortality rate and F is the instantaneous
fishing mortality rate.

Stock biomass was projected according to the delay-difference equation
introduced by Deriso �980! and generalized by Schnute �985!:

to+1 ng   / i.i � i

-Kla,-a,!
e � e

+R��� R e' ",  !
� e

�!

 Both stock numbers and biomass need to be tracked to allow growth and
harvest to occur throughout the year.!

Stock assessment submodel

The stock assessment submodel was designed to track the dynamics of the
stock, but with some level of measurement error. For example, the stock
assessment submodel estimated stock numbers as

where i indexes iteration; j indexes year; a� is the age of knife-edge recruitment
 knife-edge recruitment reasonably approximates the estimated fishery selectiv-
ity shown in Lowe [1992]!; B represents stock biomass; R represents recruit-
ment  in biomass!; and g is a random deviate representing process errori,j
 natural variability! in the stock-recruitment relationship. The deviates  , were
drawn from a lognormal distribution with a mean of 1 and a coefficient of
variation  CV! of CVR. Use of the lognormal distribution in this context has
been justified both theoretically and empirically by a number of authors  e.g.,
Allen 1973; Walters 1975; Peterman 1981!.

Stock numbers N were projected as
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N,, =N�y, �!

where ly,. is a random deviate representing measurement error in the
IJ

assessment's estimate of stock numbers. The deviates i' were drawn from a1a
lognormal distribution with a mean of I and a CV of CV~.

Recruitment  in biomass! was estimated as

�!

where j. is a random deviate representing measurement error in the
I,Jassessment's estimate of mean individual weight in the stock. The deviates  ,

were drawn from a lognormal distribution with a mean of I and a CV of CVw.
Use of the lognormal distribution to define ter and   was somewhat ad hoc,
being justified primarily by the distribution's familiarity and the fact that it
always results in positive estimates of stock numbers and weight. Further
details on the use of equation �! are given in Appendix A.

Stock biomass was estimated as

B, =lB � R,!y, j,+R,  8!

Computation of yield and fishing mortality
For any given levels of biomass, stock numbers, and fishing mortality, yield was
computed as follows:

Note that equation  8! involves both the actual recruitment  from equation
[3]! and the estimated recruitment  from equation [7]!; the former is subtracted
from one term on the right side, while the latter is added. The form of equation
 8! follows from the fact that it was intended to model an annual stock
assessment whose primary purpose is to compute the next year's catch limit. In
an actual stock assessment, computation of next year's catch limit involves
projecting next year's abundance, including projected recruitment. Since the
assessment scientist often does not have access to a reliable estimate of
prerecruit abundance  as in the case of Atka mackerel!, there is no observation
of projected recruitment to which measurement error can be applied. In con-
trast, the assessment scientist does have an observation  estimate! of current
biomass that can be used to project next year's biomass. Therefore, equation  8!
deducts the actual recruitment value from the actual biomass value before
applying measurement error, then adds the naive  no process error! estimate of
recruitment given by equation �! to compute the submodel's estimate of total
biomass in each year. A more detailed explanation of the derivation of equation
 8! is given in Appendix A.



Lowe & Thompson ~ Atka Mackerel Exploitation208

-M-F B 1 � -K-M-F
Y = y B,N,FI = Fw�N 1

M+F w�N K+M+F
 9!

following the formula given by Thompson �992b! for the case where growth
and harvest both occur throughout the year.

The stock assessment submodel was used to determine each year's catch by
applying a constant target fishing mortality rate F* as follows:

Y,, = y B,,N�.,F' �0!

As described in the preceding subsection, the stock dynamics submodel fed
into the stock assessment submodel by supplying the actual levels of stock
biomass and numbers that the stock assessment submodel was attempting to
track. The linkage in the opposite direction was accomplished by using the
stock assessment submodel  with target fishing mortality rate F*! to determine
the actual fishing mortality rate  F, !, obtained by solving the following equa-
tion for F, .:

y B�,N�,F�= y B,,,N,,,F* �1!

The left side of this equation gives the catch resulting from application of the
actual fishing mortality rate to the actual stock in the stock dynamics submodel.
The right-hand side gives the catch prescribed by applying the target fishing
mortality rate to the estimated stock in the stock assessment submodel. Equat-
ing the two sides enables the actual performance of various target fishing
mortality rates to be evaluated.

Parameter values

The natural mortality rate was set at 0.3, and the age of knife-edge recruitment
was set at 3 years  Lowe 1992!. The growth parameters were determined by
fitting weight-at-age values given by Kimura and Ronholt �988! to the Putter-
Brody equation  Table 1!. The values of M, a�, and K were assumed to remain
constant.

The stock-recruitment relationship was based on average recruitment  in
numbers! and average biomass levels for 1981-1991 of 0.4 billion and
800,000 t, respectively  Lowe 1992!. Simulations were made using stock-
recruitment shape parameters  p! of 1.0  recruitment independent of biomass!;
0.9; and 0.8. Although a stock-recruitment relationship has not been estab-
lished for Atka mackerel, the available recruitment data  Lowe 1992! suggested
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Table 1. Parameter values utilized in the simulation.

Stock-recruitment

parameters Stock parametersGrowth parameters

B��, =8.004x10  t!

R�, = 4,299x10  nos.!

sR � � 2.977 x10  nos.!
CVR � � 0.692

w�= 0.91  kg!

K=0.213  kg '!
ap = 0.98  years!

CVN = 0.276

CVw � � 0.147

that the above shape parameters were reasonable trial values for the simulation
 Figure 2!. The multiplicative random deviate applied to the stock-recruitment
relationship  g,. ! had a mean of 1 and a CVz equal to the ratio of the
recruitment standard error to R�,  Table I!.

The random deviates representing measurement error for stock numbers
 ter, ! and mean individual weight in the stock  j ! were given CVs  CV~�CVw!
estimated from trawl survey data  Table 1!. Further details on the data sources
used to derive the CVs and how they were used to represent measurement error
are given in Appendix B.

Deterministic solution

In addition to its use in the context of the simulation experiment described
above, the stock dynamics submodel also was solved separately for the deter-
ministic case  no process error in the stock-recruitment relationship and no
measurement error in either stock numbers or mean weight  i.e.,
CV~= CV~= CVw= 0!. The solution was obtained for several common man-
agement strategies; namely, target levels of sustainable yield per recruit, sustain-
able yield, and sustainable biomass per recruit.

Yield-per-recruit strategies consisted of F  the fishing mortality rate that
maximizes yield per recruit! and Fp i  the fishing mortality rate that reduces the
slope of the yield-per-recruit curve, as a function of fishing mortality, to 10% of
its value at the origin [Gulland and Boerema 1973]!. The fishing mortality rate
that maximized sustainable yield  FMsr! was also calculated. Unlike the other
target levels, FMsr is dependent on the stock-recruitment shape parameter p.

Biomass-per-recruit strategies were defined as specific proportional reduc-
tions in the pristine level of biomass per recruit. Fishing mortality rates corre-
sponding to three target levels nf biomass per recruit were examined: 30/o,
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Figure 2. Recruitment  relative to average! as a function of biomass  relative to average! for
stock-recruitment shape parameters  rho! of 0.8, 0.9, and 1.0. Estimated recruitment
values for Atka mackerel as estimated by Lowe � 992! are plotted.

Objective functions

The performances of the various fishing mortality rates  from 0.1 to 1.0 includ-
ing the above biomass-per-recruit strategies! were evaluated with respect to six
selected objective functions  analogous to utility or loss functions!. These were
expected average yield  EAY!; expected log average yield  ELAY!; expected

35'to, and 40 /o of the pristine level  denoted F3oz, F»+, and F~o.>, respectively!.
The F3Q+ strategy is one of the methods used to define an absolute upper limit
 overfishing level! on the harvest of groundfish in U.S. waters  Mace and
Sissenwine 1993!, and is used to determine the overfishing level for Atka
mackerel in the North Pacific  Lowe 1992!. The F»+ strategy was shown by
Clark �991! to provide a sustainable yield nearly as high as the maximum for a
stock with typical groundfish parameters whenever the form of the stock-
recruitment relationship fell within a specified range. On both empirical and
theoretical grounds, the F~o+ strategy typically has been shown to be at least as
conservative as the more famihar Fo t strategy  Mace and Sissenwine 1993;
Thompson 1993!.
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stationary yield  ESY!; expected log stationary yield  ELSY!; expected dis-
counted yield  EDY!; and expected log discounted yield  ELDY!, all of which
are defined below and described in more detail in Appendix C.

] 1OO 50
EAY = g gY,.

>000

] 1oo ] so
ELAY = gin � gY�

100 =1 50 1=1 "

] 100 50
ESY= g gY�

1000

] 1oo 1 50
ELSY = gin � g Y�.

100 =1 10 >=~1

100 50 s  1!
I,J

100
EDY =

1 100 50 P !+1!
ELDY = gin QY�e

100 =1 3=1

The above definitions reflect the following nomenclatural conventions,
which are employed throughout this paper: �! Average denotes the average
with respect to the set of all 50 years simulated in a given iteration, �! Expected
denotes the average with respect to the set of all 100 iterations simulated under
a given value of F*, and �! Stationary denotes the average with respect to the
final 10 years simulated in a given iteration.

Stationary yield in this simulation is thus the stochastic analogue of sustain-
able yield in a deterministic model. Average yield differs from stationary yield in
that it reveals the effect of starting the population at a level that may be different
from the eventual stationary level. The three log functions are utilized to
examine the effect of incorporating risk aversion directly into the objective
function. Using the terminology of Pratt �964!, the three log functions all
exhibit a relative risk aversion of 1, whereas their respective linear counterparts
are risk neutral  i.e., they exhibit a relative risk aversion of 0!. A discount rate
9! of 10% was used in the two objective functions that involve this parameter.
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A discount rate of 10' is a convenient value to use in conjunction with the 50-
year time horizon, in that it causes the per-unit value of yields realized beyond
the time horizon to amount to less than I'%%d of the per-unit value of yields
realized at the start of the simulation. U.S. Office of Management and Budget
guidelines also have recommended a 10% discount rate for evaluating time-
distributed costs and benefits  U.S. Office of Management and Budget 1972!.

Results

The deterministic runs provided the following estimates of fishing mortalities:

F ~ =0.67F, = 0.51F~ov, = 0.40

Fo, �� 0.40 F = 3.60

The FMsr values were 0.32, 0.55, and 3.60, corresponding to shape parameters
of 0.8, 0.9, and 1.0, respectively. Note that when the ratio of average recruit-
ment to asymptotic recruitment is 80 %%d, the fishing mortality rates correspond-
ing to the various biomass and yield-per-recruit strategies were all higher than
FM»�.32

The simulations showed that expected yield and biomass tended to reach
stationary levels within 20 years with very little overall variability about those
levels  Figure 3!. This indicates that a 50-year time horizon is adequate to
determine stationary levels and justifies the use of years 41-50 to estimate those
levels.

The optimal fishing mortality rates for the various objective functions and
stock-recruitment shape parameters are given in Table 2. The ESY and ELSY
objective functions for p = 0.8 are maximized at Fs of 0.29 and 0.27, respec-
tively  Figure 4a,c!. The EAY and ELAY functions are similarly maximized at Fs
of 0.41 and 0.40, respectively. Increasing the shape parameter to 0.9 results in
ESY and ELSY being maximized at Fs of approximately 0.46 and 0.44, respec-
tively, and EAY and ELAY being maximized at approximately 0.61 and 0.60,
respectively  Figures 4b,d!. The case where recruitment is independent of
biomass  p = 1.0! results in very flat objective functions with maximization
occurring at fishing mortality rates greater than 1.0  Table 2!. All EDY and
ELDY functions also are quite flat-topped, resulting in maximization at fishing
mortality rates exceeding 1.0 for the three shape parameters evaluated,

The probability and cumulative density functions  pdf, cdo were calculated
for fishing mortality across all iterations and years, and for biomass and yield
across all iterations in the final 10 years, after the stock had reached a stationary
state. The pdfs of fishing mortality, biomass, and yield all seemed to be fit
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Figure 3. Trend over time of  a! expected biomass and  b! expected yield about the expected
stationary biomass level and expected stationary yield level, respectively fora target
fishing mortality rate of 0.67 and stock-recruitment shape parameter  rho! of 0.8.
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Table 2. Fishing mortality rates that maximize each objective function under
given values of the stock-recruitment shape parameter p. For com-
parison, the fishing mortality rates that maximize the deterministic
sustainable yields for p values of 0.8, 0.9, and 1.0, respectively, are
0.32, 0.55, and 3.60.

Shape Criterion
parameter MESY MELSY MEAY MELAY MEDY MELDY

0.29 0.27 0.41 0.40 >1.0 >1.0
0.46 0.44 0.61 0.60 >1.0 >1.0

>1.0 >1.0 >1.0 >1.0 >1.0 >1 0

0.8

0.9

1.0

stationary yield.

log stationary yield.

average yield.

log average yield.

discounted yield.

log discounted yield.

Maximum expected

Maximum expected

Maximum expected

Maximum expected

Maximum expected

Maximum expected

MESY

MELSY

MEAY

MELAY

MEDY

MELDY

adequately by a lognormal distribution  Figure 5!. The pdfs of fishing mortality
showed that CV tended to increase directly with target fishing mortality rates
 Figure 6!. The cdfs of fishing mortality showed that the 95/o confidence
interval about the mean actual fishing mortality rate expanded with increasing
target F  Figure 7!. The lower end of the 95'/o confidence limit was as low as
half of the target fishing mortality rate, whereas the upper end of the interval
was as high as twice the target rate.

At low F values  with corresponding low variability!, the mean actual F
corresponded closely to the target F  F*!. On the other hand, at high fishing
mortality rates  with corresponding high variability!, the mean actual F greatly
exceeded F*. Overall, the median of the pdf of F corresponded tnore closely to
F* than the mean  Ftgure 6!. With a high target fishing mortality rate, realized
fishing mortality was highly variable with a mean substantially tn excess of the
target level  compare Figures 8a and 8b!. The coefficients of variation of
stationary yield and biomass also increased with increasing target F, although
not as steeply as the CV of fishing mortality  Figure 9!.
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Discussion

Harvest recommendations typically are based on uncertam information. As in
the case for Atka mackerel, this may lead to a conservative harvest strategy. The
implications of such conservative strategies often are not examined, The intent
of this paper was to suggest a process for evaluating the performance of
different exploitation strategies under a variety of objective functions, given
stochasticity in the recruitment relationship and uncertainty in the measure-
ment of stock abundance. Evaluations were made by simulating the dynamics
of the stock and the assessment process upon which harvest recommendations
are made. Shelton et al. �993! and Hollowed and Megrey �993! also modeled
a true and perceived population in their evaluations of harvest strategies.

Simulation results from the nondiscounted objective functions were the
most informative. The optimal Fs for the set of nondiscounted objective func-
tions tended to cluster around FMsr, with F~zsr and FMe~r being below, and
FM~y and FMEtAy above  Table 2!. Average yields were higher than stationary
yields for any given p, indicating that the initial state of the stock is above the
levels corresponding to the stationary yields  Figure 4!, However, since the
objective functions are quite flat-topped, an exploitation strategy that maxi-
mized st.ationary yield also would provide nearly the maximum average yield
 Figure 4!. Since stationary yield is the stochastic analogue of sustainable yield,
FMsy is the deterministic, certainty-equivalent analogue of borh FMes,, and
FMe~r. The fact that FME>r and FM~>r tended to be less than FMsr shows that the
explicit incorporation of uncertainty and natural variability in this model
causes the optimal fishing mortality rate to decrease, providing some support
for managers' current reluctance to implement fully the increased catch recom-
mendations obtained from deterministic models.

In addition, a benefit of employing lower target. Fs is that they are associated
with lower CVs for actual F, stationary biomass, and stationary yield  Figure 9!.
The year-to-year variations in expected biomass and yield about the stationary
levels were lowest for the lowest F*s  Figure 8!. The increased variability in
yield at high target Fs corroborates the findings of Beddington and May �977!
and May et al. �978!.

It is interesting to note, however, that the differences between FMEsy OI'
FMHsy and FMsY can be fairly small  within 10'fo!. The fact that the differences
between Frt~y and FMe~r tended to be still smaller is even more interesting,
given that the logarithmic objective function poses a strongly risk-averse con-
trast to the risk-neutral linear form  Thompson 1992a!.

The proximity of the stationary yield optima  F<Esr and F~,e~r! and the
average yield optima  FM~y and FME~r! obtained in this simulation may be due
to the fact that the levels of measurement and process errors employed here
were insufficient to generate a major difl'erence between risk-neutral and risk-
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Figure 0. Objective functions as a function of target fishing mortality rates for  a!
expected stationary and expected average yield under a stock-recruitment
shape parameter  rho! of 0.8,  b! expected stationary and expected
average yield under a stock-recruitment shape parameter of 0.9,  c!
expected log stationary and expected log average yield under a stock-
recruitment shape parameter of 0.8, and  d! expected log stationary and
expected log average yield under a stock-recruitment shape parameter
of 0.9.
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FIgure 5. probability density functions withfitted lognormal distribution
curves for  a! actual fishing mortahty rates,  b! biomass, and
 c! yield, for a target fishi ng mortality rate of 0.1 and a stock-
recruitment shape parameter  rho! of 0.8.
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Figure 6. Fitted lognormal distributions of actual fishing mortality rates for target fishing
mortality rates of  a! 0.1 and  b! 0.67, under a stock-recruitment shape parameter
 rho! of 0.8. The mean, median, and target fishmg mortality rates are designated.
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Figure 7. Cumulative density functions of actual fishing mortality rates for target fishing
mortality rates of  a! 0.1 and  b! 0.67, under a stock-recruitment shape parameter
 rho! of 0.8.
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Figure 8. Trend of the actual fishing mortality over time about the expected averagefishing
mortality level, for target fishing mortality rates of  a! 0.1 and  b! 0.67 and a
stock-recruitment shape parameter  rho! of 0.8.
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Figure 9. Coefficient of variation as afunction of target fishing mortality rate for actual fishing
mortality, stationary biomass, and stationary yield under stock-recruitment shape
parameters  rho! of  a! 0.8 and  b! 0.9.
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averse management strategies. Alternatively, it could be that when measure-
ment error is confined to estimates of stock abundance, the difference between
these management strategies is inherently less extreme than when a critical
parameter governing the dynamics of the stock  such as a stock-recruitment
shape parameter! is uncertain  e.g, Thompson 1992a!. In other words, the
proximity of the risk-neutral and risk-averse solutions may be due to the fact
that the model used here is to a large extent self-correcting.

Since population parameters are known without error and stock size is
estimated without bias, reasonable levels of measurement error in stock size
and process error in recruitment should not pose much risk at all when
averaged over the time horizon. For example, suppose the stock is in a station-
ary state at the optimal level. If stock size were overestimated in year to, this
would result in an overestimate of allowable catch, which in turn would result
in the stock falling below the optimal level in year to+1. The allowable catch in
year to+I then most likely would be below the level corresponding to the
optimal stock size, which would in turn cause the stock to return toward the
optimal level. This feedback mechamsm should therefore serve to minimize
risk when yields are averaged over the entire time honzon, so long as F is kept
at a moderate level.

The relative performances of the various exploitation strategies are quite
sensitive to the assumed stock-recruitment relationship. For example, as p
increased from 0.8 to 0.9, the optimal F for ESY increased from 0.29 to 0.46.
The Fqo> and F35+ values are 0.40 and 0.51, respectively, which exceed the
optimal F for ESY at p = 0.8, but are in line with the optimal F for ESY at
p = 0.9. For simplicity and tractability, the parameters of the stock-recruitment
relationship  equation 2! were assumed to be known with certainty in each
simulation. The stock-recruitment relationship is a critical part of the analysis
and has a significant impact on our ability to simulate stock dynamics, yet it is
usually the most uncertain component of a stock assessment. Ideally, a prob-
ability distribution for a range of p values would be incorporated and the most
desirable exploitation strategy identified by averaging the objective function
over p.

The shortcomings engendered by assuming a stock-recruitment relationship
were mitigated to some extent by the fact that as p increased, the objective
functions became increasingly flat-topped. Therefore, an optimal exploitation
strategy for Atka mackerel under a conservative stock-recruitment relationship
still may provide nearly the maximum expected benefit obtainable under a
more optimistic scenario. Figure 4b shows that going from an F of 0.46  FM>sY
under p = 0.9! to an F of 0.3  FM~Y under p = 0.8! results in very little loss in
expected stationary yield when the ~.rue p value is 0.9. Such a maximin strategy
follows closely the argument set forth by Clark �991!.
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The two discounted objective functions  EDY and ELDY! were maximized at
Fs greater than 1.0 under all three p values  Table 2!. Since the Atka mackerel
resource currently is only lightly exploited, it is not surprising that the optimal
Fs under the two discounted objective functions are relatively high  Thompson
1989!. This also compares favorably with the conclusion derived by Thompson
�989!, where it was shown that the optimal F for the discounted case always
will be greater than the optimal F for the nondiscounted case when costs are
assumed invariable. Optimal F values for p = 1.0 also were greater than 1.0 for
all six objective functions. Note that the value of F~  the deterministic
analogue of F~~sr for p = 1.0! is 3.60. All such results  i.e., results where the
optimal F > 1.0! seem imprudently risky, and are not considered further here.

The results of the simulation shed some light on the potential management
implications of conservative harvest strategies and the use of deterministic
biological reference points. The results clearly showed that the variability of the
actual fishing mortality rate increased at higher target F values and that the
mean actual F greatly exceeded the target Fs when the latter was high. Thus, a
harvest strategy that provides higher short-term yields increases the risk of
exceeding the intended fishing mortality, on average. If managers are concerned
about low stock levels and uncertain data, it may be appropriate to implement
lower target F values in order to decrease the variability in the actual fishing
mortality and achieve a mean actual F that corresponds more closely to the
target F. The flat-topped nature of the objective functions implies that a less-
than-optimal fishing mortality rate should achieve nearly the maximum benefit
while reducing variability in the population.

The comparison of the simulation's opttmal F values with commonly used
biological reference points was particularly informative. Although highly sensi-
tive to the assumed stock-recruitment relationship, optimal F values often were
lower than the traditional reference points. Likewise, Hollowed and Megrey
�993! found that the probability distribution of recruitment was an important
factor in determining the optimal level of fishing for Gulf of Alaska pollock, and
that under some recruitment scenarios, commonly used biological reference
points exceeded the optimal Fs.

The results of this simulation are directly applicable to management of Atka
mackerel. The stock assessment has recommended a conservative harvest strat-

egy since 1987 due to uncertainty about the stock level  Kimura and Ronholt
1988!, and since 1992 due to concern over the high fishing mortality rates
associated with biological reference points  Lowe 1992!. When setting catch
quotas, fishery managers were reluctant to implement the recommended rates
due to uncertainty in the measurement of stock abundance and the response of
the stock to increased exploitation. The results of the present study provide
more objective justification for backing away from the usual biological refer-
ence points and opting for lower target F levels.
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Appendix A

Further rationale for the form of equations �! and  8!

Equation �! in the main text describes the stock assessment submodel's esti-
mate of recruitment  in biomass! as

R�= r B... Pidt,'�!W a�!  Al!

U.S. Office of Management and Budget. 1972. Discount rates to be used in evaluating time-
distributed costs and benefits OMB Circular No. A-94, March 27, 1972. Execuuve Office of
the President, Office of Management and Budget, Washington, D.C.
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8�= tB,� R,�!tfr�t�. +R,,  A2!

where R� is the true value of recruitment  in biomass!, taken from the stock
dynamics submodel.

Equation  A2! is intended to emphasize the difference in the assessment
scientist's abilities to estimate the portion of current biomass composed of fish
above the age of recruitment, and the portion of current biomass composed of
new recruits. Again, assuming that no direct estimate of current recruitment is
available, this portion of current biomass will likely be estimated less precisely
than the portion composed of fish that have been observed for a number of
years.

One way to model the assessment's estimate of fish aged a > a, in year j
would be to apply measurement error to the true values of B, >, B, 2, and
R, t, then insert these into the right-hand side of Deriso's delay-difference
equation, much as the current value of B,, was inserted into the stock-
recruitment relationship to obtain year j's estimated recruitment in equation
 Al!. Of course, if the current year's measurement error terms were applied to

where r  ~ ! represents a Beverton-Holt stock-recruitment relationship, i indexes
iteration, j indexes year, a� is the age of recruitment, B represents stock biomass,
w a,! is mean individual weight at the age of recruitment, y ts a lognormal
random deviate representing error in the assessment's estimate of stock num-
bers, and   is a lognormal random deviate representing measurement error in
the assessment's estimate of mean individual weight in the stock.

Equation  Al! is intended to model the following aspects of a typical
assessment process in which no direct estimate of current recruitment B' j p is
available: In the current year  say, year j!, the assessment scientist makes an
estimate of the stock size in year j � a�, the year in which the current year' s
recruitment was spawned. This estimate, B��, will consist of the true biomass
B, >, multiplied by the product of the appropriate measurement error terms
for stock numbers and mean individual weight. It is important to note that even
though the biomass being observed  assessed! here is the biomass in year j � a�,
the observation of that biomass is being made in year j. Therefore, in modifying
the true biomass by the product of the measurement error terms, equation  Al!
uses the error terms associated with year j rather than year j � a�. The argument
of the function r  ~ ! in equation  Al! thus represents B, �, the current
estimate of biomass for the year in which the current year's recruitment was
spawned. The assessment scientist then multiplies the predicted recruitment
 in numbers! obtained from the stock-recruitment. relation rlffr!,b,y rhe
weight at recruitment w a�! to obtatn R, j �.

Equation  8! in the main text describes the assessment submodel's estimate
of stock biomass as
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all three state variables  B, > B, z, and R...!, this would gtve the same
result as equation  A2!. The alternative would be to draw six additional mea-
surement error deviates  three each for both mean individual weight and stock
numbers! in each year of the simulation. Rather than complicate matters in this
fashion, it seems reasonable simply to apply the measurement errors to the
assessment's estimate of current stock numbers and mean individual weight.

Appendix B
Calculating the coefficients of variation for stock

numbers and average individual weight

Stock biomass naturally is viewed as the product of stock numbers and average
individual weight. If two random variables  here, the measurement errors
around numbers and weight! are lognormally distributed, then their product
 here, the measurement error around biomass! also will be lognormally distrib-
uted In general, the coefficients of variation  CVs! for the three terms will be
related as follows:

CV, =  BI!

Obtaining estimates for any of these CVs is a difficult task. As a first step, the
present study used the CVs that are routinely estimated from the triennial
groundfish trawl survey conducted by the Alaska Fisheries Science Center. For
instance, the CV of stock size in numbers in the 1991 survey was 0.231, and
the CV of stock size m biomass in the same survey was 0.276. Unfortunately,
the CV of average individual weight is not routinely estimated. Instead, CVw
was calculated by rearranging equation  Bl! as follows:

CV,' � CV~
CV'+1

Inserting CV~, = 0.231 and CVz� - 0.276 into equation  B2! gives CVw � � 0.147.
While algebraically straightforward, use of equation  B2! to estimate CVw is less
than ideal, in that it is an indirect method  i.e., it would be preferable to
estimate CVw directly from samples of individual weights!.

A more general problem with using the survey-derived estimates is that
these CVs represent sampling variability in the survey, whereas the model
requires estimates of the total variability in the assessment. Since sampling
variability is only one source of variability in the survey, these values should
underestimate the total variability in the survey. However, since each assess-
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ment makes use of multiple surveys, the total variability in the survey should
overestimate the total variability in the assessment. Since these two errors are of
opposite direction, and since no objective estimate of total variability in the
stock assessment is available, the survey CV estimates were used here as the
best available proxies.

Appendix C
Notes on objective functions

The six objective functions used in this study were expected average yield
 EAY!, expected log average yield  ELAY!, expected stationary yield  ESY!,
expected log stattonary yield  ELSY!, expected discounted yield  EDY!, and
expected log discounted yield  ELDY!. As described in the main text, average
denotes the average with respect to the set of all 50 years simulated in a given
iteration, expected denotes the average with respect to the set of all 100 itera-
tions simulated under a given value of F*, and stationary denotes the average
with respect to the final 10 years simulated in a given iteration.

The six objective functions can be thought of as a factorial design encom-
passing three methods of approaching the time-value of yield  represented by
average yield, stationary yield, and discounted yield!, and two levels of risk
aversion  the logarithmic objective functions having a relative risk aversion of
1, and the linear objective functions having a relative risk aversion of 0!. The
most general method of approaching the time-value of yield is the discounted
approach, which is applicable under any discount rate and time horizon.
Average yield and stationary yield correspond to two complementary ap-
proaches for the special case in which the discount rate is zero: Average yield
corresponds to the approach where the time horizon is finite, whereas station-
ary yield corresponds to the approach where the time horizon is infinite. As the
time horizon becomes large, average yield and stationary yield converge.

In structuring the three logarithmic objective functions, it is necessary to
detertnine which quantity to log; that is, to determine the units of the objective
function. Here it was assumed that the units were average yield, stationary
yield, or discounted yield. Alternatively, it could have been assumed that yield
itself was the appropriate unit, in which case the three logarithmic objective
functions would have been expected average log yield  EALY!; expected sta-
tionary log yield  ESLY!; and expected discounted log yield  EDLY!, as opposed
to ELAY, ELSY, and ELDY, respectively.

One characteristic of the approach used here is that it is less sensitive to the
possibility of extinction. In the alternative approach, a single incidence of
extinction would cause the objective function to go to negative infinity. In other
words, a fishing mortality rate under which I /o of the iterations resulted in
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extinction would be no more preferred than a fishing mortality rate under
which 100 /o of the iterations resulted in extinction. On the other hand, m the
approach used here, only the ELSY function would display such sensitivity; in
contrast, every iteration would have to result in immediate extinction  before a
single fish is caught! in order for either the ELAY or ELDY functions to go to
negative infinity.

In general, it is not obvious which alternative  logging the operator or
operating on the Iog! is preferable. For example, in the case of ELAY versus
EALY, both alternatives involve taking the logarithm of some form of average
yield; ELAY involves taking the log of yield averaged over the time horizon,
while EALY involves taking the log of geld averaged over a single year  note
that yield in this model varies continuously over time!. It probably is no more
possible to determine the right time period over which to average than it is to
determine the right time horizon,

It also should be noted that taking the expectation of log average yield, log
stationary yield, or log discounted yield is very different from taking the log of
expected average yield, expected stationary yield, or expected discounted yield.
For example, given that average yield is the appropriate unit of measure, the
fishing mortality rate that maximizes ELAY will differ from the rate that maxi-
mizes EAY to the extent dictated by the underlying differences in risk aversion,
However, the fishing mortality rate that maximizes the logarithm of EAY always
will be identical to the rate that maximizes EAY itself.
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The Effect of Recruitment Variability
on the Choice of a Target Level
of Spawning Biomass Per Recruit

William G. Clark

International Pacific Halibut Commission
Seattle, Washington

Abstract

Introduction

Most of the scientific quota recommendations for Alaska groundfish are deter-
mined by applying fixed exploitation rates to estimates of exploitable biomass.
If perfect information were available; if a stock were in good condition; and if
there were no other factors  e.g,, marine mammal considerations! requiring
restraint, the exploitation rate corresponding to FMsr would be used.  FMS� is
defined here as the instantaneous full-recruitment rate of fishing mortality that

Proceedings of the International Symposium on Management Strategies for Exploited Fish Populations,
Alaska Sea Grant College Program, AK-SG-93-02, 1993.

Deterministic computations with a range of spawner-recruit curves and
groundfish life history parameters have shown that a high average yield virtu-
ally can be assured by applying the fishing mortality rate that reduces spawning
biomass per recruit to 35'fo of the unfished level  denoted F35~!. Stochastic
trials reported here indicate that the presence of random variation in recruit-
ment calls for a slightly higher target level of spawning biomass per recruit�
around 40o/o � especially if the recruitment deviations have a high serial correla-
tion. The year-to-year variability of peld is hardly affected by the target level of
spawning biomass per recruit, but the frequency of episodes of low spawning
biomass � if defined as less than 20o/o of the unfished level � may be reduced
substantially by fishing at F<z> rather than F35+ even though there is only a
small difference in average spawning biomass between F35,> and F~o+.
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provides the maximum average yield in the long-term when applied continu-
ously.! The ideal procedure rarely is used in practice because information is far
from perfect for most stocks; therefore, a reliable estimate of FMsr is not
available. Instead, some surrogate for FMs>, has been used, such as Fo t or F = M.
 Fz, is the rate of fishing mortality at which the marginal yield per recruit is
10'yo of the unfished marginal yield per recruit, and F = M is the instantaneous
rate of natural mortality.! These rates are calculated from the stock's life history
parameters, meaning the age-specific schedules of growth, natural mortality,
maturity, and fishery selectivity.

The intent in using a surrogate exploitation rate is to achieve the same
practical effect as fishing at the FMsr level: a yield close to MSY and a low
probability ol' reducing the stock to dangerously low levels. But because the
value of FMs Y is determined by unknown density dependent mechanisms, while
the surrogate rates are determined entirely by life history parameters, there is
no a priori assurance that any of the customary surrogates will be effective.

A previous paper  Clark 1991! investigated the possibility choosing a surro-
gate rate solely on the basis of life history parameters that could be expected to
provide a yield close to MSY. The approach was to consider a range of life
history parameters centered on the values typical of North Pacific and North
Atlanttc groundfish stocks  Figure la! and a set of spawner-recruit curves of
both the Beverton-Holt and Ricker forms that spanned a range of density
dependence approximating the range observed in well-studied groundfish
stocks  Figure 1b!. Deterministic yield computations over the range of life
history parameter values and spawner-recruit curves showed that a robust
strategy was to apply the fishing mortality rate that reduced spawning biomass
per recruit to about 35'/o of the unfished value  denoted F~s+!. The range of
opttmum values among all the cases considered was about 33'/o to 39 /o. This
strategy assured that the yield would be at least 75'%%d of MSY, and would be
higher if the true spawner-recruit curve was one of the intermediate forms
rather than one of the extreme forms  Figure 2!.

The results also showed that F35+ was very close to Fp > and slightly higher
than F = M in most cases. The exceptional cases were life histories where the
schedules of sexual maturity and recruitment to the fishery did not cotncide.
Where fish recruited to the fishery before reaching maturity, Fp g was far too
high for some of the spawner-recruit curves. Where fish matured before recruit-
ing to the fishery, Fp >  and more so F = M! was too low for some spawner-
recruit curves. The conclusion was that while F35+ and Fo > were often nearly
equal, F35+ was generally preferable because it would maintain the proper level
of spawning biomass per recruit for any combination of maturity and recruit-
ment schedules. On the basis of these results, Fzs< has been adopted as a target
fishing mortality rate in making quota recommendations for a number of stocks
in Alaska and on the Pacific coast of the United States.
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Figure lb. The range of spawner-recruit relationships used in the computations.
Beverton-Holt curves are shown as solid hnes, Ricker curves as broken
lines. Both spawning biomass and recruitment are shown as proportions
of the deterministic unfished levels.
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Figure 1 a. Life history schedules typical of groundfish stocks.
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Figure 2. Deterministic relative yield i'proportion of deterministic MSY! as a function of
relative spawning biomass per recrui t  proportion of the unfished level!, for a
>ange of spawner-recruit relationships. Beverton-Holt curves are shown as
solid lines, Richer curves as broken lines.

Other authors have been concerned primarily with the level of spawning
biomass per recruit corresponding to the maximum rate of fishing mortality
that a stock can sustain  without being driven to extinction!. Goodyear �993!
reviewed work on this question in the 1970s that was prompted by the
mortality of juvenile fish in power plant cooling systems. Shepherd �982!
pointed out that a stock will be driven to extinction if spawning biomass per
recruit is reduced below a level equal to the reciprocal of the slope of the
spawner-recruit curve at the origin. Sissenwine and Shepherd �987! called the
corresponding level of fishing mortality F� for replacement! and advocated its
use in defining overfishing, as U.S. regional fishery management councils are
required to do. Mace and Sissenwine �993! compiled spawner-recruit data on
a large number of marine stocks and estimated minimum sustainable levels of
spawning biomass per recruit, arriving at a recommendation of 20-30 /o of the
unfished level to avoid overfishing stocks where the spawner-recruit relation-
ship is unknown. Thompson �993! recommended 30 /o of the unfished level
as appropriate in cases where the spawner-recruit relationship was inflected
 i.e., depensatory!, and this is the working definition of overfishing at present
for most Alaska groundfish stocks.
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There remains considerable scope for discussion about both optimal target
levels and minimum sustainable levels of spawning biomass per recruit, includ-
ing such tssues as what range of density dependence to allow for in the
spawner-recruit relationships considered and what forms of spawner-recruit
relationships to entertain.  For example, if only Beverton-Holt curves had been
considered in the author's previous paper, the optimal level would have turned
out to be around 45'/o rather than 35'/o.! This paper considers two questions
relating to the choice of a target level of spawning biomass per recruit:

1. The recommendation of 35'/0 as a target resulted from deterministic yield
computations. Would the same recornmendat.ion resuh from trials that include
a large random variation in recruitment of the sort normally seen m groundfish
stocks?

2. The previous study  Clark 1991! showed 35% to be the best target level in
terms of average yield, but yield is not the only consideration in choosing a
good exploitation rate. Large year-to-year changes in quota recommendations
are disturbing to managers, and declines in stock biomass to levels regarded as
low are disturbing to bot.h biologists and managers. With these concerns in
mind, is it possible to achieve substantial reductions in the variability of yield
and the frequency of low biomass levels without sacrificing very much yield by
choosing a somewhat higher target level of spawning biomass per recruit?

Methods

The general approach was to use the same typical groundfish life history
parameters and the same set of spawner-recruit curves as in the previous paper,
and to calculate the consequences of fishing at rates ranging from Fsz+ up to
Fzo% when recruitment is allowed to vary randomly and widely from year to
year. The calculations were not repeated for the range of life history parameters
considered in Clark �991!, because it was shown there that altering the life
history parameters had only a minor effect on the location of the optimal level
of spawning biomass per recruit.

The typical groundfish life history parameters  Figure Ia! consisted of an
instantaneous natural mortality rate  M! and von Bertalanffy growth parameter
 K!, both equal to 0.2, and coincident age-specific schedules of selectivity and
sexual maturity described by a logistic with a value of 50 /o at age 5 and 90% at
age 7. The spawner-recruit curves were chosen so that according to the least
resilient curves, the stock would be driven to extinction by a fishing mortality
rate of about 0.4  twice M!, and according to the most resilient curves, they
could sustain a fishing mortality rate of 1.4 indefinitely. It was argued in the
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previous paper  Clark 1991! that this range of density dependence covers the
bulk of the range that occurs in nature.

Recruitment variability was represented by a lognormal multiplicative error,
the logarithm of the error having mean zero and standard deviation 0' = 0.6.
This implies a difference on the order of 10:1 between the strongest and
weakest year-classes in 20 years of observations, which is a somewhat larger
variation than is observed in most Alaska stocks  North Pacific Fishery Manage-
ment Council 1992!. A set of artificial data is plotted in Figure 3.

To generate the random recruitments, the spawner-recruit function was
scaled down by exp  � cr /2! so that the expectation of the stochastic form would
be equal to the value of the deterministic form. A single sequence of normal
deviates  d,! was used in every trial. This sequence was drawn from a random
number generator and then recentered and rescaled to assure the proper mean
and variance.

Year-class strengths appear to be serially correlated for many groundfish
stocks  e.g., Koslow et al. 1987!. That is, there appear to be runs of good and
poor year-classes rather than a purely random sequence. Figure l shows
artificial sequences of equal variance that differ in the degree of serial correla-
tion. The sequence with correlation coefficient zero  independent deviations!
looks like white noise. At higher levels of correlation, the sequences still look
like noise, but with lower frequencies. At a correlation of 0.9, the sequence
contains the persistent highs and lows seen in some groundfish recruitment
data.

Each set of trials was performed first with independent.  uncorrelated!
random recruitment deviations and then with recruitment deviations that had a
serial correlation of 0.9. For the purely random trials. the sequence of deviates
 d,! described above was used directly. For the trials with serial correlation
coefficient p = 0.9, a sequence of correlated values  c,! was generated with the
recursive equation:

c, = pxc,,+C1,x%1 � p

which produces the desired serial correlation p while preserving the overall
variance 0'z.

Stochastic trials were performed with the typical life history parameters for
the six spawner-recruit relationships and the fishing mortality rates corre-
sponding to target levels of spawning biomass per recruit ranging from 209o to
50 /o of the unfished level. Each trial consisted of initializing stock size and age
composition to the deterministic equilibrium corresponding to the given
spawner-recruit relationship and fishing mortality rate, and then simulating
100 years of fishing at that rate with the calculated recruitments multiplied by
one of the error sequences described above  independent or correlated!.
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Figure 3. Artificial spawner-recruit data generated with an underlying Beverton-
Holt relationship and a multi plicative lognormal error. The logarithm of
the error term has mean zero and standard deviation 0.6.

Correlation coefficient

1.0

0.8

0.6

0.4

0.2

0.0

-0.2

200
Years

15010050

Figure + Artificial series of recruitment residuals with equal variances andincreasing
levels of serial correlation. The vertical axis shows the serial correlation
coefficient of each series; the values plotted are deviations from a long-term
mean  the horizontal 1ine! on an arbitrary scale.



Clark ~ Spawning Biomass per Recruit240

Results

Each trial produced a distribution of results for quantities of interest such as
average yield, yield variability, average spawning biomass, and the frequency of
occurrence of specified levels of spawning biomass. The matn features are as
follows:

Average yield

Yield variability

Yield variability is about the same for all levels of spawning biomass per recruit
above about 30'/0  Figures 6a and 6b!. It is high with random recruitment
variation  coefficient of variation 30-40/o! and very high with serially corre-
lated recruitment variation  coefficient of variation 60-8090!.

Average spawning biomass

Average spawning biomass increases moderately with spawning biomass per
recruit for either kind of recruitment variation  Figures 7a and 7b!, but for most
spawner-recruit curves it is, on average, only 10-30'/o of the unfished level for
fishing mortality rates between F35+ and F~s+.

Frequency of low spawning biomass

Rightly or wrongly, levels of spawning biomass below 20'/o of the unfished level
are regarded as unsafe or at least worrisome by many people. By this standard,

With purely random recruitment variation, average yield varies with spawning
biomass per recruit in much the same way as in the deterministic results
reported in the previous study.  Figure 5a shows relative yield, meaning average
yield as a proportion of the deterministic MSY, plotted against relative spawning
biomass per recruit, meaning relative to the unfished level.! For each spawner-
recruit curve, the entire deterministic MSY is, in fact, achieved at some fishing
mortality rate, and a large fraction of MSY can be taken with any of the spawner-
recruit curves at the fishing mortality rate that reduces spawning biomass per
recruit to about 35'/o of the unfished value The location of the optimum differs
slightly from the previous study, however; the deterministic optimum is 36yo
for the typical life history parameters, while the stochastic optimum is 38'Yo.

With serially correlated recruitment variation, the results are quite differ-
ent  Figure 5b!. Only about 90 /0 at best of the deterministic MSY ts taken at any
fishing mortality rate. The optimal level of spawning biomass per recruit is
about 42'/o, and fishing at the corresponding level of fishing mortality guaran-
tees only about 60'/o of the deterministic MSY  compared with 75'%%d in the
deterministic case!.
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Figure 5a. Mean stochastic relative yield  mean proportion of determinis-
tic MSY! as a function of relative spawning biomass per recruit
 proportion of the unfished level!, for a range of spawner-re-
cruit relationships. Beverton-Holt curves are shown as solid lines,
Richer curves as broken hnes. Recruitment residuais were gen-
erated with a lognormal multiplicative error. The loganthm of
the error term had mean zero, standard deviation 0.6, and se-
rial correlation coefficient zero.
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Figure 5b. Same as Figure 5a, except that the logarithm of the multi phcative
recruitment residuals had a serial correlation coeffinent of 0.9.
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Figure 6b Same as Figure 6a, except that the logarithm of the multi plicative recruit-
ment residuals had a serial correlation coeffinent of 0.9.

Figure 6a. Same as Figure Sa  variable recruitment with uncorrelated residuals!, except
that the dependent variable ploued is the coefficient of variation of yield.
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Figure 7a. Same as Figure Sa  variable recruitment with uncorrelated residuals!,
except that the dependent variable plotted is mean stochastic relative
spawning biomass  mean proportion of the determmistic unfished total
spawning biomass!.
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Figure 7b. Same as Figure 7a, except that the logarithm of the multiplicative recruit-
ment residuals had a serial correlation coefficient of 0.9
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fishing at F»% entails frequent worries under the operation of half of the
spawner-recruit curves when recruitment variation is uncorrelated, while fish-
ing at a rate of Fqo> or lower avoids the problem entirely for all but one of the
spawner-recruit curves  Figure 8a!. When recruitment variation is correlated,
the prospects are not hopeful  Figure 8b!; spawning biomass will often decline
below 20% for most spawner-recruit curves and any fishing mortality rate
between F3>< and Fqs+.

As shown in Figures 7a and 7b, there is only a small difference between the
average relative spawning biomass levels corresponding to F»+ and Fqo<, but
because both are near 20% of the unfished level, the 20% reference point
produces the illusion of a large difference. This demonstrates t.he importance,
when considering the effect of alternative exploitation rates on spawning bio-
mass, of examining the actual means  or distributions! of the spawning biomass
levels, and not just the probability of falling below a particular reference point.

Discussion and Conclusions

For the levels of recruitment variability considered here, which are similar to
those observed in Alaska groundfish stocks, it appears that the optimal target
levels of relative spawning biomass per recruit � optimal in the sense of obtain-
ing the largest assured proportion of MSY � are clustered around 40%, whereas
in deterministic computations they were clustered around 35%. This suggests
choosing Fqo> as a rule of thumb  as also recommended by Mace 1994!, but
there are enough differences among particular cases that it would be silly to
argue very hard for or against any specific rate between F35+ and Fqs~.

On the other hand, the results do provide a good case for keeping spawning
biomass per recruit in the 35-45% range, lacking a good estimate of the true
spawner-recruit relationship. Fishing at rates above F35+ runs the risk of fishing
less resilient stocks down to very low levels  and low yields!. Fishing at rates
below Fqs+ carries the risk of forgoing yield from more resilient stocks, at a rate
of about 1.5% of MSY for each percentage point increase in spawning biomass
per recruit.

Until recently, most quota recommendations for Alaska groundfish were
based on Fp j and F = M, and these rates are still used elsewhere. For the typical
groundfish life history parameters, F p t corresponds approximately to F35+ and
F = M to Fqz+. In most cases, therefore, these rates probably are quite sensible in
light of the results presented here. In cases where selectivity and mortality
schedules differ, however, either Fp t ol F M can fall outside the range
recommended here. In those cases, it would be wise to consider changing the
exploitation rate in order to achieve a better level of spawning biomass per
recruit.
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Figure 8b. Same as Figure 8a, except that the logarithm of the multiplicative
recruitment residuals had a serial correlation of 0.9.

Figure 8a. Same as Figure 5a  variable recruitment with uncorrelated residuals1,
except that the dependent variable plotted is the proportion of years
in which total spawning biomass is less than 20% of the determimstic
unfished total spawning biomass,
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Within the recommended range of F35+ to Fq», lower fishing mortality rates
will not provide much relief from year-to-year variability in yield, but may
reduce substantially the frequency of low spawning biomass levels, if low is
defined as less than 20'/o of the unfished spawning biomass. Strong serial
correlation of recruitment deviations substantially reduces the yield obtainable
at any fixed exploitation rate and increases the incidence of low spawning
biomass levels.
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In previous studies, the performance of alternative exploitation rates for Pacific
halibut was evaluated by simulating future stock trajectories, under the as-
sumptions that errors in the estimates of exploitable biomass were independent
from year to year and had a coefficient of variation of 10'/o, as estimated by
bootstrapping catch-age analysis  CAGEAN!. Under these assumptions, the
35'/o harvesting strategy currently used by the International Pacific Halibut
Commission provided relatively high yields without forcing the stock to low,
potentially risky levels. In this paper, the validity of the assumption about
estimation errors is evaluated by applying retrospectively the current method of
stock assessment  CAGEAN, using 17 years of catch-at-age and CPUE data! to
the historical data for 1944-1990. Results show that errors in the estimates of
annual biomass may be substantially larger than indicated by the CAGEAN
bootstrapping. Furthermore, errors appear to be autocorrelated. The annual
estimates of stock abundance obtained by applying the stock assessment
method retrospectively are substantially larger overall than the corresponding
revised estimates obtained from data in subsequent years. This consistent
overestimation of biomass may result from an increasing trend in catchability.
The effects of implementing the current harvesting strategy with this pattern of
errors were explored by simulating past stock trajectories, setting the relative
errors in the estimates of biomass at the values obtained from retrospective
CAGEAN. Results indicate that the stock could have dropped to levels substan-
tially below the historical minimum.
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Introduction

The development of adequate procedures for fishenes management requires the
evaluation of alternative harvesting schemes in terms of yield produced and
risks to the population. This is commonly achieved by computing a number of
relevant parameters using Monte Carlo simulations of future stock trajectories.
Estimated risk to the population, here broadly defined as the probability that
the stock falls and remains below a specified threshold level, results from the
assumptions made about.  I! the relationships that determine future stock
productivity, and �! the departures between the target and implemented
fishing rates, due in part to errors in the estimates of stock size.

A common assumption made in the simulations is that errors in the esti-
mates of abundance are independent from year to year, While this assumption
may hold when the stock is assessed by annual surveys, it may be violated when
abundance is estimated by catch-at-age analysis. Precision of abundance esti-
mates produced by bootstrapping catch-at-age analysis may not be realistic, as
bootstrap estimates are themselves based on the assumption that residuals from
the model are independent and identically distributed  see Deriso et al. 1985
for a description of the technique!.

A peculiarity of catch-at-age methods is that. the complete time series of
estimates of stock abundance is updated every year as more data become
available for the analysis. While abundance estimates for the final years in
each data series can vary substantially in subsequent updates, estimates for
the early years tend to converge to stable values  Pope 1972!. Errors in the
abundance estimates used to set annual quotas can be assessed by compar-
ing the final-year estimate obtatned in each assessment with the corre-
sponding converged estimate based on the longest time series of data
 reference estimate!. A time series of final-year estimates can be obtained by
applying the stock assessment method retrospectively to different segments
of the data base, as if no data beyond each year were available; these initial
estimates will be referred to as retrospective estimates, following Sinclair et
al. �991!. Although reference estimates are not error free  for instance, due
to misspecification of natural mortality, aging errors, etc.!, they are in many
cases the best available estimates of historical abundance. They can be used
as such to provide some idea of the magnitude of errors that are plausible in
the annual stock assessments.

In this paper, I use the case of Pacific halibut to illustrate the value of
retrospective analysis in the evaluation of management strategies. I discuss the
results of applying catch-at-age analysis retrospectively to the historical data,
and the use of retrospecnve simulations of stock trajectories to evaluate the
performance of the management procedure currently implemented by the
International Pacific Halibut Commission  IPHC!.
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The Case of Pacific Halibut

The performance of alternative harvesting regimes for Pacific halibut and the
risks associated with them were evaluated in the past  Parma 1991! by Monte
Carlo simulation of future stock trajectories. While the simulations incorpo-
rated alternative representations of the stock dynamics which appeared consis-
tent with hrstorical information, extremely simplified assumptions were made
about errors in the estimation of stock abundance. Specifically, the value of
biomass used to determine the annual catch quota was assumed to be a
lognormal random variable with mean equal to the true  simulated! exploitable
biomass and coefficient of variation  CV! of 10/o. The choice of a lognormal
distribution with a CV of 10% was based on the distribution of bootstrap
estimates of biomass produced by catch-at-age analysis in the stock assessment
of 1990. Measurement errors were assumed to be independent from one year to
the next; as a result, their long-term effect on the performance of the harvesting
policy implemented in the simulations was minimal because errors tended to
compensate over time.

The actual history of stock evaluations at IPHC appears to contradict the
assumptions made in that analysis. The estimates of exploitable biomass used
to set recommended catch levels have been obtained annually using catch-at-
age analysis. Each year, not only has the current stock biomass been estimated,
but the biomass estimates for all past years have been updated. The most recent
estimates of biomass have changed substantially over the first few years and
then have stabilized after about 8 to 10 years. Analysis of past records shows
that the estimates of biomass used to set annual quotas have been substantially
larger overall than the corresponding revised estimates obtained from data in
successive years  McCaughran 1992!. This has been the case whether the stock
was increasing or decreasing. While some of the variability among successive
revised estimates is intrinsically due to the yearly expansion of the data series,
substantial modifications in the stock-assessment procedures also have taken
place, which must account for some of the changes. In order to separate the
effects of changes in methodology from those due to changes in the data base,
the current. method of catch-at-age analysis is applied retrospectively in this
study. The goal of the analysis is to �! characterize the historical patterns of
variability of the abundance estimates caused by shifts in the window of years
used in the annual assessments, and �! compare the magnitude of estimation
errors indicated by bootstrap with the magnitude of errors that are apparent
when annual estimates of biomass are compared to the reference estimates
based on longest data series.

In a second part of the study, the 359o harvest rate policy currently in use by
the IPHC is applied retrospectively to assess its performance under more
realistic assumptions about measurement errors. The specific question ad-
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Using retrospective simulations to evaluate the
current harvesting strategy followed by IPHC

Starting in 1987, recommended total allowable catches have been established
using a constant harvest rate of 35'/o of the estimated exploitable biomass.
Short- and long-term performance of this policy, in terms of yield and risks to
the stock, was evaluated in a previous study  Parma 1991! by simulating stock
trajectories 200 years tnto the future. In the present analysis, the 35 /o harvest-

ment fishing mortalities, the initial abundance of each cohort in the catch-at-
age matrix, a catchability coefficient, and a vector of age-specific selectivities.
Selectivities for ages 15 and above are fixed to one, and the coefficient of natural
mortality is set to 0.2.

In this study, minor differences with respect to the procedure currently in
use for the stock assessment are dictated by the availability of historical data:
All regulatory areas are combined into a single assessment instead of runmng a
separate assessment for each area, and catch-at-age data for ages 8-20 are not
pooled  ages 17 and older are pooled in standard CAGEAN runs!. Exploitable
biomass is computed as a function of the abundance estimates using a fixed
schedule of age-specific selectivities. The same fixed values of selectivities,
which were estimated in the stock assessment of 1985  Quinn et al. 1985!, are
used every year to compute exploitable biomass, so that changes in the esti-
mates reflect only changes in abundance.

CAGEAN can break the time series of data into two or three blocks and
estimate one catchability coefficient and/or set of age-selectivity parameters for
each block of years. Since a change in the legal size limit took place in 1974,
two groups of selectivity and catchability parameters are estimated in the
assessments 1976 through 1985, all of which include the change in regulation;
a single set of parameters is estimated otherwise. The assessments for 1986
through 1990 are all done using only data from 1974 and on, The standard
deviations  SD! and bias of the estimates of exploitable biomass are estimated
by bootstrap �00 replicates! for a number of selected assessments.

The best estimate of each year's exploitable biomass  reference estimate! is
considered to be the one based on the most complete data series, from 1944 to
1990. This is used as a standard for comparison. For this CAGEAN run,
separate selectivity and catchability parameters are estimated for three groups
of years �944-1958, 1959-1973, and 1974.-1990!. In addition to CAGEAN,
virtual population analysis  VPA! is applied to the complete data series, setting
final fishing mortalities at the values estimated by CAGEAN. This is done in
order to obtain reference estimates of biomass that are less dependent on CPUE.
In addition, VPA results are used to examine trends in fishing mortality with
respect to age, which indicate that the assumption that selectivity is constant for
ages 15 and above  made in CAGEAN! is adequate.
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N a,t! = [N a � 1,t � 1!e " � C a � 1,t � l!]e " for a = 9,...,19

N�0,t! = [N�9,t � 1!e " � C�9,t � 1!

+N�0,t � 1!e " � C�0,t � 1!]e 00'"

where M = 0.2 is the coefficient of natural mortality and C a,t! is catch-at-age in
numbers. The last age category is a pool of ages 20 and older. This formulation
was used instead of the usual catch equation because catch is explicitly repre-
sented here, which makes it easier to implement different harvest policies. The
estimates of abundance at age produced by the complete CAGEAN run are used
to initialize each cohort in the simulation  i.e., to set N 8,t! and N a, 1!, where l
corresponds to the first year!.

Total catch removals are determined as 35'io of the estimated exploitable
biomass. Following the procedure used by IPHC to set quota recommenda-
tions, estimates of bycatch for the previous year are deducted from each year' s
total allowable removal. The series of estimates of recruitment and bycatch
used in the simulations are shown in Figure 6. Simulated catch in numbers by
age are computed by partitioning the resulting catch in biomass Y, among age
classes according to their relative abundance in the exploitable stock. That is,

N a, t!w a,t!s a!
C a,t!w a,t! = Y,

g',:, N9i, t! w i, t!s i!

where w a,t! is mean weight-at-age a and year t in the exploitable  recruited!
segment of the stock, and s a! is selectivity of fish of age a. Age selectivities and
mean weights-at-age are set at the values used in the IPHC annual stock
assessment to compute exploitable biomass.

Four different assumptions about measurement errors are made:

ing strategy is applied retrospectively instead, while holding fixed the series of
recruitments at their estimated values. The approach assumes that recruitments
would not have changed in response to the change in harvesting strategy. This
assumption may be somewhat optimistic in that it neglects the possibility of a
drop in recruitment in response to a decrease in spawning biomass.

A standard deterministic age-structure model is used to simulate past popu-
lation trajectories. The fishing season is assumed to be short and to take place
after the middle of the year, exactly at 0.6 of the year. This value is used in place
of the usual 0.5 because preliminary simulation runs of the model showed that
it provided a better approximation of the trajectories generated by CAGEAN,
which are based on the catch equation. Abundance N a,t! by age a and year t is
propagated using the recursive equation
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1. Perfect knowledge: Exploitable biomass B, is known without error, so that

Y, =0.35B, � I

where I,, is halibut bycatch in year t � 1.

Y 0 3SB >E 1 I

where

E, = e ' ", o' = 0.198

and Z, is a normal random variable with mean 0 and variance 1. It should be
noticed that the catch in year t is determined as 35% of the biomass estimated
in year t � 1, which introduces a one-year lag in the process. This lag is incorpo-
rated in order to mimic the actual procedure currently used by IPHC to
establish quota recommendations.

3. Biomass projection and independent random errors: Estimated exploitable
biomass in year t is a one-step projection from the abundance estimates of year
t � 1. Recruitment and weights at age in year t are set equal to their respective
estimated values in year t � 1; abundance estimates are assumed to be lognor-
mally distributed random variables, so that

208, = g iN i,t � 1!E,,e. " � C i,t � 1!ie ' s�+1!w i+1,t � 1!
i=8

+N 8 t 1!E ss 8!w 8 t 1!
where the same error factor E�defined as in �!, is applied to all age classes
simply to assure that the error in the estimate of biomass in year t � 1 is
consistent with that of the preceding case. This assumption is implemented in
order to assess the effects of the one-year lag present in the actual procedure
used by IPHC, by contrasting cases �! and �!. These two cases involve
random errors, so the runs were replicated 500 times.

W. One-year lag and errors set at historical levels: Estimated exploitable biom-
ass in year t is set equal to the true exploitable biomass in year t-I multiplied by
a fixed error factor Ee Here, the E,'s are set equal to I plus the actual relative
errors from the retrospective assessments of the stock. The idea behind this is

2. One-year lag and independent random errors: Estimated exploitable biom-
ass in year t is a lognormally distributed random variable with mean equal to
the true  simulated! exploitable biomass in year t � I, and CV = 0.20. The catch
is then
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that the simulated relative errors match the historical errors, even though the
population follows a different trajectory due to the change in harvesting regime.

The three harvesting strategies are applied retrospectively for the period
from 1964 to 1990; initial conditions in the simulations correspond to a time
when the stock was declining. The period 1960-1963 is excluded because
bycatch was abnormally high during those years.

Prior to evaluating the 35'/o harvest rate, the simple deterministic simulation
explained above was run as a check using as input the actual historical values of
total catch. Projected trajectories of exploitable biomass tracked closely those
estimated by CAGEAN, even though selectivity patterns  and therefore the
partition of total catch among ages! have changed through time.

Results

Historical errors in abundance estimates

The long-term series of estimates of exploitable biomass produced by CAGEAN
and VPA are similar, and they tend to follow the trends in CPUE  Figure 1!.
Departures between CPUE and biomass estimates, although they look relatively
minor, have a strong effect on the pattern of errors made in the initial estimates
of biomass, as we shall see later.

The retrospective estimates of biomass produced by the successive applica-
tions of CAGEAN are shown in Figure 2. The estimates for the early years of
each 17-year series converge to the reference estimates, based on data for 1944-
1990. The estimates for the later years in each retrospective assessment gener-
ally are larger than the corresponding reference estimates. This also is shown in
the top panel of Figure 3, where the final retrospective estimate in each series
 dotted line! and the reference estimates  solid line! are contrasted. The sign of
the errors reverses over the last few years.

The same pattern of errors, but with opposite sign, occurs with estimates of
full-recruit. ment fishing mortality  Figure 3, bottom panel!. Retrospective esti-
mates of fishing mortality up to around 1983 are lower than the reference
estimates. The sensitivity analyses conducted using a value of 1 = 5  instead of
iL = 0.5! indicate that increasing the weight of the effort data in the estimation
results in even larger deviations.

The lack of consistency between retrospective and reference estimates ap-
pears to result from trends in catchability and/or age-specific selectivity. Figure
4 shows the series of estimates of catchability produced by CAGEAN in each
retrospective assessment. Each estimate corresponds to the 17-year period
preceding the year of the assessment  i.e., the year on the x-axis!, except in
years 1975 through 1985, where it corresponds to the period from 1974 to the
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year of the assessment. While estimates of catchability were stable from 1960
until the mid 1970s, a gradual increase in estimated selectivtties took place over
that period. After 1975, there was an increasing trend in estimated
catchabilities, which reversed over the last few assessments. These trends
caused the estimates of fishing mortalities to be adjusted upward or downward
in successive assessments.

Actual year-specific estimates of catchability  Figure 5! obtained by dividing
CPUE by exploitable biomass are now examined to further understand
catchability changes. A problem with this new calculation is that biomass
estimates are themselves a function of CPUE. Consequently, the variability in
the resulting series of catchabilities depends on how much weight the effort
data have been given in the estimation. A similar trend in catchability is
obtained, however, when the sum of squares corresponding to the effort data is
given a weight of i1 = 5 instead of iL = 0.5. Three different estimates of
exploitable biomass are used for the computation: one from VPA  which is run
using final fishing mortalities estimated by CAGEAN!; a second from CAGEAN,
both of them using the schedule of fixed selectivities commonly used in the
stock assessment; and a third from CAGEAN but using the actual estimated
selectivities  assuming the three blocks of years of constant selectivity!. The
advantage of using VPA estimates is that they are less dependent on CPUE. On
the other hand, using estimated selectivities is more appropriate, as we expect
CPUE to be proportional to actual exploitable biomass, which changes when
selectivity changes. Incidentally, the pattern indicated by the third method is
equivalent to the pattern of effort residuals, but with opposite signs.

Trends in catchability estimated using VPA and CAGEAN biomasses are
similar when fixed selectivities are used  Figure 5!. Differences due to shifts in
selectivity  dashed line! are substantial, so the third method should be used to
interpret trends in CAGEAN estimates of catchability. Major changes in
catchability appear to have taken place; overall, there is an increasing trend,
which also ts present in the estimates given by CAGEAN when the data for
1900-1990 are broken into three periods  the three estimates are shown by the
horizontal lines in Figure 5!.

Year-to-year changes in catchability affect the retrospective estimates in a
non-straightforward manner. For example, an abrupt increase in catchability
from 1979 to 1980 shifted the series of biomass estimates upward, which in
turn resulted in a drop in the estimate of catchabslity produced in 1980  Figure
0!. The decrease in catchability affecting the last estimates appears to have
started about 1983.

A result that may be counterintuitive at first sight is that biomass estimates
around 1975 are still high compared to the reference estimates. despite the low
catchability in that period. This is because the time series is broken into two
segments in 197%, and two separate catchability coefficients are estimated. The
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Figure1. Coast-wide estimates of exploitable biomass of Pacific halibut produced by
CAGEAN and VPA, together with CPUE series.
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Figure 2. Retrospective estimates of exploitable biomass of Pacific halibut, each based on
1 7 years of data, together with the corresponding revised estimates based on data
for 1990-1990.
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Figure 3. Departures between annual retrospective estimates of exploitable biomass and full-
recruitment fishing mortali ty  each based on l 7 years of data!, and the corresponding
revised estimates based on data for l 944-1990  i.e., reference estimates!.
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Figure 4. Estimates of catchability produced by CAGEANin successive retrospective
assessmenis.
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Figure 5. Trends in catchability obtained by dividing CPUE by exploitable biomass,
estimated by VPA and CAGEAN. The horizontal lines show the three levels
of catchabtlity estimated by CAGEAN using data for l 944-1990.
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second segment of the series is too short to influence the final biomass esti-
mates in assessments 1975 through 1977.

It is important to note at this point that apparent trends in catchability may
in part result from measurement errors. Data used in this analysis are the same
used for the stock assessment of 1990. A number of modifications introduced
recently  Sullivan et al. 1992! would affect some trends. Of major importance
are corrections to the mean weights-at-age, and some adjustments to the effort
data from 1981 and after. Some limited runs were conducted using the new
data, but the general pattern in the retrospective analysis was unaffected. In
particular, the abrupt increase of catchability in 1980 was still present.

The magnitude of the departures between retrospective and reference esti-
mates of exploitable biomass is measured as the square root of the mean
squared error  MSE! in logarithmic scale. That is,

[1n B, ! � 1n B�!]'
MSE =

where B> denotes the final retrospective estimate of biomass in each 17-year
series, and BY is the corresponding reference estimate. This measure is chosen
because, if errors were multiplicative and lognormally distributed with mean 1,
MSE would be close to the coefficient of variation of the error. A value of
MSE = 0.24 is obtained when the estimates for years 1960-1989 are used, and a
slightly larger value  MSE = 0.27! when the last 10 estimates  which still may
have not converged! are excluded. These values are considerably larger than the
errors indicated by bootstrapping. The mean of bootstrap estimates generally
was slightly higher than the point estimate; this positive bias was, however,
very small  less than 3'/o!. Coefficients of variation estimated by bootstrap
commonly range from 10-15'/o, when a single catchability coefficient is esti-
mated for the 17-year period covered by the assessment. Larger values  close to
20'/o! are obtained when two catchability coefficients are estimated. The fact
that errors may be underestimated by bootstrapping is not surprising, because
estimates are based on assuming that residuals are independent and identically
distributed, while differences between retrospective and reference estimates are
a result of trends and autocorrelation of residuals. In addition, bootstrap
variances are influenced by trends affecting only the 17 years of data used m
each assessment; differences between retrospective and reference estimates
reflect trends over longer time periods.

The results of this section indicate that the pattern of errors observed in the
actual historical estimates  see McCaughran 1992! is not an artifact resulting
from changes in assessment procedures, but actually v as caused by the differ-
ent range of years of data used in the successive assessments.
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Retrospective performance of the 35% harvesting strategy

The results of applying the current 35% harvesting strategy retrospectively
starting in 1964 are shown in Figure 6  independent errors! and Figure 7
 historical errors!. Simulated trajectories of catch in biomass, exploitable bio-
mass, and harvest fractions  catch divided by exploitable biomass! generated
under the different assumptions about estimation errors are shown together
with the corresponding historical trends.

Historical trends in abundance were driven by trends in recruitment and
exploitation rate  Figure 6!. The stock reached minimum levels around 1974
and recovered in the early 1980s following a marked increase in recruitment
and a reduction in harvest rate. A conservative harvest policy based on setting
catches at 75% of the estimated annual surplus production was applied in that
period. In 1985, after the stocks appeared to have rebuilt, the management

O
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1965 1970 1975 1980 1985 1990 1965 1970 1975 1990 1985 1990
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Figure 6. Retrospective assessment of the 35% harvest rate compared to historical trends in
yield and biomass, assummg: case �1 = no measurement error; case �! = catch set
at 359o of previous-year estimate of biomass; and case �! = catch set at 35% of
projected biomass based on previous-year estimate. Measurement errors in cases �!
and �! were independent from year to year with a CV = 0.20.
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Figure 7. Retrospective assessment of the 35% harvest rate compared to historical trends in
yield and biomass, assuming: case �! = no measurement error, and case �1 = catch
set at 35% of previousyear estimate ofbiomass, when relative errors in the estimates
were set at the values indicated by retrospective catch-age analysis, which are shown
in the panel at bottom right.

strategy was changed to a constant harvest rate. Maximum stock levels were
attained in 1986-1987, and the exploitation fraction was raised to 35% in
1987.

Biomass trajectories generated under a 35% harvesting strategy, assuming no
measurement errors, indicate that the minimum biomass level under this policy
would have been close to the historical one, but the rebuilding of the stock
would have been delayed 2 to 3 years, and the stock never would have reached
the maximum level attained in the 1980s. The simulated trajectory peaks at a
value 22% lower than the historical record. Simulated catches are higher than
historical catches during the low-abundance years, they increase following the
upturn in recruitment, and they peak in 1987 at a value that is about 10%
lower than the historical maximum. So, although the biomass trajectory gener-
ated under the 35% policy differs markedly from the historical trend, simulated
catches reach levels that are closer to the historical maximum. This is due in
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Discussion and Conclusions

Retrospective catch-at-age analysis of Pacific halibut indicates that departures
between retrospective and reference estimates of stock abundance tend to be
autocorrelated, with the stock consistently being overestimated or underesti-
mated for a series of consecutive years  the reference for the comparison being
the estimates based on the most complete data series!. Apparent. increasing
trends in catchability and/or selectivity resulted in initial estimates of biomass
being predominantly larger than the revised estimates obtained in subsequent
assessments. Simulation studies conducted by Rivard �989! showed similar
overestimation of stock abundance due to increasing trends in catchability
when the estimation was done with cohort analysis calibrated by CPUE. A
tendency of retrospective abundance estimates to exceed the reference esti-

part to the low levels of bycatch taken around 1985  Figure 6!, which allow
higher setline catches in the simulated policy.

When measurement errors are assumed to be independent and identically
distributed  cases 2 and 3!, their effect is minor relative to the level of fluctua-
tions in the historical trends  Figure 6!, This is so in spite of the relatively large
value of the coefficient of variation  CV = 0.20! used in the simulations.
Trajectories plotted in the figure correspond to the medians of 500 replicated
runs. The one-year lag in the process of setting annual catches  case 2! leads to
harvest rates that are lower than the non-lagged ones when the stock is
increasing, and higher when it is decreasing. When, instead, a projection of the
exploitable biomass is used to set quotas  case 3!, the trends are closer to those
generated in the absence of error. These effects are minor, however.

The simulated trajectories change substantially when relative errors in the
abundance estimates are set at the values estimated by retrospective catch-at-
age analysis  Figure 7!. Percent relative errors used in the simulation are shown
in the panel at. bottom right in Figure 7. The simulated exploitable biomass
drops to levels well below the historical mimmum �9'/o lower!, as quotas are
based on consistently overestimated biomass values during the low-abundance
years. Relative errors close to 40'%%d during 1970-1976 are used in the simula-
tion, which lead to harvest fractions of 0.50 and above. The simulated stock
nevertheless recovers to levels comparable to the present ones, as recruitment
trends are not modified in the simulation. The assumption that recruitment
would have stayed at historical levels in spite of the change in management
strategy may be more questionable in this case, given the substantial drop in
spawning biomass and the possibility of recruitment overfishing. Such a drop
in biomass is unprecedented, so any prediction about recruitment behavior at
those low stock levels is purely speculative.
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mates also has been observed in several other stocks assessed using different
catch-at-age methods  Sinclair et al. 1991; Anonymous 1991!. Results from an
ICES working group  Anonymous 1991! indicate that the pattern of retrospec-
tive errors is stock-specific and is independent of the catch-at-age tuning
method used. Interestingly, retrospective and reference estimates were found to
be more consistent when the assessments were conducted using the time series
model developed by Gudmundsson �987!, which allows for changes in
catchability. Several possible causes for the observed retrospective errors were
explored by Sinclair et al. �991! by means of simulations. A similar pattern,
with retrospective estimates exceeding the reference estimates, was reproduced
in cases of catch misreporting during part of the period covered by the analysis,
and by misspecification of natural mortality in the presence of a monotonic
trend in fishing mortality. Although a misspecification of the coefficient of
natural mortality cannot. be ruled out for the case of Pacific halibut, the
retrospective pattern is present during periods of both increasing and decreas-
ing fishing mortalities. The existence of trends in catchability and selectivity
appears to be a more likely cause of the observed pattern in Pacific halibut,
considering the major changes that the stock and the fishery underwent.

The results of implementing the policy currently used by IPHC in retrospec-
tive simulations of the stock trajectory indicate that the population could have
dropped to levels substantially below the historical mtnimum if the 35'!0
harvest rate had been followed since the early 1960s, with relative errors in the
estimates of biomass similar to the those indicated by retrospective catch-at-age
analysis. The 35'lo harvest policy may be more risky than indicated by previous
analyses, if the pattern of departures seen in the retrospective analysis is
representative of errors that may occur in future assessments. This is not
necessarily the case because: �! These departures are not true estimation
errors, as the reference estimates may themselves be biased; and �! Past errors
may provide too pessimistic a picture, as data quality has improved over time
following improvement in collection methods and estimation procedures. As
was noted above, apparent trends in catchability may in part reflect errors in
the data. Actual trends in catchability are, however, very likely to continue into
the future as the fishery evolves, and many of the changes, although they can be
anticipated, are difficult or impossible to correct for. The type of information
provided by regular stock surveys can be very valuable in helping to interpret
apparent changes in catchability and in providing an independent series of
abundance indexes.

The case of Pacific halibut illustrates how the assumption that measurement
errors are independent and identically distributed may result in underestima-
tion of the risk to the population entailed by the harvesting scheme being
tested. Better assessments of risks and general performance of alternative poli-
cies can be accomplished by implementing the assessment procedure applied in
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Abstract

Previous studies have shown that threshold management policies for single-
species systems are robust and close to optimal in regard to the class of all
common policies. Application of these policies to fisheries management re-
quires developing methods of threshold estimation and evaluating alternative
threshold specifications on fish population dynamics and yields. Simulated
age-structured populations were used to compare and evaluate seven threshold
estimal.ion methods for pollock and herring populations in the Eastern Bering
Sea. Parameters for these two populations were obtained from cohort analysis,
catch-at-age analysis, and catch sampling. The seven threshold estimation
methods are: default percentages of pristine biomass, Fowler's rule, May's
method, surplus production model, depensatory production model, stock-
recruit model, and spawning biomass per recruit. Passively adaptive simula-
tions were conducted in which threshold levels were updated and applied to
fisheries management each year. Influences of several factors on threshold
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estimation methods were examined. Several statistics were collected as criteria
for comparison and evaluation. It was found that the default percentages of
pnstine biomass usually performed best. Some estimation procedures often
failed, although these same methods sometimes outperformed the others. Some
methods usually resulted in high threshold levels that are favored with the
objective of maximum yield, and some did not result in reliable estimates of
thresholds given parameter uncertainties.

Introduction

Common harvest strategies include constant catch, constant harvest rate, and
fixed escapement strategies  Getz and Haight 1989!. The constant catch strat-
egy generates stable yield, but the yield level must be relatively low to sustain
the population. With the exception of some fisheries managed by international
treaties, this strategy gradually is becoming out of favor. The constant harvest
rate strategy gives a good balance between average yield and yield variation
 Walters 1986!, yet it may not be able to protect a populatton that drops to a
very low level. On the other hand, maximum yield can be obtained under the
fixed escapement policy, but the variation of yield also is largest compared to
other common strategies  Reed 1979; Getz and Haight 1989!.

A compromise between the constant harvest rate and fixed escapement
strategies is a threshold management policy in which harvesting occurs at a
constant harvest rate, but ceases when a population drops below a critical low
level  Quinn et al. 1990!. This policy not only produces a good balance
between average yield and variation in yield, but also provides a conservative
safeguard from overharvest. Computer simulation studies on Eastern Bering
Sea pollock, Theragra chalcogramma, have shown that a threshold policy always
increased average yield over that associated with the constant harvest rate
policy and, in most cases, greatly increased average yield while only slightly
increasing variation of yield  Quinn et al. 1990!. An overexploited population
was better protected and more quickly enhanced under the threshold policy
than the constant harvest rate policy  Quinn et al. 1990!. Threshold manage-
ment policies for British Columbia herring fisheries were evaluated and com-
pared w>th other alternative policies by Hall et al. �988! and Haist �990!.
Their results also indicated that setting a threshold level in a harvest policy
would have a positive effect on long-term average yield and would help safe-
guard a population from collapsing by reducing high harvest rates when its
abundance is low.

The threshold concept is relatively new in fisheries management and has
been applied primarily to species highly vulnerable to environmental variation
such as herring  Trumble and Humphreys 1985! and king and Tanner crabs



Management of Exploited Fish ~ Alaska Sea Grant 1993 269

Methods

Age-structured model

Typical age-structured single-species models were used in this study. The
models and population parameters for Eastern Bering Sea pollock and herring
were described by Quinn et al. �990! and Zheng et al. �993!. The main
differences between the pollock and herring models were that fishing mortality
and total number of eggs as a spawning index were applied to pollock, and
exploitation rate and spawning biomass as a spawning index to herring. The
recruitment for both stocks was modeled by Ricker curves and lognormally
distributed environmental noise. Population parameters of these two stocks are
summarized in Table 1.

Threshold estimation methods

We investigated seven alternative methods to estimate threshold levels, and
each method has two parameters to be estimated during simulations:

1. Default percentage of pristine biomass. Thirteen levels ranging from 0 to 60%
were examined. This method requires estimates of a pristine biomass, which is
defined as the average biomass over a long period under average environmental
conditions without fishing. Each simulated year, the parameters of a Ricker
stock-recruit model were estimated using the available data, an age-structured
model was simulated for 150 years in the absence of fishing mortality, and the

 NPFMC 1989!. As far as we know, there have been no studies to evaluate
threshold estimation methods for exploited populations. Most threshold levels
used in fisheries management are set arbitrarily. Successful application of
threshold management policy to fisheries requires developing methods of
threshold estimation and evaluating threshold levels under a given manage-
ment objective.

In this study, we compared and evaluated seven methods to estimate thresh-
old levels by using computer simulations. The parameters of simulated age-
structured populations are from Eastern Bering Sea pollock and herring, Clupea
pallasi, two of the most commercially and ecologically important species in the
northeast Pacific Ocean. In the simulations, we adopted a passively adaptive
approach similar to Hilborn �979!, in which available data were used to up-
date threshold levels, and the updated thresholds were applied to harvest man-
agement each year. Effects of measurement errors and implementation errors
on threshold estimation were investigated. Evaluation criteria included average
yield, standard deviation of yield, mean threshold levels, vartation of estimated
thresholds and spawning biomass, and percentage of years without fishing.
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Table 1. Estimates of natural mortality, maturity, fecundity, and selectivity, and
weight and stock-recruit parameters of Eastern Bering Sea pollock and
herring.

Maturity Fecundity Selectivity
Pollock Herring Pollock Pollock Herring

Natural mortality
Age Pollock Herring

Stock-recruit model

Pollock Herring
Weight  kg! model
Pollock Herring

Ricker
a = 6.7028
h = 0.0054
0' = 1.0

Ricker
a = 0.06211
b = 0.00205
cr = 0.5

W = I 537
0.221

to = � 0.827
3.353

0.5618
0.2

� 1.853
3.4044

biomasses during the last 100 years were averaged to estimate the pristine
biomass under this new set of population parameters.

2. Fowler's rule. If the approximate shape of a fish population growth curve is
known, a threshold can be established in the absence of detailed stock-recruit-
ment data because differently shaped growth curves are known to produce
well-defined quantitative differences in the dynamics of the population. The
shapes of population growth curves can be determined by the locations of their
inflection and peak points. The inflection point is an important biological
reference point at which the maximum growth rate occurs. The location of the

2 3

4 5 6 7 8 9
10
11
12
13

0.45
0.30 0.25
0.30 0.15
0.30 0.18
0.30 0.23
0.30 0.29
0.30 0.36
0.30 0.45

0.57
0.71
0.89
1. 12

0.01
0.29
0.64
0.84
0.90
0.95
0.96
0.97

0.40
0.83
0.96
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

16,200
44,100
77,900

114,000
133,000
169,000
193,000
206,000

0. 16
0.47 0.05
1.00 0.14
1.00 0.31
0.99 0.39
0.59 0.70
0.63 0.75
0.69 0.81

0.86
0.85
1.00
1.00
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inflection point can be used as a threshold level. This method is applicable to a
population with high fecundity whose stock-recruit curve peaks sharply near
the origin. Fowler �981, 1988! showed that the shapes  inflection points! of
known growth curves for fish, mammals, insects, and protozoans can be
predicted from typical production/biomass ratios for each species via an em-
pirical linear regression:

TP = a+ bled MSY/B~,�l
where TP is threshold level  percentage of pristine biomass!, Bzsr is biomass at
maximum average sustainable yield  MSy!, and a and b are parameters esti-
mated from empirical data, equal to 0.11 and � 0.074 for fish, respectively.
Because we did not use stock-recruit data for this method, we estimated
production/biomass ratio at the MSY level and pristine biomass through a
surplus production model similar to Quinn et al. �984! during simulations.
3. May's method. Thresholds can be estimated from life-history and environ-

mental parameters of a fish stock through a resource-consumer approach. This
strategy was developed by MacArthur �972! and applied to fish by Rothschild
�986!. May �980! proposed using this approach to determine a critical stock
density  B~sr! below which stock collapse is likely, and he provided an explicit
equation for this threshold in a model system based on a Beverton-Holt stock-
recruit relationship.

Let M be instantaneous natural mortality, r the intrinsic population
growth rate of a conventional logistic equation, and u the coupling coefficient
representing the effective strength of the coupling between the resource and its
consumer, then

�!

1 � v

M
V+-

r
where

It is difficult to estimate the coupling coefficient u, which relates the consump-
tion rate of a consumer to the renewable rate of its resource. We arbitrarily set u
equal to 0.45 and 0.28 for Eastern Bering Sea pollock and herring, respectively.
M is approximated as 0.3 for pollock and 0.25 for herring. Parameter r and
pristine biomass were estimated during simulations by a surplus production
model.



272 Zheng et al. ~ Threshold Estimation Methods for Exploited Fish Populations

4. Stock-recruit model. If a stock-recruitment model is known, a threshold level
can be defined in terms of the slope of the curve. Egg number or spawning
biomass corresponding to an equilibrium point on the stock-recruit curve with
slope of 10/o of the slope at the origin is used as a threshold  Sissenwine and
Shepherd 1987!. Parameters of the Ricker stock-recruit function were esti-
mated each year during simulations.

6. Surplus production model. The traditional surplus production model can be
modified to incorporate a threshold parameter that corresponds to a biomass
level below which the productivity of the population is assumed to be zero
 Quinn and Collie 1990!. The relation between equilibrium yield Y* and
biomass B« is

Y�= 4m/ B�� T B�� T � 4m/ B�� T B,� T �!

where m is MSY, T is threshold biomass, and B is pristine biomass. Equation
�! is easily transformed to a second order polynomial regression by replacing
equilibrium yield with annual surplus production  EASP! and equilibrium
biomass with annual exploitable biomass  EB!; that is,

EASP  bo + btEB  + bzEB �!

Solving equations �! and �! results in estimates of T and B�:

T= � b,+ b, � 4bb, /2b, �!

and

5. Spawning biomass  eggs! per recruit. Spawning biomass per recruit can be used
as a basis for thresholds and has been implemented in fisheries management by
ICES �984! and NEFMC �985!. Sissenwine and Shepherd �987! give an-
other option for this method. This method is more suitable for selecting a
fishing mortality when a stock-recruit function is not available  Clark 1991!. To
be compatible with other threshold methods in our simulation framework, a
biomass threshold was adopted. Before starting simulations, a spawning bio-
mass per recruit of 200/0 of the pristine value was used to compute a threshold
fishing mortahty. During simulations, a stock-recruit function was fitted each
year to estimate the equilibrium spawning biomass corresponding to the
threshold fishing mortality. This equilibrium spawning biomass was used as the
biomass threshold.
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bl <bob~ / �!

7. Depensatory production model. The traditional surplus production model can
be further modified to include a depensatory effect. The estimated biomass
level, below which the productivity of a population would be negative, can be
used as a threshold  Clark 1976!:

�!

Replacing equilibrium yield with EASP and equilibrium biomass with EB re-
sults in a polynomial regression of order 3 with an intercept equal to 0, or

EASP  = blEB + bzEB  + b~EB  8!

Threshold and pristine biomass are estimated as

T= � b,+ b, � Hbb, /2b,  9!

and

B = b, / b,T!. �0!

Simulations

Hilborn �979! gives a comprehensive description of the use of computer
simulations to test alternative management policies. We followed his approach
to simulate a fishery management process using feedback estimation and con-
trol. Figure 1 illustrates the flow diagram of computer simulations used to
compare and evaluate alternative threshold estimation methods. Two sets of
simulations were constructed. For the first set, we selected an initial condition
and a fishing period of 15 years with fishing mortalities randomly chosen from
a range of '/T FMsy to ! FMsy so that the average population biomass in year 16
was about 20 %%d of its pristine biomass during each simulation. Equal starting
biomass was necessary to compare the diagnostic statistics under different
threshold rules. Starting from year 16, FMsy was used, a threshold was esti-
mated, and the fisheries were managed according to the estimated threshold.
Each year a new data point was added to the growing database, and the
threshold was reestimated. The process continued until year 65  i.e., the
planning horizon is 50 years!. From each simulation, we compiled statistics on
average yield; standard deviation of yield; total time below the threshold level
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Next
Year

Figure 1. Flow chart of computer simulation.

 no fishing!; mean and median threshold levels; standard deviation of thresh-
olds; and variation of spawning biomass.

The second set of simulations was constructed to compare variation of
estimated thresholds over time. The simulations were the same as the first set
except that the initial fishing period was 5 years and thresholds were estimated
starting from the 6th year. The same planning horizon of 50 years was used.
The main purpose of estimating thresholds starting from the 6th year rather
than the 16th year was to examine how many years of data were required to
stabilize the estimated thresholds.

The parameters of the models, including the seeds for the random generator,
were identical for all simulations. After some test runs, 101 replicates were
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adopted for each simulation for the first set of simulations and 200 replicates for
the second set of simulations. We tested two initial population conditions, pris-
tine and overexploited. The major difference of the results was that the thresh-
olds estimated by production model methods  Fowler's rule, May's method, sur-
plus production model, and depensatory production model! during the first
several years were slightly more variable when starting with the overexploited
condition than with the pristine condition. However, when we adjusted the
initial fishing mortality so that the biomass was about 20'70 of the pristine value
in year 16, the diagnostic statistics resulting from the overexploited condition
were very similar to those obtained from the pristine condition. Therefore, we
report the only results of using pristine biomass as initial biomass.

Measurement errors have a profound effect on the estimated stock-recruit
functions and performance of fisheries management policies  Walters and
Ludwig 1981!. A lognormal distribution usually is assumed for measurement
errors  Haist 1990!. We examined alternative management policies under three
levels of measurement errors with standard deviations 0, 0.2, and 0.5 of the
corresponding lognormal dtstribution and mean 0. Implementation errors,
which are defined as the differences between the predetermined catch quota
and the actual catch, were assumed to follow normal distribution. Three levels
of implementation errors with standard deviations of 0, 0.2, and 0.5 and mean
0 were used in our simulations. To prevent extremely large errors in two ends of
the error distributions, we truncated measurement errors by their 95% confi-
dence limit.s and implementation errors by their 90 70 confidence limits. If an
error was outside its range, it was discarded and a new error was generated.

Some methods failed to estimate threshold levels because they failed to
converge for some years during simulations. If a failure occurred, the average of
past estimated threshold levels from the same method was used. If this average
was not available at the beginning of a simulation, a default threshold of 25'!o of
pristine biomass was adopted.

The same set of simulations was repeated using fixed threshold levels rather
than estimating them during simulations. These fixed thresholds were esti-
mated before simulations using the existing population data. By comparing the
results under the fixed thresholds with those under reestimated thresholds
during simulations, we were able to quantify the loss of objective function
values stemming from estimation errors of thresholds.

Optimal threshold criterion

From our simulations, we found that the standard deviation of yield was
linearly related to the variation of spawning biomass and percentage of years
without fishing. Following Quinn et al. �990!, for the sake of simplicity, we
chose a flexible objective function that is a linear combination of average yield
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Table 2. Summary of notations used in figures.

depensatory production model

Fowler's rule

lambda Q!, penalty weighting factor

May's method

measurement error

stock-recruit. model

spawning biomass per recruit

spawning biomass

surplus production model

default percentage of pristine biomass as threshold level

DepS  D!

Fowl  F!

May  A!

ME

S-R  E!

S/R  R!

SB

Surp  S!

10%-50% �-60!

and standard deviation of yield. To select the optimal threshold levels, the
objective function was maximized over the planning horizon, or

max [� � iL!Y,�� 1 SD,�] �1!

where Y,> and SD,> is the average annual yield and standard deviation under
threshold management policy "th," and iL is a penalty weighting factor.

Results

Frequency distribution of estimated thresholds

A desirable method would estimate threshold levels that are least variable and

most robust to measurement and implementation errors. Plots of frequency
distributions of estimated thresholds allow the comparisons of the variation
and robustness of each method. The estimated thresholds were quite dispersed,
especially with methods S-R, S/R, and May  see Table 2 for notation! for Eastern
Bering Sea pollock  Figure 2!.

The default percentage method had the least variation of estimated thresh-
olds with coefficient of variation values ranging from 19-25%  Figure 2!.
Higher measurement error  ME 0.5! and lower threshold levels increased the
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shown, it is 100%. See Table 2 for notation.
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variation. The distributions of thresholds with Fowler's rule and May's method
exhibited a common feature: Measurement error helped to reduce the variation
of estimated thresholds, and higher threshold levels vere associated with
smaller measurement errors. Both methods depended on the parameters esti-
mated by a conventional surplus production analysis. We were able to estimate
thresholds successfully more than 90% of the time. The stock-recruit and
spawning biomass per recruit methods produced the most variable estimates of
thresholds, especially under higher measurement errors. The majority of the
estimated thresholds were 0 with the surplus production and depensatory pro-
duction models. This is not surprising, because the models we used for the
simulations did not contain zero or negative productnrity when spawning bio-
mass was greater than zero. Implementation errors made very little difference in
the frequency distributions of thresholds estimated by all seven methods.

The frequency distributions of estimated thresholds for Eastern Bering Sea
herring were similar to those for pollock with two exceptions  Figure 3!. First,
the thresholds were much more variable and the chances of successfully esti-
mating a threshold were smaller for most methods for hernng. This might be
caused by the influence of higher environmental noise on recruitment. The
environmental noise for herring is double that for pollock. Only Fowler's rule
and May's method had similar levels of variation of thresholds to those for
pollock. Second, measurement errors increased the variation of estimated
thresholds for all methods except the stock-recruit model, spawning biomass
per recruit, and depensatory production model methods.

Average yield, SD, percentage
of no fishing, and CV of spawning biomass

A good estimation method would not only be robust. to noise, but would also
maximize geld, minimize variation of yield, stabilize spawning biomass, and
minimize the chance of closing a fishery. Figure 0 compares these statistics for
different. estimation methods. Under the method of the default percentage of
pristine biomass, maximum average yields occurred at intermediate threshold
levels for pollock. These threshold levels were reduced by measurement error.
The standard deviations of yield were similar with low threshold levels, then
increased quickly when the thresholds were beyond certain levels. For each
scenario there existed a threshold level below which the increase of the average
yield was greater than the increase in standard deviation of yield. Average yields
were slightly less and standard deviations of yield were slightly higher under
the scenarios with thresholds being reestimated during simulations than those
scenarios with fixed thresholds. For other alternative methods, average yields
and standard deviations of yield were within the range experienced by the
default percentage method: May's method had higher yield and higher standard



Management of Exploited Fish ~ Alaslta Sea Grant 1993 279

ME 0.5ME 0.2ME 0

~O0
C!

~O0
C!
CV

~O0
CO
C9

Figure 3.

0

D

1
M

CI

O U
LL

~O0
C!

~O0
C!
LA

0
LL

CC

CO

10 30 50 70 10 30 50 70 10 30 50 70

Threshold
Frequency distributions of estimated thresholds by 11 methods  levels! for Eastern
Bering Sea herring. See the caption of Figure 1 and Table 2 for explanation of the
notation.



280

ME 0.5ME 0.2ME 0

0 CO

O CO
0 20 50

Threshold

0 20 50

Figure 0

O 0 0
0

CD
C
L

C0
z

O CO
Ig

I

CB
t:

0!
O
Z
~O0

O
CO

'D

O!

C co
O
Z
0 ~O

Zheng et al. ~ Threshold Estimation Methods for Exploited Pish Populations

1.

0.

0.

0.

0.

0.
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stmulations with fixed thresholds, and dotted and short dashed lines for estimated
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deviation of yield, and Fowler's rule had relatively high yield and low standard
deviation of yield. Measurement error decreased the average yields slightly and
increased the st.andard deviations of yield greatly.

The chances ol closing down fisheries ranged from 0 to 45%, and the
coefficients of variation of spawning biomass ranged from 25-52% for pollock
among all of the estimation methods  Figure 4!. Measurement error greatly
increased these two quantities. The level of the uncertainty of biomass estima-
tion was a very important factor influencing how often a fishery would be
closed. For a given level of measurement error, a high threshold level generated
a high percentage of years of no fishing and a low coefficient of variation of
spawning biomass, Closing a fishery would increase the variation of yield, but
stabilize the spawning population. Therefore, the percentage of years of no
fishing was positively associated with the standard deviation of yield and
negatively associated with the coefficient of variation of spawning biomass
 Figure 4!. All scenarios in which thresholds were estimated iteratively during
simulations  except May's method with 0 measurement error! had lower per-
centages of years wtthout fishing and higher coefficient of variation of spawning
biomass than those under the scenarios with fixed threshold levels. In other

words, if the fixed thresholds were true, threshold levels often were underesti-
mated during simulations.

The trends and qualitative results by different threshold estimation methods
for Eastern Bering Sea herring were similar to those for pollock  Figure 4!, but
the benefits with a threshold policy were less for herring than for pollock. The
standard deviations of yield, percentages of years without fishing, and coeffi-
cients of variation of spawning biomass were much higher for herring. The
increase of average yield with a threshold was accompanied with a large
increase of standard deviation of yield and percentage of years without fishing.
Nevertheless, spawning biomass was a lot more stable when a high threshold
level was used. The influence of measurement error was less important for
herring than for pollock. Fowler's rule had a relatively high average peld, low
standard deviation of yield, and small chance of closing a fishery. May's method
overestimated the threshold level.

Optimum threshold levels

We used the objective function to rank the threshold estimation methods. The
top 10 methods or levels are illustrated in Figure 5 with three levels of
measurement error and three weighting factors. There were some losses of
objective function values with estimation error in thresholds. These losses were
less when weighting the standard deviation more heavily. As expected, heavier
weight put on the standard deviation of yield resulted in smaller optimum
threshold levels. Measurement error reduced the value of the objective function
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Variation of estimated thresholds over time

To estimate how many years of data are required to reliably estimate thresholds,
we constructed simulatrons to compare estimated thresholds and their standard
deviation as the number of years of data increased with different estimation
methods. For Eastern Bering Sea pollock, estimated thresholds gradually ap-
proached the true values, and the standard deviation generally decreased over
time with the default percentage method  Figure 6!. About 15 to 20 years were
required to obtain a reliable estimate of thresholds and to stabilize standard
deviation, shorter time being associated with high levels of thresholds. The
trends of estimated thresholds and standard deviation with the stock-recruit
and spawning biomass per recruit methods were similar under measurement
errors 0 and 0.2, and standard deviations were extremely high during the first
several years. A high level of measurement error caused large overestimation of
thresholds with the stock-recruit method, and slight underestrmation of thresh-
olds with spawning biomass per recruit method. About 15 to 20 years were

and the optimum threshold levels. These results were expected because mea-
surement error greatly reduced the justifiable fishing opportunities, especially
with a high threshold level  Figure 4!. As seen in the previous plots, measure-
ment error also affected the objective functions for pollock more than those for
herring. The objective function values of several threshold methods or levels
were close to each other, which indicated that the response surfaces were flat.

For Eastern Bering Sea pollock, the estimation methods with the best perfor-
mance were the default 35-50/o of pristine biomass and May's method with a
weighting factor of 0  maximum average yield!; the default 30-45'/o of pristine
biomass with a weighting factor of 0.2; and the default 20-35/o of pristine
biomass and Fowler's rule with a weighting factor of 0.5  equal weighting of
average yield and standard deviation of yield; Figure 5!. Low optimum thresh-
old levels are associated with high measurement errors.

Herring had slightly lower optimum threshold levels than pollock. For
Eastern Bering Sea herring with maximum yield criterion, the best methods
were the default 35-40 /o of pristine biomass and spawning biomass per recruit
method  Figure 5!. The performance of Fowler's rule was very good when
estimating the threshold, but just average using the fixed threshold. In contrast,
the performance of May's method was very good wit.h respect to the fixed
threshold value, but very poor when estimating thresholds. With a weighting
factor of 0.2, the best methods were the default 30-35/o of pristine biomass,
stock-recruit model, and Fowler's rule. With equal tradeoff criterion, the de-
fault 10-25'/0 of pristine biomass and Fowler's rule performed better than other
methods. Again, as with pollock, measurement errors decreased the optimal
threshold levels.
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Sea pollock by II methods  levels! with three levels of measurement error.
Implementation error is zero. Solid lines are for average estimated thresholds, dotted
lines for true thresholds, and dashed lines for standard deviations of estimated
thresholds. Year number 0 corresponds to year 5  i.e., only 5-year data available!.
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Discussion

The biomass-based threshold estimation methods can be separated into two
groups. The first group requires a stock-recruit relation and an estimate of
pristine biomass from age-structured models. The default percentage and
stock-recruit methods belong to this group. In our study the default percentage
method was the most robust and generally outperformed all other methods.
Another advantage of the default percentage method is its flexibility; different
percentages can be adopted to achieve different management objectives. The
default percentage method also is simple and easy to understand. The common
default threshold of 25% pristine biomass was among the opt.imal threshold
levels when the increase in mean yield and the decrease in standard deviation of
yield were weighed equally. Higher percentages of threshold levels were re-
quired to maximize mean yield. Estimates of pristine biomass may change over
time, and thus the estimates need to be updated each year when new data are
available. Theoretically speaking, the stock-recruit method is the best choice in
terms of conserving a stock and maximizing its productivity. But in reality, this
method is least reliable due to the fact that the stock-recruit model is very

required to get a close estimate of thresholds and to stabilize standard devia-
tions by these two methods  Figure 6!.

Fowler's rule and May's method exhibited similar patterns and were
greatly influenced by measurement error  Figure 6!. The estimated thresholds
by these two methods increased monotonically without measurement error and
gradually approached, but did not reach, the true values with measurement
errors 0.2 and 0.5. Measurement error might reduce the influences of environ-
mental errors and time-lag on recruitment and thus result in better estimates of
thresholds. Most of the variations of estimated thresholds were attributed to the
pristine biomass estimated by the conventional surplus production model. If
auxiliary information were available to constrain the estimates of pristine
biomass, the estimated thresholds by these two methods might be greatly
improved. Estimated thresholds by the surplus production model and
depensatory production model were small and continued to decrease over
time, and in many cases they eventually approached zero  Figure 6!. These two
methods had the largest variation of estimation, with the standard deviations
larger than the estimated thresholds.

The estimated thresholds for herring over time  not shown! were more
variable and took slightly longer to approach true values than those for pollock.
These results may be caused mainly by the influence of higher environmental
error on herring recruitment. However, the qualitative conclusions for each
method were similar between herring and pollock.
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sensitive to environmental noise and measurement error  Walters and Ludwig
1981; Armstrong and Shelton 1988!. The thresholds estimated by the stock-
recruit method were the most variable in our simulation study. Because fecun-
dity is approximately a linear function of body weight for many marine fish, the
default percentage method has a similar function as the stock-recruit method to
protect a population and enhance its productivity. Therefore, if a stock-recruit
relation is available, the default percentage method is recommended.

The second group of threshold estimation methods requires only time series
of biomass or catch/effort data. Pristine biomass and threshold are estimated
through production models. Fowler's rule normally provided threshold levels
of 15-25 /o of pristine biomass and performed very well when standard devia-
tions of yield were weighted heavily. May's method estimated a biomass refer-
ence point associated with MSY  B~sr! and was favored when the objective
function was to maximize yield. Although highly simplified parameters are
used in May's model to describe consumer-resource relations, it is difficult to
find a marine fish population in which these parameters can be estimated
directly. Because our simulated age-structured models did not contain a
depensatory mechanism, we were unable to completely evaluate surplus pro-
duction and depensatory production models. The majority of estimated thresh-
olds by surplus production and depensatory production models in our study
were zero or negative. Actual data for Eastern Bering Sea pollock and herring
provide estimates of threshold levels of about 10'/0 or less of pristine biomass
for these two methods  Quinn and Collie 1990!. Unless a given population has
a strong depensatory mechanism, surplus production and depensatory produc-
tion models may not be useful for estimating threshold levels.

The estimation methods of the second group generally were outperformed
by the default percentage method. Furthermore, as observed by Hilborn
�979!, catch-effort data alone often failed to estimate the parameters of pro-
duction models, or generated estimates too far away from the true values. In the
case that data are too limited to apply the default percentage method, Fowler's
rule gives quite robust results if auxiliary data are available to constrain the
pristine biomass estimated by production models.

If only life history parameters are available, at least one method can be used
to estimate threshold levels: spawning biomass per recruit. This method gener-
ates an alternative estimate of exploitation rates that can provide a high yield at
low risk  Clark 1991; Sissenwine and Shepherd 1987!. We converted the
exploitation rates estimated by the spawning biomass per recruit method to
spawning biomass thresholds using stock-recrutt relations. Most of the varia-
tion of estimated thresholds by this method were attributed to the variation of
stock-recruit relations. The performance by this method generally was not as
good as that by the stock-recruit model.



Management of Exploited Fish ~ Alaska Sea Grant 1993 287

Acknowledgments

We are deeply grateful to Dr, V. Wespestad for providing population param-
eters, catch-age data, and his results of cohort analysis of Eastern Bering Sea
pollock and herring for this study. Many staff in the Alaska Department of Fish
and Game contributed ancillary data or provided advice on data analysis of
Eastern Bering Sea herring. Special thanks go to Dr. R. Fagen and Mr. F. Funk
for providing support and advice for this study. Fowler's rule and May's
method were suggested by Dr. R. Fagen. Partial financial support was provided
to the senior author by University of Alaska Fairbanks, Office of Graduate
School, through a graduate resource fellowship.

References

Armstrong, M.J., and P.A. Shelton. 1988. Bias m estimation of stock-recruit function parameters
caused by nonrandom envtronmental variability. Can. J. Bish. Aquat Sct. 45:554-557.

Environmental factors are believed to influence the recruitment of Eastern
Bering Sea herring much more strongly than pollock population. As a result,
the estimated thresholds were much more variable, and it took longer time
series of data to obtain a reliable estimate of thresholds and to stabilize the
standard deviation for herring than for pollock. The optimal threshold levels
of herring generally were about 5'/o less than those for pollock.

The response surfaces were flat across threshold estimation methods, and
the top five threshold levels  or methods! produced very close objective
function values. Thus, threshold management strategies are flexible, and a
small error in estimation of threshold will not affect the return very much. The
loss in objective function values due to estimation error was less than 5o/o for
herring and less than 3/o for pollock and smaller with a larger penalty
weighting factor.

Actively adaptive management perturbs a population deliberately to pro-
vide information to improve estimates of population parameters, especially
stock-recruit relation  Walters 1986!. More accurate population parameters
will improve the precision of threshold estimates. In rare cases when a backup
population is available to enhance the collapsed stock, a population may be
used for experimentation to study its dynamics at low biomass levels. Al-
though actively adaptive management benefits threshold management strate-
gies, the gain by adaptive management may be minor because the loss due to
estimation errors is small.



288 Zheng et al. ~ Threshold Estimation Methods for Exploited Fish Populations

Clark, C.W. 1976 Mathematical bioeconomics: The optimal management of renewable resources.
Wiley-lnterscience, New York.

Clark, W.G. 1991. Groundfish exploitation rates based on life history parameters. Can. J. Fish.
Aquat. Sci. 48:734-750

Fowler, C.W 1981. Density dependence as related to life history strategy. Ecology 62:602-610.

Fowler, C.W. 1988. Population dynamics as related to rate of mcrease per generation. Evol. Ecol.
2:197-204.

Getz, W.M, and R.G Haight. 1989. Population harvesting: Demographic models of fish, forest,
and animal resources. Princeton University Press, Pnnceton, NJ.

Haist, V. 1990. An evaluation of three harvest strategies based on forecast stock biomass for B. C.
herring fishenes. In: M.F. O' Toole  Ed.!, Proceedings Sixth Pacific Coast Hernng Workshop,
pp. 90-99.

Hall, D L., R. Hilborn, M. Stocker, and C.J. Walters. 1988. Alternauve harvest strategies for Pacific
herring  Clupea harengus pallasi!. Can. J. Fish. Aquat. Sci. 45:888-897.

Hilborn, R. 1979. Comparison of fishenes control systems that utilize catch and effort data.
J. Fish. Res. Board Can. 36:1477-1489.

International Council for Exploration of the Sea  ICES!. 1984. Report of the working group on
methods of fish stock assessment. ICES C.M. 1984/Assess: 19.

MacArthur, R.H. 1972. Geographical ecology. Harper and Row, New York.

May, R.M. 1980. Mathemaucal models in whaling and fisheries rnanagernent. Lectures on Math-
ematics in the Life Sciences 13:1-64.

New England Fishery Management Council  NEFMC!. 1985. Fishery management plan, environ-
mental impact statement, regulatory impact review, and initial regulatory flexibility analysis
for the northeast multispecies fishery. New England Fisheries Management Council, Saugus,
MA.

North Pacific Fishery 'vlanagement Council  NPFMC! 1989. Fishery management plan for the
commercial kmg and Tanner crab fisheries in the Bering Sea/Aleutian Island. North Pacific
Fishery Management Council, Anchorage, AK.

Quinn, T.J, II, and J.S. Collie. 1990. Alternative estimators of walleye pollock in the eastern
Bering Sea. Int. North Pac. Fish. Comm. Bull. 50:243-258.

Quinn, T.J., Il, R.B. Denso, S.H. Hoag, and R.J. Myhre. 1984. A summary of methods of
estimating annual surplus production for the Pacific halibut fishery. Int. North Pac, Fish.
Comm. Bull. 42:73-81.

Quinn, T.J., II, R. Fagen, and J. Zheng. 1990. Threshold management policies for exploited
populations. Can. J. Fish. Aquat. Sci. 47:2016-2029.



Management of Exploited Fish ~ Alaska Sea Grant 1993 289

Reed, WJ. 1979. Optimal escapement levels in stochastic and deterministic harvesting models.
J. Environ. Econ. Manage. 6:350-363.

Rothschild, B J 1986 Dynamics of marine fish populations. Harvard University Press, Cam-
bridge, MA.

Sissenwine, M.P., and J.G. Shepherd. 1987. An alternative perspective on recruitment overfishing
and biological reference points. Can. J. Fish. Aquat. Sci. 44:913-918.

Trumble, RJ., and R.D. Humphreys. 1985. Management of Pacific herring lClupea harengtts
pallasil in the eastern Pacific Ocean. Can. J. Fish. Aquat. Sci. 42 Suppl Il:230-244.

Walters, CJ., and D. Ludwig. 1981. Effects of measurement errors on the assessment of stock-
recruitment relationships. Can. J. Fish Aquat. Sci. 38:704-710.

Zheng, J., F.C. Funk, G.H. Kruse, and R Fagen. 1993. Threshold management strategies for
Pacific herring in Alaska. In. Proceedings of the International Symposium on Management
Strategies for Exploited Fish Populations. Alaska Sea Grant Report 93-02, University of Alaska
Fairbanks lthis volume!.

Walters, C.J. 1986. Adaptive management of renewable resources. McMillan Publishing Co., New
York.





Management of Exploited Fish ~ Alaska Sea Grant 1993 291

Evaluation of Risks Associated with

Application of Alternative Harvest
Strategies for Gulf of Alaska

Walleye Pollock
Anne Babcock Hollowed and Bernard A. Megrey

National Marine Fisheries Service
Alaska Fisheries Science Center, Seattle, Washington

Abstract
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A stochastic age-structured simulation model was constructed as a tool for
evaluating the risk associated with alternative harvest strategies for Gulf of
Alaska walleye pollock, Theragra chalcogramma. The simulation model in-
cluded process error in the estimation of recruitment and measurement error in
the stock assessment procedures. An objective function was defined to estimate
the optimal fishing mortality; that is, the fishing mortality level that maximized
yield and minimized the risk of the spawner stock biomass falling below 20'ro
of the unfished level. This objective function combined the goals of optimizing
yield at high stock levels and protecting the stock during periods of low
abundance. Three interpretations of the probability distribution of recruitment
time series were considered. Two fishmg options were considered when spawn-
ing biomass fell below the threshold. Optimal fishing mortality values calcu-
lated from the simulation model were compared with fishing mortality esti-
mates derived from commonly used biological reference points FQ I F35+ F3Q+,
F,, and F,<. Optimal full recruitment fishing mortality ranged from 0.38 to
0.70 depending on the recruitment scenario selected. Companson of model
output runs under different recruitment scenarios and threshold biomass op-
tions demonstrated the sensitivity of results to these decisions.
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Introduction

History of the Walleye Pollock Fishery
Megrey �989a! provides a comprehensive summary of the development of the
walleye pollock fishery in the Gulf of Alaska. The fishery changed from one
dominated by foreign vessels, to joint venture operations between U.S. and
foreign vessels, to an entirely domestic fishery. Beginning in 1987, foreign and
joint venture fisheries that once had targeted pollock were prohibited in the
Gulf of Alaska. These vessels were replaced by domestic at-sea and shoreside
processors who now competed exclusively for the same resource  North Pacific
Fishery Management Council 1992!. In 1992 the Secretary of Commerce

The primary responsibility of fisheries managers is to ensure optimal utilization
of fish among several competing uses. Two types of management strategies are
utilized in establishing harvest recommendations: those that maintain the
expected stock biomass level above a threshold sufficient to sustain the stock,
and those that maintain constant fishing mortality at a level that maximizes
sustainable yield  Reed 1979; Aron 1979; Quinn et al. 1990; Clark 1991;
Thompson 1993; Rupert et al. 1985; Getz et al. 1987; Francis 1992!. These
harvest recommendations often are based on uncertain information about the
stdck status.

Several methods for quantifying the risks associated with uncertainty in
fisheries stock assessments have been introduced  Smith 1993!, Rivard and
Maguire �993! recommend that models designed to analyze risk sHould ac-
count for uncertainties in the stock assessment as well as variability in recruit-
ment. Following this recommendation, we designed a simulation model that
incorporates uncertainty in stock assessments and recruitment processes to
analyze risks associated with a particular harvest strategy.

Several fishing mortality parameters initially were estimated based on com-
monly used biological reference criteria. We then used the simulation model to
evaluate the risk associated with adopt.ing a given fishing strategy under sto-
chastic conditions of variable recruitment and measurement error. Based on the
results of this analysis, a new set of criteria were selected to define the optimal
fishing mortality level.

The utility of the model in evaluating questions of risk was demonstrated
through an application to the Gulf of Alaska walleye pollock  Theragra
chalcogramma! fishery. This fishery was a good candidate for this modeling
technique because pollock exhibit wide inter-annual variations in recruitment
 Hollowed et al. 1991!, and survey and fishery data have inconsistencies that
may contribute to process error in stock assessment  Megrey et al. 1990!.
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Description of Parameters

Estimates of age-specific selectivity, the probabflity distribution of recruitment
at a given level of spawner biomass, and initial population vectors were ob-
tained from the 1991 walleye pollock stock assessment  Hollowed et al. 1991!.
Hollowed et al. �991! used an age-structured Stock Synthesis model devel-
oped by Methot �986, 1989, 1990!

Walleye pollock stock assessment indicated that the high biomass levels
observed in the early 1980s were a product of five consecutive strong year
classes �975-1979!  Figures la and 1b!  Hollowed et al. 1991!. Subsequent
recruitment levels never attained the high level of production observed in the
late 1970s. The stock exhibited a rapid decline in the mid-1980s, and currently
is stable at a level of roughly 1.0 million metric tons  t!.

Description of Biological Reference Points
Several reference points were estimated using the results of the stock assess-
ment  Fo t, F35+ FJQQ F,, and F�,<!. A brief description of each reference
point follows.

Many marine stocks exhibit large year-class fluctuations that apparently are
unrelated to parent stock size. If recruitment is unrelated to stock size, optimum
yield can be evaluated by simple yield-per-recruit methods  Beverton and Holt
1957; Dertso 1987!. Fp t is the fishing mortality rate for which the marginal
increase in yield-per-recruit due to a small increase in F is 10'k of the marginal
yield-per-recruit in a lightly exploited fishery  Gulland and Boerema 1973!.

approved regulations mandating that 100'/o of the pollock catch in the Gulf of
Alaska be delivered to shoreside processing plants.

Walleye pollock are both an important commercial fish species and an
ecologically important component of the Gulf of Alaska ecosystem. Juvenile
walleye pollock are an important component of the diet of marine fish, marine
birds, and some marine mammals  Livingston et al. 1986; Hatch and Sanger
1992; Calkins and Goodwin 1988!.

The commercial and ecological importance of the pollock resource empha-
sizes the need for accurate management advice that quanttfies the risk associ-
ated with adopting a given fishing strategy. In recent years �987-1992!, the
North Pacific Fisheries Management Council has adopted a conservative har-
vest strategy with annual quotas set at approximately 10 /o of the projected mid-
year biomass level. Prior to our analysis, the implications of conservative
harvest strategies were not rigorously examined.
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Figure 1. Estimates of pollock biomass  'A! and recruitment tB! from Stock Synthesis model,
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F35+ and F3QQQ correspond to the fishing mortality rates that will reduce the
spawning biomass per recruit to 35'%%d or 30'%%d of its pristine level, respectively.
Gabriel et al. �989! proposed using spawning stock biomass-per-recruit for
evaluating effects of fishing on the sustainability of a stock. They found spawn-
ing biomass-per-recruit must be no less than 30%%d of the unfished value to
maintain the Georges Bank haddock  Melanogrammus aeglefinus! stock. F3Q+
corresponds to one of the current definitions of the overfishing level for
groundfish fisheries in the Gulf of Alaska  North Pacific Fishery Management
Council 1990!. Clark �991! showed that for a range of life history parameter
values typical of demersal fish and realistic spawner-recruit relationships, yield
will be at least 75'yo of maximum sustainable yield as long as spawning biomass
is maintained at a range of about 20-60%%d of the unfished level. He suggested
that Fzs+ could be used as a reference level of fishing mortality for demersal
stocks such as walleye pollock or Pacific cod, Gadus macrocephalus.

F, provides the maximum sustained yield if production of stock is a
function of stock size. In our application, F�, was estimated using Kimura's
�988! form of the Beverton-Holt spawner-recruit relationship. The shape
parameter was set equal to the value that approximated the Shepherd �982!
formulation of the Beverton-Holt relationship. This approximation occurred
when the shape parameter was set equal to 0.889.

F,< was first introduced at the ICES Working Group on Methods of Fish
Stock Assessment  ICES 1984, 1985!. Sissenwine and Shepherd �987! define
F �< as the level of fishing pressure that reduces the spawning biomass of a year
class over its lifetime below the spawning biomass of its parents. F,< is
estimated as the slope of a line passing through the origin that evenly divides
the observed recruit.-spawner data.

We used a dynamic pool model to estimate all of the biological reference
points. A spawner-recruit relationship was assumed only when estimating Fmsy
and F�, . The reference point  spawners per recruit! for F,d was estimated using
the observed spawner-recruit data. The Fp t value was based on yield-per-recruit
criteria with a fixed age selectivity of fishing mortality. No attempt was made to
determine the optimum age selectivity of fishing mortality. The dynamic pool
model used to estimate biological reference points incorporated estimates of age
spectfic selectivity, weight-at-age, and maturity-at-age information. Age-specific
parameters for selectivity, weight, and maturity were obtained from the stock
assessment  Hollowed et al. 1991!  Table 1!. Fish 3 years of age and older were
included. Estimates of full recruitment fishing mortality  FRFM! for the various
biological reference points ranged between 0.48 to 0.68  Table 2!. The exploita-
tion rates associated with the biological reference points were higher than those
published in Hollowed et al. �991! because only age 3+ fish were included in
this analysis, whereas Hollowed et al. �991! included age 2+ fish.
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Table 1. Parameter values used in the dynamic pool model and the 70-year
simulation runs.

to 1976
2045

SBMIN minimum spawning biomass  million t!
 a! Recruitment scenario I = 0.305

 b! Recruitment scenario 2 = 0.379

 c! Recruitment scenario 3 = 0.201

M natural mortality 0.3

AgeParameter

3 4 5 6 7 8 9 10+

0.26 0.60 0.94 1.00 0.77 0.50 0.29 0.16

0.20 0.40 0.64 0.83 0.93 0.97 0.99 0.99

0.294 0.460 0.602 0.712 0.794 0.854 0.897 0.927

0.388 0.542 0.665 0.756 0.823 0.871 0.905 0.929
Wi

Wp

Age-specific selectivity coefficient
Proportion mature
Average weight at age  kgl spnng
Average weight at age  kg! fall

Wt
Wt

Description of Stochastic Simulation Model

The long-term productive potential of the pollock stock was evaluated using a
modified version of the stochastic age-structured Monte Carlo simulation
model developed by Megrey �989b, 1991! See appendix for details of the
model!. Fish 3 years of age and older were modeled in this application, and fish
ages 10 and older were accumulated. The model originally was developed for
two types of fisheries: a winter-spring fishery  january-April! and a summer-fall
fishery Uuly-December!  Figure 2!  Megrey 1989b!. However, in our applica-
tion, age-specific selectivity coefficients were assumed equal in the winter-
spring and summer-fall fisheries. This assumption is consistent with the current
assumptions used when evaluating the catch-at-age  Hollowed et al. 1991!. For
the initial time period from 1976 to 1986, selectivity coefficients were set equal
to the values estimated from the stock assessment for the foreign and domestic
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Table 2. Estimates of fishing mortality values from equilibrium models.

Yield

 tons!
Exploitation

rateStrategy FRFM

242,870

167,830

217,280

233,250

167,790

0.332

0.255

0.246

0.294

0.260

0.477

0.347

0.332

0.410

0.355

0.68

0.50

0.48

0.59

0.51

F0.1
Fmsy
F359o
F30%
F,~

FRFM = Full recruitment fishing mortality
F = Instantaneous fishing mortahty

fisheries. Selectivity vectors for the forv, ard simulations were based on select.iv-
ity patterns estimated for the domestic fishery. Additional parameters used to
execute the model are given in Table 1.

Important modifications to the model included a stochastic recruitment
generator and the ability to track both process error associated with recruitment
variability and measurement error in assessments. Risk was measured on the
basis of the probability of the spawner biomass level falling below a threshold
value.

Process error in recruitment variability was modeled using the method of
Rothschild and Mullen �985!. These authors suggested that recruitment could
be modeled using a non-parametric classification scheme based on planes of
the stock-recruitment graph. Other authors have generated recruitment esti-
mates using probability density functions of recruitment at a given stock size
 Getz and Swartzman 1981; Evans and Rice 1988; Brown and Patil 1986; and
Linder et al. 1987!. Alternative methods for generating recruitment estimates
include random resampling from observed recruitment estimates from stock
assessments  Dorn and Methot 1990; Wilson 1978! or selecting stock-recruit-
ment parameters from a probability density function that describes the uncer-
tainty surrounding the relationship  Thompson 1992!.

Estimates of spawner stock biomass and recruitment were obtained from the
stock assessment  Hollowed et al. 1991!. We divided the stock-recruit graph
into four quadrants by the median recruitment �.552 billion! and median
spawner biomass �.998 million t!  Figure 3!. Selection of the median value as
the cutoff values followed Rothschild and Mullen �985!; however, other cutoff
values could have been determined. The number of data potnts in each quad-
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Figure 2. Schematic conceptualization of the pollock age-structured simulation model.

rant describes the empirical probability of a high  HR! or low  LR! recruitment
condition given a spawning biomass condition. The conditional probability of
HR or LR was estimated by dividing the number of HR or LR observations by
the total number of points observed at high or low spawner biomass levels. For
example, the probability of HR at a high spawner biomass level was 0.36,
whereas the probability of HR at a low spawner biomass level was 0.70.

Recruitment values were generated in two steps. First, a Bernoulli trial with
probability dependent on current stock biomass determined whether recruit-
ment was high or low. Second, recruitment was calculated by selecting at
random from a distribution with mean equal to observed recruitment of the
appropriate quadrant and variance scaled so that the range of recruitment
observations within the cell spanned three standard deviations.

At low levels of spawner abundance, the probability of strong recruitment
was expected to diminish. Therefore, the probability of a strong year class was
modeled as a decreasing linear function of spawner biomass at biomass levels
below the threshold  Figure 0!. Likewise, the probability of a weak year class
was modeled as an increasing linear function of spawner biomass at levels
below the threshold. These linear functions were parameterized so that when
spawner biomass was zero, the probability of falling in the high recruitment
plane was zero.

Measurement error associated with the assessment was estimated by model-
ing two populations � true and perceived. Similar strategies were adopted in
simulation models for capelin  Mallotus viHosus!, Atka mackerel  Pleurogrammus
mnooOtterygiuS, and North sea cod  Gadus morhua!  Shelton et. al. 1993; Lowe
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Figure 3. Spawner biomass and recruitment estimates from the Stock Synthesis model.

and Thompson 1993; Pelletier and Laurec 1992!. We assumed that errors in the
assessment are caused by our inability to accurately esttmate the magnitude of
incoming year classes until they have been monitored for several years through
commercial fishery and survey catch-at-age information. Under this assump-
tion, measurement error was a function of age. The true population was
computed from the recruitment generat.or, annual survival, and catch. The
perceived population included additive normal measurement error. Differences
between the true and perceived populations were measured by the mean square
difference  MSD! between the true and perceived level of biomass.

Measurement error was estimated by tracking estimates of recruitment for
the 1984 and 1985 year classes through a sequence of stock assessments. We
hindcasted the abundance of age 3 recruits from the 1984 and 1985 year classes
using available fishery and survey data in 1987, 1988, 1989, 1990, and 1991
 Table 3!. The potential variation between the true and perceived populations
was computed as the coefficient of variation of the hindcasted biomass estimates.

The simulation model was run over a 70-year time horizon and was initial-
ized using the expected age composition of the pollock population in 1976 and
observed catches from 1976 to 1986. Thirty realizations of each 70-year sto-
chastic simulation experiment were computed. To allow the model to become
stable under a specific fishing mortality and recruitment scenario, summaries of
the long-term productive potential of the pollock stock were based on the
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Figure 9. Illustration of assigned probabilities of observed recruitments used to generate
recruitmeni in the stochastic simulation model, where X is the mean, STD is
the standard deviation, n is the number of observations, and p is the probability
of selecting from a population of high or low recruits from within the box given
the observed spawner biomass  SB!. When spawner biomass falls below the
threshold biomass  THBIO!i, the X and STD are computed as:  a! X = X~ I�
  THBIO � SB!/THBIO]1 or  b! X = X  I � [ THBIO � SB!/THBIOJ!.

results of the last 50 years of the 70-year projection. Variability of abundance
and yield were expressed by coefficients of variation in the 30 realizations.
Following Quinn et al. �990!, we monitored the expected variation in both
biomass and yield associated with a given recruitment scenario.

The risk associated with a given fishing strategy was measured by calculating
the number of realizations out of 30 computed, where the spawner biomass fell
below the threshold value during the last 50-year segment of the 70-year
projection. Threshold spawner biomass levels equaled 20'/o of the unfished
levels. Quinn et al. �990! and Thompson �993! both noted that maintaining
a spawning stock above the 20/o level is a useful constraint to ensure against
overftshing. Beddington and Cooke �983! also used the 20% criterion to
define threshold biomass.
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Table 3. Estimation of measurement errors in estimating incoming year classes
based on sequential runs of stock assessment model.

Year class estimateAssessment
19851984year

0.782

0.237

0.303

1,187

0.165

0.139

Mean

SD

CV

There are many potential definitions of optimal fishing mortality. We exam-
ined the trade-offs between increased yield and the risk of falling below the
threshold. Specifically, we measured changes in yield and risk at different values
of FRFM. We defined the optimal fishing level as that value that maximized yield
while minimizing the risk of falling below the threshold. The value that achieved
this management goal was estimated using the following objective function:

where average Y�~~ equals the yield over the 50-year time period at a given
level of FRFM; MaxY is the maximum average yield observed over all levels of
FRFM; and Pr is the probability that the spawner biomass  SB! will fall below
the threshold biomass level  THBIO!. The optimal value was determined by
iteratively solving for the fishing mortality value that maximized the difference
between the yield index and the probability of falling below the threshold.

Description of Simulation Experiments

The influence of recruitment assumptions, fishing strategies, and assumptions
regarding the magnitude of measurement errors on yield and risk were evalu-
ated in the simulation experiments. Three assumptions regarding recruitment

1987

1988

1989

1990

1991

1.427

1,211

0.966

1. 187

1.143

MAX lPr SB<THBIO! FBFM!t
Max Y

1.133

0.693

0.694

0.608
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Results of Stochastic Simulations

In simulations based on the observed spawner recruit data  recruitment sce-
nario I!, the maximum sustainable yield was approximately 420,000 t for both

were implemented. In scenario I, the probability of HR or LR recruitment at
high or low spawner biomass levels was determined from the observed spawner
recruit data points �969-1989!  Figure 3!. Scenario 2 represented the random
recruitment option where an equal probability of HR or LR was assumed at
high or low spawner biomass levels. Recruitment scenario 3 was included
because strong year classes observed during the 1970s were more common and
were roughly two times larger than those observed during the 1980s  Figure 3!.
In the most recent decade, strong year classes were less common, and the mean
recruitment level for year classes above the median was 0.904 billion fish,
compared to 1.940 billion fish in the previous decade  Figure 3!. Therefore, in
scenario 3 the probability of a strong year class at high or low spawner biomass
levels was set at 0.40, and the mean recruitment level for strong year classes was
set equal to 0.904 billion fish with a CV of 0,317.

Scenario 3 implies that spawner biomass levels above the threshold are
controlled primarily by density-independent factors. If environmental condi-
tions in the last decade were less favorable, then the probability of a strong year
class and the magnitude of strong year classes might be reduced. Ebbesmeyer et
al. �991!, Hollowed and Wooster �992!, Royer �989!, and Trendberth
�990! all show evidence of large-scale changes in conditions in the n.ortheast
Pacific Ocean during the late 1970s. These authors show a marked shift from a
cool era �971-1976! to a warm era �977-1984! that appears to be associated
with changes in large-scale atmospheric patterns in the North Pacific Ocean.

Pristine biomass levels were estimated as the mean perceived spawner
biomass level of 30 realizations of the model with no fishing  each realization =
70-year simulation!. Under recruitment scenario I, 2, and 3, the pristine
spawner biomass levels were 1,520,000 t, 1,902,000 t, and 1,009,000 t,
respectively. Therefore, under recruitment scenarios I, 2, and 3, the threshold
spawner biomass levels were set at 304,000 t, 380,000 t, and 202,000 t. Two
fishing options were explored: Fishmg either was allowed or not allowed when
the spawner biomass was below the threshold.

A complete set of simulations was based on measurement error of estimates
of abundance-at-age with a CV at all ages of 0.3. A second set of simulations
was based on recruitment scenario 3: Fishing continued below the threshold,
and the CV of measurement error of recruitment was decayed with age using
the following schedule: Age 3 = 0.3, age 4 = 0.26, age 5 = 0.22, age 6 = 0.18,
age 7 = 0.14; age 8 = 0.10, age 9 = 0.06, and age 10+ = 0.02.
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Table 4. Summary statistics from realizations for recruitment scenario 1 where
the threshold spawner stock biomass equals 304,000 t and the CV on
estimates of numbers at age held constant for all ages at 0.30.

I. Fishing continues below threshold

Perceived
spawner True
biomass probabihty
�000 t! SB < THBIO

Tnle
Perceived Mean
probability square
SB < THBIO difference

True Perceived
biomass biomass
�000 t.! �000 t!

spawner
biomass
�000 r!

Fishing
morta hty

Yield
�000 t!

11. Fishing srops below threshold

Perceived
spawner True
biomass probability
�000 [! SB < THBIO

True
Perceived Mean
probability square
SB < THBIO difference

Perceived
biomass
�000 t!

True
biomass
�000 t!

spawner
biomass
�000 t!

Fishmg
mortality

Yield
�000 t!

1520  35! 0.000
1413  33! 0 000
1264 .34! 0.000
1163 .32! 0.000
1048  31! 0.001
955 .30! 0.004
855 .31! 0.021
765 .28! 0.014
713  28! 0 022
634 .30! 0.065
586 .25! 0.035
556 .29! 0 081
534 .25! 0.073
494 .28! 0 151

0.0
0.1
0.2
03
0.4
05
0.6
07
0.8
09
1.0
11
12

0.0
01
0.2
0.3
0.4
05
0.6
0.7
0.8
0.9
1.0
11
1.2
1.3

0  00! 2018  33!
82 .47! 1893 .33!

159 .47! 1785  35!
231 .42! 1768 .32!
292 .39! 1704  32!
343 .36! 1650 .31!
372 .38! 1517  34!
399 .35! 1500 .32!
419 .37! 1413  34!
352 .57! 1108 .57!
408 .43! 1204  43!
353 .63! 977 .62!
346 .64! 917  63!

0 2018 .33!
82 .47! 1893 .33!

159 .47! 1785 .35!
231 .42! 1768 .32!
292 . 39! 1704 . 32!
343 .36! 1650 .31!
376 .37! 1535 .33!
399  36! 1522 .31!
428 . 36! 1463 . 30!
412 .45! 1368 .36!
421 .41! 1354  33!
410 .51! 1256 .38!
418 .49! 1270  36!
381  59! 1107 .42!

2002 . 34!
1960 . 34!
1857 .36!
1812 . 34!
1734 .33!
1660  33!
1536 .35!
1451  33!
1374 .36!
1061 .57!
1142 .42!
928 .63!
862 . 64!

2002 . 34!
1960 . 34!
1857 . 36!
1813 .34!
1733 .33!
1663 . 32!
1560 .33!
1470 .32!
1423 .32!
1301 . 36!
1245 . 31!
1186 . 36!
1 163 . 33!
1068 . 38!

1536 . 34!
1353 .33!
1202  . 34!
1125  32!
1022 . 32!
949  31!
836 . 36!
802  3'3!
738 . 36'I
565 . 59!
601 .46!
474  64!
441 . 64!

1536 .34!
1353 .33!
1202  . 34!
1125 .32!
1022 .32!
950  31!
846 . 34!
819 . 32!
767 . 32!
707 . 38!
695 .35!
635 .39!
642 . 38!
545 .43!

1520 .35!
1413 .33!
12 64 . 34!
1163 .32!
1047  31!
953 .30!
841 . 32!
752 . 31!
684  33!
509 . 54!
525  40!
412 . 60!
371  62!

0. 000
0.000
0.000
0.000
0 001
0 004
0 034
0.026
0 053
0.229
0.126
0.292
0.320

0 000
0 000
0 000
0 000
0 000
0 001
0.024
0 031
0.052
0 227
0.137
0 321
0.381

0. 000
0.000
0.000
0.000
0.000
0. 000
0.005
0.006
0.004
0.035
0.018
0.041
0.033
0 103

354
309
381
679
389
387
446
434
420
284
435
264
371

354
309
381
679
389
387
4'16
437
419
320
389
361
348
424
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Figure 5. Change in yield relative to maximum yield, the risk of falling below the threshold
spawner biomass level, and the difference between the curves for recruitment
scenario 1.

fishing opt.ions  Table 4!. Since the probability of a strong year class increased
below the median spawner biomass, the probability of the stock falling below
the threshold was low at FRFM levels above 1.0  Table 4!. Therefore, contrast
between the threshold options was slight. Under recruitment scenario 1, the
optimal fishing inortality  based on equation 1! when fishing continued below
the threshold was high  FRFM = 0.70!  Figure 5!. This level of fishing mortality
exceeded all of the estimated biological reference points  Table 1!. The stock
could be sustained under high fishing mortality levels because the probability
of a strong year class increased at moderately low spawner biomass levels.
When FRFM was set equal to 0.70 and fishing continued below the threshold,
the expected average yield from the stock was 399,000 t, and the true spawner
stock biomass was 802,000 t.

Patterns of recruitment in scenario 2 approximated the assumption of ran-
dom recruitment  i.e., equal probability of strong or weak year classes at all
spawner biomass levels above the threshold!. Under this scenario, maximum
sustainable yield was 231,000 t for both fishing options  Table 5!. The optimal
fishing mortality was 0.38  Figure 6!. This level of' fishing mortality was less
than all of the biological reference points  Table 1!. At an FRFM of 0.38, an
average yield of 220,000 t could be removed with an average spawner stock biom-
ass of 777,000 t  Table 5!. The average yield at an FRFM of 0.38 �20,000 t! was
similar to that expected under equilibrium conditions with F35 $  Table 1!.

When the probability of a strong year class was reduced to 0.4 and mean HR
was reduced to 0.904 billion  recruitment scenario 3!, differences between
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Table 5. Summary statistics from realizations for recruitment scenario 2 where
the threshold spawner stock biomass equals 380,000 t and the CV on
estimates of numbers at age held constant for all ages at 0.30.

1. Fishing connnues below threshold

Perceived
spawner True
biomass probability
�000 t! SB < THBIO

True
Perceived Mean
probabihty square
SB < THBIO difference

Perceived
biomass
�000 t!

True
biomass
�000 t!

spawner
biomass
�000 t!

Fishing Yield
mortality �000 t!

0.0 0 .00! 2549 .24! 2510 .26!
0 I 88 .35! 2075 .29! 2116 .28!
0.2 149 .37! 1709 .32! 1762 .30!
0 3 197 .36! 1512 .30! 1556 .30!
0.4 211 .46! 1266 .39! 1297 .35!
0.5 231 .47! 1185 .36! 1189 .34!
0.6 211 .59! 889 .57! 875 .57!
0 7 165 .85! 633 .91! 606 .84!

II. Fishing stops below threshold

Perceived
spawner True Perceived Mean
biomass probabihty probability square
�000 t! SB < THBIO SB < THBIO difference

True
Percetved
biomass
�000 I!

True
biomass
�000 t!

spawner
biomass
�000 i!

Fishing Yield
mortahty �000 t!

0.0 0 .00! 2549  24!
0.1 88  35! 2075 .29!
0.2 149 .37! 1710  32!
0.3 197  36! 1514 .30!
0 4 220 .41! 1318 .34!
0.5 222 .48! 1123 .37!
0 6 217 .61! 1015  40!
0.7 231  63! 1031 .37!
0.8 225 .71! 961 .40!
0.9 204 .81! 900 .45!

2510  26!
2116 .28!
1763 .30!
1558 .30!
1344  33!
1142 .34!
1033 .37!
101'I . 35!
955 . 37!
883 .38!

1939  25!
1495 .29!
1162  32!
966 .31!
777 .39!
698 . 36!
633  91!
356 .93!

1939 . 25!
1495 .29!
1163 .32!
967  31!
797  34!
66]   37!
585  39!
587  36!
545 .38!
513 .44!

1902 . 26!
1531  29!
1209 .30!
1003  29!
802 .32!
700  29!
606 .84!
325 .78!

1902  26!
1531 .29!
1210 . 30!
1005 . 29!
822  30!
674 .29!
596 .29!
568 .26!
531 .26!
494 .26!

n.ooo
n.ooo
n.oo4
n.oo7
0.107
0.089
0.337
0.568

0.000
0.000
0.004
0.005
0.050
O. 124
0. 200
0.160
0.227
0.294

0.000
0.000
0.001
0.004
0.027
0.027
0.329
0. 584

0.000
0 000
0 000
0.001
0.017
0.031
0.095
0.085
0.124
0.195

403
385
421
510
407
412
325
103

403
385
421
510
358
417
300
397
338
314
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Figure 6. Change in yield relative to maximum yield, the risk of falling below the threshold
spawner biomass level, and the difference between the curves for recruitment scenario 2.

threshold fishing options increased. Under fishing option II, the CVs associated
with yield were higher, and the CVs on stock biomass were lower than under
fishing option I  Table 6!. Maximum sustainable yield was 112,000 t when
fishing continued below the threshold  Table 6!. The optimal fishing mortality
under fishing option I was FRFM = 0.40  Figure 7!. This level of fishing
mortality was higher than that associated with recruitment scenario 2 and
lower than all of the biological reference points  Tables 1, 5, and 6!. With FRFM
equal to 0.40, the average yield from the stock was 112,000 t with a spawner
stock biomass of 402,000 t. The average yield at an FRFM of 0.40 �12,000 t!
was considerably lower than expected from the equilibrium models  Table I!.

Under recruitment scenarios 2 and 3, the mean square difference  MSD!
between the true and perceived level of biomass decreased with increased
fishing mortality  Tables 5 and 6!. However, the percentage of the stock
accounted for by the mean square difference increased. For example, under
recruitment scenario 2, when fishing continued after the spawner biomass fell
below the threshold, the MSD represented 16% of the stock biomass at low
levels of exploitation and 37% at high levels of exploitation  FRFM = 0.6!.
Under recruitment scenario 3, these percentages were 23% at low levels of
exploitation and 64% at high levels of exploitation. Under recruitment scenario
1, the MSD fluctuated at fishing mortality levels below 0.6 and decreased
afterwards  Table 4!.

Under recruitment scenarios 2 and 3, the true probability of the spawner
biomass falling below the threshold was generally higher than the perceived
probability  Tables 5 and 6!. This was also true for fishing option II under
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Table 6. Summary statistics from reahzations for recruitment scenario 3 where
the threshold spawner stock biomass equals 202,000 t and the CV on
estimates of nutnbers at age held constant for all ages at 0.30.

1. Fishing continues below threshold

Perceived
spawner True
biomass probability
�000 t! SB < THBIO

True
spawner
biomass .
�000 t!

Perceived Mean
probability square
SB < THBIO difference

True Perceived
Fishmg Yield biomass biomass
mortality �000 t! �000 t! �000 t!

II Fishing stops below threshold

Perceived
spawner True
biomass probability
�000 t! SB < THBIO

True
spawner
biomass
�000 t!

Perceived Mean
probability square
SB < THBIO dil'ference

Perceived
biomass
�000 r!

True
biomass
�000 t!

Fishing Yield
mortahty �000 t!

0.0 0 .00! 1340  25!
0 1 47 .33! 1101 .26!
0.2 79 .36! 910  32!
0 3 102 .35! 790 .30!
0.4 119 .38! 709  32!
0.5 123 .43! 610 .32!
0 6 120 .55! 555  38!
0.7 124 .60! 555 .36!
0.8 121 .67! 517 .38!
0.9 121  68! 525 .39!
1.0 112 .77! 482 .41!
1.1 113 .79! 480 .39!
1.2 110 .82! 475 .40!

1009  27! 0 000
808 .27! 0 000
643 .28! 0 003
523  27! 0 010
444 .29! 0.042
371 .27! 0 079
325  26! CI 138
302 .26! 0 182
286 .24! 0.203
274  22! CI 220
262  23! 0.285
258 .23! 0.270
249  22! 0.277

00
0.1
02
0.3
0.4
0.5
0.6
0.7

0 .00!
46 .33!
79 .36!

102 .35!
112 .39!
109 .48!
104 .62!
103 . 66!

1340 .25!
1101 .26!
910 . 32!
788 . 30!
661 . 36!
523  47!
427 .64!
402 .66!

1329  27!
1117 .26!
935  29!
807 . 29!
675 .35!
536 .45!
434 . 59!
378 .64!

1329 . 2 7!
1117 .26!
936 . 29!
809  29!
726 . 31!
629  31!
563 .34!
544 .34!
514 . 34!
501  32!
473 .34!
469 .34!
455 .34!

1021 . 26!
794  27!
619 . 32!
505  32!
402 .37!
304  48!
243 .65!
225  67!

1021 .26!
794 . 27!
620  32!
507 . 31!
429 . 33!
357 .33!
320  38!
316 .35!
293  37!
298 .38!
273 .40!
272  39!
269 .39!

1009  27!
808 . 27!
643  28!
522 . 28!
413 .33!
313  42!
244 . 56!
201  61!

0 000
0.000
0 005
0.007
0.084
0.276
0.429
0.440

l3. 000
0 000
0. 000
0 004
0.043
0 214
0.371
0 505

0. 000
0. 000
0 000
0,000
0. 003
0 009
0 025
0.072
0 087
0.107
0 144
0. 169
0.205

307
287
291
323
294
267
272
299

307
303
302
300
294
290
258
262
275
276
269
287
268



Hollowed 6 Megrey ~ Rishs in Pollock Harvest Strategies308

1.20

1.00

0. 80

pcI 0 60

a 0.40

0. 20

0. 00
0.2 0.3 0.4 0.5 0.6 0.70.1

Full Recruitment Fishing Mortality

Figure 7. Change in yield relative to maximum yteld, the rish of falling below the threshold
spawner biomass level, and the difference between the curves for recruitment scenario 3.

Discussion

The model developed in this study is a tool for evaluating the impact of various
management assumptions relative to fishery and stock dynamics. The tncorpo-
ration of measurement and process errors was a necessary first step toward
quantifying the risks involved in the application of a given harvest strategy. We
used the model to define an objective function for choosing a fixed exploitation
rate. This fishing mortality rate often differed from commonly used biological
reference points. We explored the sensitivity of our optimal fishing mortality to
three factors: the probability distribution of recruitment, the threshold spawner
biomass level, and harvest options when spawner biomass fell below the

recruitment scenario 1  Table 6!. This result occurs because the CV of the true
spawner biomass was higher than the CV of the perceived spawner biomass.
Thus, although the mean true spawner biomass levels were generally higher
than the perceived populations  Tables 0, 5, and 6!, the true spawner biomass
levels were more variable and associated with more risk.

Comparison of model results under recruitment scenario 3 with constant CV
or declining CVs at age produced expected results. Measures of yield and
abundance  biomass and spawner biomass! were similar in both runs  Tables 6
and 7!. However, the MSD between the true and perceived populations was
lower in most cases where the CV declined with age  Tables 6 and 7!.
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Table 7. Summary of statistics from realizations for recruitment scenario 2.
Threshold spawner stock biomass equals 202,000 t and the CV on
estimates of numbers at age declined with age from 0.3 at age 3 to 0.02
at age 10+.

I. Fishing continues below threshold

Perceived
spavnter True
biomass probability
�000 t! SB < THBIO

True
Perceived Mean
probabihty square
SB < THBIO di ference

True Perceived
biomass biomass
�000 t! �000 r!

spawner
biomass
�000 t!

Fishing Yield
mortahty �000 t!

0 000
0. 000
0 000
0. 002
0.019
0. 098
0.409

1021  25!
806 . 24!
645  27!
523  26!
440 .29!
348  33!
235 .62!

1341 .25!
1115  25!
938 .28!
809 . 28!
720 . 31!
595 . 36!
419 . 66!

321
272
279
308
276
291
273

0. 000
0 000
0. 001
0.006
0. 048
0. 154
0.427

1023  24!
795 . 24!
614  31!
500 . 29!
423  33!
334 . 37!
238 .69!

1343 .24!
1101 .25!
905  31!
783 . 29!
702 .32!
576 .37!
419  70!

0 . 00!
46  32!
79 . 35!

102 . 34!
120 .36!
122 . 40!
100  69!

00
0.1
02
0.3
0.4
0.5
0.6

threshold. All three factors were important in determining the optimal level of
fishing mortality.

The objective function for choosing a fixed fishing mortality rate balanced
increased yield against risk of stock collapse. Our results illustrated that under
some recruitment scenarios, commonly used biological reference points may
not provide the optimal balance between yield and risk. One might ask, Which
estimates are most appropriate for optimal use of our valued resources> The
model presented here requires considerable information regarding recruitment
and fishery dynamics, and can be used to examine alternative assumptions. In
contrast, many of the commonly used reference points require only limited
information regarding recruitment. stock biomass, or growth. Our analysis
cannot answer the question of which value is most appropriate; however, it
does reveal some potential areas of concern and the need for continued re-
search. Our model also permits analysis of the trade-offs between yield and risk
in a quantitative, objective framework.

The sensitivity of the model to assumptions regarding the probability distri-
bution of recruitment remains a concern. Comparison of model outcomes from
three different recruitment scenarios showed marked differences in long-term
yield and optimal fishing mortality values. When all of the recruitment data was
used  recruitment scenario 1!, the expected recruitment followed a Ricker
�954! type spawner recruitment relationship, where the probability of strong
recruitment increased when spawner stock biomass decreased. Under these
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conditions, the optimal FRFM level was 0.70, which exceeded all of the biologi-
cal reference points considered, Alternative assumptions regarding the prob-
ability distribution of recruitment  scenarios 2 and 3! produced optimal FRFM
levels at or below all of the commonly used biological reference points.

Comparison of model outcomes under different recruitment scenarios illus-
trated the advantages and disadvantages of non-parametric recruitment genera-
tors. The advantage of non-parametric recruitment generators is that they
provide a reasonable representation of recruitment dynamics without relying
on a poorly supported functional relationship  Rothschild and Mullen 1985!.
The disadvantage of these models is that one must assume the transition
probabilities are constant. If the system has been seriously perturbed from the
steady state by fishing activities or environmental factors, the probabilities may
no longer be appropriate  Sissenwine et al. 1988!. The opportunity for incor-
rectly defining the probability transition matrix is more likely to be higher for
stocks with a short recruitment time series. The latter two disadvantages also
apply to estimates of F �< and F~py.

An advantage of the simulation model is that alternative interpretations of
the distribution of recruitment can be explored. The contrast between out-
comes from recruitment scenario 1 and 3 illustrated the importance of the
probability distribution of recruitment in non-parametric recruitment models.
Recruitment data from the Gulf of Alaska pollock stock can be interpreted in
two ways: Either the stock exhibits increased probability of strong year classes
at low spawner biomass levels  scenario 1!, or the system was perturbed in the
late 1970s, resulting in a low probability of strong year classes in recent years
 scenario 3!.

Long-term shifts in the probability of strong year classes resulting from
density-independent processes were considered by Parma and Deriso �990!
and Koslow �989!. As m the case of Gulf of Alaska pollock, Parma and Deriso
�990! noted that the time series of spawner and recruitment data for Pacific
halibut could be interpreted as exhibiting either a density-dependent or a
density-independent response. They found that the management recommenda-
tions would be different depending on which interpretation one accepted.
Koslow �989! distinguished random recruitment scenarios from periodic fluc-
tuations in recruitment and developed a model to account for such changes.
His modeling suggested that a combination of optimization at high stock levels
and base stock management during low stock levels might minimize the risk of
stock collapse. The optimization criteria used in our analysis combines these
two goals.

Threshold biomass levels also influenced the model outcomes. The optimal
fishing mortality rate associated with recruitment scenario 2 was lower than
that calculated from a less optimistic recruitment scenario 3. This result occurs
because a lower threshold biomass �02,000 t! was used in recruitment sce-
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nario 3 than rn recruitment scenario 2 �80,000 t!. In our case, historical
recruitment levels were used to establish the probability distribution for each
recruitment scenario. Subsequently, the pristine spawner biomass level was
adjusted to reflect the recruitment scenario chosen. The true threshold value is
an unknown value where the probability of stock recovery is low  Quinn et al.
1990!. The two-step process used to estimate the threshold value in this
analysis, although flexible, may not represent the true threshold value. An
alternative strategy might be to estimate pristine spawner stock biomass and
the threshold from runs based on a random recruitment scenario.

Our modeling suggests that under conservative assumptions regarding re-
cruitment  scenario 3!, the mean difference between the true and perceived
biomass levels is on the order of 30'/o at low levels of exploitation. Improve-
ments in the accuracy of survey estimates are necessary if pollock stocks are to
be subjected to heavy exploitation. If the CVs surrounding abundance-at-age
could be reduced, the probability of overstating the biomass would be mini-
mized. The CVs of 0.3 used in this paper probably were conservative because
the standard errors of survey abundance estimates used as input to the Stock
Synthesis model account only for variability among stations and do not account
for behavioral responses of the fish.

Our analysis suggests that current harvest policies for Gulf of Alaska pollock
stock are quite conservative. Under our definition, the optimum FRFM level for
Gulf of Alaska pollock ranged from 0.38 to 0.70 depending on assumptions
regarding recruitment. Commonly used biological reference points ranged from
0.48 to 0.68. All of these values were higher than the full recruitment fishing
mortality level associated with status quo harvest levels of 10 fo of the mid-year
biomass.

Future modeling will include considerations of economic risk and an evalu-
ation of alternative definitions of risk. Quantifying the cost of conservation is
necessary for fisheries managers to make informed decisions regarding fishing
policy  Clark 1980; Francis 1992; Pearse and Walters 1992!. Economic consid-
erations are particularly important in pollock fisheries where the price of the
product  surimi, fillets, roe! varies dramatically  Wespestad and Terry 1984!,
Baldwin and Megrey �990! developed an economic subroutine for earlier
versions of the age-structured model presented here, which will be incorpo-
rated in the present model in future studies.
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Appendix
Model description

This section describes the development of an age-structured simulation model
of the walleye pollock fishery in the Gulf of Alaska. The model permits
forecasting of the age composition of the stock, exploitable biomass, and
equilibrium biomass given estimates of vital population rates, weight-at-age,
proposed fishing mortality rates, recruitment estimates, and initial starting
conditions.

Model conceptualization

Model equations

Equations for the model were modifications of the Baranov �918! catch
equation and the exponential survival model. Growth in the model was ac-
counted for by inputting to the model two average weight-at-age vectors: one
representing the average weight-at-age during the first 6-month period and one
for the second 6-month period. The generalized population projection equa-
tions that form the basis of the model are shown below.

For the perceived population, k = 1:

N a + 1, t + 1, k! = N a, t', k! exp  � Z, a, t, k!!  A1!

The model is configured to simulate the operation of two fisheries that occur
sequentially. Eight age groups were exploited  ages 3-10+!. Fish older than 10
were accumulated in the population.

The model tracks two fisheries, a spring fishery and a fall fishery. The spring
fishery operates for 4 months in the first 6-month period of the year with
fishing mortality F,��. Fishing begins on January 1 and ends on April 30. The
fall fishery operates in the second 6-month period of the year with fishing
mortality F>,i. Fishing begins on July 1 and ends on December 31. A schematic
conceptualization of the simulation model is given in Figure 2.

Two populations were monitored to examine the tnfluence of measurement
errors associated with the stock assessment. Recruitment to the true population
was derived directly from the recruitment generator. Recruitment to the per-
ceived population was estimated by selecting a value from a normal distribu-
tion with mean equal to the true recruitment estimate and a CV selected by the
user. The two populations were linked because the catch derived from the
perceived population also was removed from the true population.
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C, a,t,k! = ' ' ' [1 � exp  � Z, a,t,k!]N a,t',k!F, a,t, k!
Z,. a,t,k!

Z, a,t,k! = F, a,t,k!+ M a!

F a,t,k! = f,. y! s, a!

 A3!

 A0!

CB,. a,t,k! = C, a,t,k! w,. a!  A5!

and

CB, t,k! = Q,C a,t,k! w, a!.  A6!

For the true population, k = 2:

N a+1,t+1,k! = N a,t',k! exp  � M a!! � C,. a,t,l!  A7!

and

S t�k! = Q,N a,t�k!m a!w, a,k!.  A8!

Then for k = 1 or 2:

B, a,t,k! = N a,t',k!w, a!  A9!

and

B, t,k! = Q�N a,t',k!w, a!.  A10!

4

12
 A11!

Symbol definitions are provided in Table Al. The index i refers to the spring
and fall fishing fleets, and t represents the number of 6-month intervals. If i = 1,
then t' = tz, and if i = 2, then t' = t>. The index on the weight variable refers to
one of the two 6-month intervals. Ignoring the age and population subscript,
the following equations describe the state of the system. Let P equal the length
of the fishing period in months for either the spring or fall fishery. The
equations for the perceived population of the spring fishery are
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Table A 1. Simulation model symbol definitions.

tp

tn

N a,tp,h!

N a,t',k!

C, a,t,k!

Z, a,t,h!

F, a,t,h!

S t�h!

B, a,t,k!

B, t,k!

CBi a,t,k!

CBi t,k!

f,�, t,k!

f � t,k!

s,�� a,h!
s!,i a,k!
w, a,k!

w2 a,k!

M a!

m a! maturity at age vector.

age group.

population index  perceived population k = 1; true population k = 2!.
year �-month time interval!.
calendar year to start the projection.
final calendar year of the projection.

time when foreign fishery begins operation.

time of spawning.

fleet index  spring fishery i = 1; fall fishery i = 2!.
initial population of age group a at the beginning of the projection for
population h.
number of fish of age group a alive at the beginning of time period t',
where t' = tp if i = 1 and t' = t, if i = 2 for population k.
catch in numbers of age group a during year t from fishery i, population k.
instantaneous total mortality on age group a during year t from fishery i,
population h.
instantaneous fishing mortality on age group a during year t from fishery
i, population k.
spawning biomass  metric tons! in the population at time t, in year t,
populauon k.
biomass of age group a available to fishery i at the beginning of year t from
population k.
total population biomass available to fishery i at the beginning of year t
from population k.
catch biomass of age group a during year t from fishery i, population k.
total catch biomass taken dunng year t from fishery i, population k.
full recruitment fishing mortality for the spring fishery  t = 1 ...,t tp+ 1!,
population k.
full recruitment fishing mortality for the fall fishery  t = l,...,t � tp+ 1!,
population h.
age-specific selectivity parameter for the spring fishery, population k.
age-specific selectivity parameter for the fall fishery, population k.
average weight-at-age during first 6 months, population k.
average weight-at-age during second 6 months, population k.
instantaneous rate of nai.ural mortality.
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M, =M/

F,��=f,��s,�� a!P

 A12!

 A13!

and

Z,��= M,��+ F,�,  A10!

The perceived catch by the spring l'ishery is given by

N t,!F,��C,, = ' '"" [1 � exp  � Z,��!j
SP1

 A15!

and the perceived population abundance after rhe spring fishery completes its
fishing activity is given by

N t,! = N t,! exp  � Z,��!.  A16!

The population described by  A16! also represents the spawning popula-
tion. After a period of no fishing, the perceived population available to the fall
fishery is

6
N t,! = N t,! exp � M � � P

12
 A17!

The spring fishery counterpart to equations  A5!,  A6!,  A9!, and  A10! are
calculated by multiplying the appropriate equation by w, a!, the average
weight-at-age vector during the first 6 months.

Equations for the fall fishery are

6

12
 A18!

M1,i � � MP  A19!

Fy.i =fy.i y.i  A20!

and

Fg�l � � Mg.i+ Fj I,  A21!
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The perceived catch by the fall fishery is

N t,!Ff�Cf,~ � � ' " [1 � exp  � Zf [!]
fal

 A22!

N t,! = N t,! exp  Zf ~!.  A23!

Fall fishery counterparts to equations  A5!,  A6!,  A9!, and  A10! are calcu-
lated by multiplying the appropriate equation by wz a!, the average weight-at-
age vector during the second 6-month period.

No effort statistics were available from the commercial fisheries. However,
the model is capable of calculating the effort required by each fleet to realize a
given quota level. Given the target quota in year t by fleet i, an estimate of the
age-specific selectivity trend, an average weight-at-age vector, and a first guess
of the effective effort in year t, the model can estimate the effort required for the
fleet to take the quota by adjusting the guess for effective effort using an
iterative procedure. Complete details on this aspect of the model can be found
in Megrey �989b!. This process was used to estimate fishing mortality associ-
ated with observed catches while initializing the model runs.

Model assumptions

The simulation model incorporates the following assumptions:

1. The catch is modeled by a Baranov catch equation.

2. Population decay is modeled with an exponential survival equation with an
availability feature.

3. Natural mortality is assumed to be a constant 0.3/year for all ages in all
years.

4. A separable fishing mortality formulation is used for each fleet type.

5. Growth is represented by a step function.

6. Spawners are calculated with  A8! assuming a constant sex ratio of 1:1.

and the perceived population available to the joint venture in the following year
ts
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Management of Northeast Arctic Cod:
Past, Present-and Future?

Tore Jakobsen
Institute of Marine Research

Bergen, Norway

Abstract

The Northeast Arctic cod  also known as Arcto-Norwegian cod! is the largest
cod resource in the northeast Atlantic. The history of management of this stock
to the present is described and evaluated. The stock has been declining, but
strict enforcement of conservative total allowable catches  TACs! has reversed
the trend, and prospects for the stock currently are good. Possible strategies for
future management are discussed, taking into account maximization of long-
term yield, demands for higher stability in the catches, and the risk of the
spawning stock falling below a critical level.

Introduction

The stock of Northeast Arctic cod is the largest cod stock in the northeast
Atlantic. Although the main feeding area is in the Barents Sea and in the
Svalbard region, spawning takes place along the Norwegian coast from about
62'N to 71 N  Figure I!. The main spawning area is inside the Lofoten Islands
where a large cod spawning fishery has taken place in the winter for centuries.
Another traditional fishery is the spring harvest of immature cod that follow
the spawning migration of capelin to the coast of Finnmark. In addition to
these seasonal fisheries, cod is available in most coastal areas throughout the
year. Cod fisheries have been the main economic basis for the settlement of
coastal areas in northern Norway.

Over the years, the coastal fisheries with conventional gears  handline,
longline, gillnet, etc.! have been complemented by offshore fisheries, predomi-

Proceedkngs o  the International Symposium on Management Strategies for Exploited Fish Populations,
Alaska Sea Grant College Program, AK-SG-93-02, 1993.
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Figure l. Main feeding area  hatched! and spawning areas  cross-hatched! of
Northeast Arctic cod with spawning �! and feeding  F! migration routes.

nantly with trawl. This process accelerated in the 1930s. After a period of low
fishing activity during World War II, the expansion of the trawl fishery contin-
ued. The efficiency of the coastal fleet also has been increasing.

National economic zones were introduced in 1977, and Norway and the
USSR agreed on a 50-50 sharing of the cod stock. Fishing by other countries was
reduced gradually, but the total exploitation continued to increase. After a pe-
riod of not-too-effective regulation during the 1980s, the fishermen experienced
in 1988 what was probably the worst spawning fishery in more than a century,
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and there were dramatic changes in the stock related to the collapse of the cape-
lin stock. A large reduction in the TAC finally was enforced in 1989 and was
followed by even more restrictive quota regulations from 1990 onward. As a
result of these measures, and with some help from high individual growth rates
and improved recruitment, the prospects for the stock currently are good.

This paper describes the history of the stock in the postwar period, includ-
ing its management. The historical data are then used as basss for a discussion
of possible long-term strategies for management of the fishery. The idea is to
bring forward some arguments that may be useful in discussion with managers,
fishermen, and other interested parties about the future management of the
Northeast Arctic cod st.ock.

Materials and Methods

The assessment of historical population size, recruitment, and mortality of
Northeast Arctic cod  Anonymous 1993! has been based on Virtual Population
Analysis, the standard method for most stocks in the northeast At.lantic, requir-
ing data on catch-at-age and weight-at-age.

A database in the International Council for the Exploration of the Sea  ICES!
for catch-at-age exists back to 1946. However, the weight-at-age data used in
the estimation of catch in numbers before 1983 are not in the database and are
not easily available. For the years 1946-1982, the database contains a fixed
series of weights reflecting the levels recorded around 1980. Judging by the
discrepancy between the catch in weight and the sum of products of numbers
and weights-at-age, the weights-at-age were considerably lower in the first
years after the war. However, in the simulations presented, the weights in the
fixed series have been used for all years.

A similar deficiency in the historical series concerns the age at maturity. Prior
to 1982, knife-edge maturity at age 8 is assumed in the ICES database. An
alternative series of maturity ogives for these years, showing the age at 50%
maturity shifting from about 10 years in the late 1940s to about 8 years around
1980, was established by Jergensen �990!, based on spawning zones in the
otoliths. This method can be applied only to fully mature year classes and
therefore cannot be used to establish maturity ogives for the most recent years
in a stock assessment. The series of maturity ogives overlaps slightly in the early
1980s with the series used in recent years, which is based on survey data. There
is a marked discrepancy in the age at maturity, the survey series showing
maturity on the average occurring about half a year younger. This leads to a
marked difference in the level of spawning stock biomass  SSB! between the
two series  e.g., in 1982 more than 30'/o!. Thus, in using the historical series to
try to estimate a critical level of SSB, the lack of continuity tn the maturity data



jahobsen ~ Management of Northeast Arctic Cod324

History of the Stock and Fishery

The landings of Northeast Arctic cod in 1946-1992 fluctuated around a level of
800,000 t until the late 1970s when there was a sharp decline to an average
level of about 350,000 t  Figure 2!. The landings in 1967-1992 for trawl and
other gears are shown separately in Figure 3. Other  conventional! gears, with
rare exceptions, are used only by Norwegian fishermen. This fishery primarily
takes place in coastal areas, and the landings have been far more stable than for
the trawl fisheries, which are more dependent on young cod and accordingly
more vulnerable to variations in the recruitment.

The stock has shown a declining trend, although fluxes of good recruitment
obscured this trend until the late 1970s  Figure 4!. There was a steady increase

creates a problem. Furthermore, the actual level of the SSB, both historically
and at present, is uncertain. As a compromise, a time series of maturity ogives is
introduced by the author, estimating age at 50'io maturity to the nearest half
year using the ogives estimated from surveys as a basis and, in order to obtain
continuity in the series, reducing the 50% age indicated by Jorgensen �990! by
half a year. The ogive is assumed to have a sigmoid shape, as indicated by both
series. In the simulations, this maturity ogive with 50% maturity at age 8 has
been used. The parameters  9o mature! are as follows: Age 3-5: 0; age 6: 5; age
7: 20; age 8: 50; age 9: 80; age 10: 95; age 11+: 100,

The simulations do not take into account density-dependent growth and
density-dependent maturity, because such relationships have not been satisfac-
torily established. However, the historical data strongly suggest that such
mechanisms exist for this stock, and this means that the results of the simula-
tions are likely to exaggerate differences in catch and SSB between various long-
term management options. All catch and biomass figures are given in metric
tons  tonnes!, abbreviated t. The fishing mortalities used in the simulations are
those corresponding to the biological reference points Fo, �.13!; F �.25!;
F~, �.32!; F,d �.46!; and Fz,. z �.78!. F  Beverton and Holt 1957! corre-
sponds to the theoretical maximum sustainable yield, whereas F< >  Gulland
and Boerema 1973!, giving a slightly lower yield, is devised to be closer to an
economic optimum. The more recently introduced reference points F~,�, F,d,
and F>, b are based on stock and recruitment considerations  Anonymous 1984,
1985;  issenwine and Shepherd 1987; Jakobsen 1992!. F,< corresponds to the
level of fishing mortality where the accessions to the stock by recruitment have
been more than sufficient to balance the losses due to mortality in half of the
years represented in the stock and recruitment plot. F~,�and Fz,. b represent
fishing mortalities where the accessions have been sufficient in 90'yo and 10'yo of
the years, respectively.
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Figure 2. Landings of Northeast Arctic cod, 1946-1992.
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Figure 3. Landings by gear of Northeast Arctic cod, 1967-1992. �! Total, �! trawl, �! other
gears.
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Figure 4. Northeast Arctic cod stock biomass  ages 3+! and fishing mortahty, 1946-1992.

History of Management

Apart from minimum landing size, minimum mesh size in t.rawls, and ban on
purse seine, for nearly 30 years after the war there was no serious attempt by
managers to restrict the cod fishery. The first agreement on a quota regulation

in the level of fishing mortality  F> to!, which exceeded 1.0 in 1986  Figure 4!.
The first clear effect of the quota regulations is seen in 1989, and in more recent
years, the fishing mortality has been at the lowest level experienced since 1946-
1947. Although the estimates of stock biomass and fishing mortality in the
most recent years are subject to some uncertainty, there is no reason to doubt
that the main trend is correct.

Figure 5 shows the development of the SSB, based on the maturity ogives
established by J0rgensen �990! for 1946-1982, on the ogives used in ICES
 Anonymous 1993! for 1982-1992, and for the compromise ogive series that
covers the whole period. The SSB has increased rapidly from the low level of
less than 200,000 t in 1987-1988 to more than 1 million t in 1992, which
appears to be the highest since 1948.
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Figure 5. Northeast Arctic cod, spawning stock biomass, 1946-1992, based on: �!
compromise ogives �946-1992!; �! ICES ogives �982-1992!; �! Jt!rgensen
�990! ogives �946-1982!.

was between Norway, the U.K., and the USSR for 1974. This was followed by
agreements in the Northeast Atlantic Fisheries Commission for 1975 and 1976.
National economic zones were introduced in 1977. Norway and the USSR then
agreed to share the stock on a 50-50 basis. Negotiations take place in The
Mixed Russian-Norwegian Fisheries Commission, which decides on the TAC
and the part set aside for third countries. This soon resulted in considerably
reduced allocations for third countries.In spite of these agreements, the exploitation rate continued to increase for
many reasons. The TAC mostly was set higher than recommended by the
scientists, and enforcement of the TAC was not always effective. The Norwegian
coastal fishery was allowed to continue after the agreed TAC was taken. In some
cases, the catch predictions were too optimistic.

The declining trend in the stock was expected to be reversed in the near
future when three consecutive strong year classes �983-1985! were recorded
at the 0-group stage. However, in the mid-1980s the Barents Sea capelin stock
suddenly collapsed  Tjelmeland and Bogstad 1993!. and for some years nearly
disappeared from the ecosystem  the capelin fishery was stopped in spring
1986 and reopened in winter 1991!. A marked decrease in the weight-at-age on
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Figure 6. Weight-at-age for Northeast Arctic cod from Norwegian surveys in january-March,
1985-1992: �! age 3, �! age 0, �! age 5.

young cod was observed in the regular Norwegian winter survey in the Barents
Sea with especially low values from 1987 to 1989, strongly indicating slow
body growth in this period  Figure 6!. This led to a downward revision of the
agreed TAC in mid-year 1988, from 590,000 t to 051,000 t. It also soon became
evident that of the three strong year classes in 1983-1985, only the 1983 year
class would recruit to the fishery  at age 3! in above average abundance.
Cannibalism  Mehl 1990! and probably additional mortality due to starvation
had reduced the 1980 and 1985 year classes to well below average.

In 1988 there was no evidence of good recruitment. After the 1983 year
class, individual growth was still slow, and long-term prospects for the stock
gradually were looking worse. The fishermen experienced what was probably
the worst Lofoten spawning fishery in more than a century. Concerns about the
stock situation were expressed frequently. For 1989 the TAC therefore was
reduced further and, for the first time, the Norwegian coastal fishery was
stopped when its share of the TAC was reached. In the autumn of 1989, there
was still no indication of significant improvement in the recruitment. The ICES
Advisory Committee on Fishery Management  ACFM! decided that the stock
was in danger of recruitment failure and recommended an immediate reduction
in fishing mortality from an estimated 0.68 to 0.32  i.e., FI, pakobsen 1992]!.
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Principles for Long-term Management

The short-term objective has been to rebuild the cod stock, but. so far there has
been no serious discussion of long-term strategies for the management of the
fishery. There appears to be political agreement in Norway about the need to
protect the cod stock from overexploitation so that the resource can serve as a
stable basis for the industry and for the population in coastal areas. There is no

Although this meant reducing an already low catch level by nearly 50/o to
172,000 t, the advice was followed by the Soviet-Norwegian Fishery Commis-
sion, and the TAC was reasonably well enforced, resulting in total landings of
only 187,000 t in 1990.

The advice of fishing at F~,�was repeated for 1991, allowing for a 25'/o
increase in the TAC. The advice was again followed in principle, but overfishing
of the TAC increased to about 20'k. When the advice for 1992 was given, the
combined effect of the restrictions on the fishery and good individual growth
after the return of the capelin had resulted in rapid growth of the SSB. There
was also evidence of improved recruitment. ACFM therefore decided that the
stock was no longer in danger and accordingly gave no firm advice on the TAC
for 1992. This resulted in a 45/o increase in the agreed TAC, estimated to
correspond to a fishing mortality of 0.36. The TAC was increased by 16,5'k in
mid-year because better individual growth than predicted was observed. The
current estimate of total landings for 1992 is 376,000 t, an increase of
118,000 t from 1991.

Considering the rapid growth of the stock from 1988 to 1992, it is reason-
able to question the necessity of the severe restrictions on the fishery after
1989. Figures 7 and 8 show the development of catch and SSB, respectively, if
the exploitation level of 1989  F = 0.63! had continued, and for fishing at Ft,
and F,<, compared to the development according to the most recent assess-
ment  Anonymous 1993!. Initially, catches are highest for the highest levels of
fishing mortality, but already in 1992 they have become very close for all four
scenarios, and predictions would have shown the highest fishing mortality to
give the lowest catches in the future. For the SSB, however, there are large
differences, the 1989 exploitation pattern giving an SSB in 1992 and 1993 of
only about half the actual size. Moreover, long-term predictions indicate a
further decline in SSB in the short-term. In retrospect, although it might be
argued that the stock could have sustained a somewhat higher mortality during
this period, the advice to fish at Ftp in 1990 and 1991 has resulted in one of the
few examples of successful fishery management in the northern Atlantic, at
least from a biological point of view, and has given a basis for developing a more
stable cod fishery in the future.
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Figure 7. Simulated catch of Northeast Arctic cod for different levels of fishing mortality
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levels  Anonymous 1993!.
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indication that Russian authorities disagree in principle. Thus, some degree of
stability in the fishery is likely to be an objective for future management.

A basic question for any long-term strategy is what level of exploitation the
stock can sustain on the average. This is closely linked to the stock-recruitment
relationship. For many fish stocks, including cod stocks, there is a relatively
wide range of SSBs where recruitment virtually appears to be unaffected by the
SSB. It is nevertheless obvious that below a certain level of SSB, recruitment will
be reduced on the average. A logical approach therefore would be to ensure that.
SSB is kept above a critical level.

Unfortunately, the critical level is usually not easy to define. For the North-
east Arctic cod, the main problem is a lack of continuity in the maturity data
and an uncertamty about the actual age at maturity at present. However,
assuming that the maturity ogives in the most recent years reflect the true level,
and using the compromise series of ogives to estimate the historical SSBs
 Figure 5!, the stock and recruitment. plot shows that once the SSB falls below
about 400,000 t, the incidence of poor year classes is markedly increased
 Figure 9!. Thus, a management strategy keeping the SSB permanently above
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this level is clearly recommendable from a biological point of view. Considering
the sources of error in estimating current SSB levels, a somewhat higher
minimum for SSB, at least 500,000 t, needs to be set to ensure that the real level
is above 400,000 t.

If agreement on a minimum acceptable SSB is reached, three main principles
can be applied:  I! To manage on the basis of a fixed level of fishing mortality
 e.g., one of the biological reference points!; �! to define a fixed level of
catches; �! to set TACs in order to stabilize the SSB above the critical level.

The first. principle, aiming at a particular level of exploitation, requires that
the target fishing mortality is set at a level which gives a reasonably high chance
of the SSB not falling below the critical level. The Northeast Arctic cod stock
has a history of periods with good recruitment alternating with periods of poor
recruitment, to a large extent dependent on the environment  Smtersdai and
Loeng 1987!. The fishing mortality therefore has to be low enough to keep SSB
above the critical level also in periods of consecutive poor year classes. To get an
indication of the level of fishing mortality required, simulations of the develop-
ment in SSB for various levels of fishing mortality after 1946 were made by the
author, using the recruitment figures from the most recent ICES assessment
 Anonymous 1993!. Unfortunately, the lack of density dependence in the
model to some degree produces unrealistic levels of SSB and makes it difficult
to draw firm conclusions. However, it is evident that fishing at Fh h quicklyhrgh
would have reduced the SSB to levels well below 500,000 t. Fishing at F,d
probably would have reduced SSB to below 500,000 t only in 1987, and lower
fishing mortalities would have kept the SSB mostly well above that level.

Keeping fishing mortality stable also will tend to stabilize the fishing effort.
This strategy will, however, lead to variation in the catches. Assuming the
recruitment figures since 1946  Figure 10!, a simulation was made of how the
catches would have been for various levels of fishing mortality after 1946
 Figure 11!. The variation rate is expressed in Figure 12 as year-to-year percent
change in catch, clearly showing the dependence on fishing mortality. Figure 13
shows the relationship between fishing mortality and mean percent change in
catch. The mean is about 5'%%d at. Fp i, and increases to nearly 20%%d at Fh,. h.
Considering that the change tends to go in the same direction for 3-4 years or
more, high fishing mortality will lead to large fluctuations in the catch levels.
For example, during the decline starting around 1970  Figure 11!, the catch at
Fh, h would have been reduced in 3 years by nearly 60'%%d, compared to 47Vo at
F,<, 34Vo at F~�, and 21'%%d at Fp

The variation seen in the catch levels even at low fishing mortalities may
make it tempting to adopt a management strategy that directly aims at keeping
catches stable. There are, however, problems with strictly following such a
strategy. One is that the effort will vary considerably on the average from year to
year, which may be undesirable.
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Discussion

When long-term strategies for managing a fishery are discussed, it is important
to keep in mind that no management strategy can fully guarantee a sustainable
fishery in the long-term for any stock. What happened to a stock in the past will
not necessarily represent what will happen in the future. Therefore, it is
desirable to have some flexibility in the management so that action can be taken
when there is a need for it.

Considering the strengths and shortcomings of the principles for a long-
term strategy, the ideal would seem to be a compromise between the three: a
strategy that combines their strengths and gets rid of their shortcomings.

Another problem concerns the basis for setting a long-term TAC. The level
of catches a stock can sustain over a given period without pressing SSB below
the critical level is dependent on the stock in the starting year, Uncertainty in
the assessment therefore must be taken into consideration in addition to
uncertainty about future recruitment and individual growth. Unless the manag-
ers are willing to take risks, something like a worst-case scenario will have to be
considered when setting a fixed yearly TAC for a period ahead. In the long run,
this could give catches substantially lower than the maximum sustainable for
the stock.

The most serious problem is that if the TAC for some reason is set too high, a
stock collapse can occur extremely fast. This is illustrated by simulations of
fixed TACs after 1946. TACs could have been maintained at relatively high
levels and at low fishing mortalities for a long time because of the high stock
level accumulated during the war. However, the average low recruitment in
recent years would have caused a change that is shown in Figure 14. The actual
catch levels used, from 700,000 t to 850,000 t, are relatively unimportant. The
main point is that fishing mortality is seen to nearly explode in the early 1990s
and that the rate of increase is extremely sensitive to the catch level. At the same
time, the stock is rapidly reduced. One needs little imagination to see that
having given the industry expectations of a fixed catch level during such a
period, the process could be very difficult to reverse before serious damage was
done to the stock.

Keeping the SSB above a minimum level as the only guideline for manage-
ment is also problematic. Even if the level is agreed on, it will be difficult to
predict the consequence for the exploitation. Considerable variations in both
catches and exploitation rates must be expected. Furthermore, in keeping the
SSB only slightly above the minimum level, there will always exist the possibil-
ity that the predictions for one year suddenly shows that SSB will fall below the
specified level even if the fishery is stopped.
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Considering first stability, there are two objectives: to minimize year-to-year
variation in the catches to the extent possible without creating an undesirable
variation in fishing effort, and to be able to provide the industry with reason-
ably reliable catch predications for a period as long as possible.

In order to decrease year-to-year variation in catches, there are three rem-
edies:  I! Fishing mortality must be kept at a relatively low level; �! the fishing
mortality must be allowed to fluctuate around a mean level; and �! some
allowance must be made for uncertainties in the stock assessment and catch
predictions.

To fix TACs for two or more years ahead is hardly recommendable. Although
it may give stable catches in the short-term, large jumps in the catch level can
occur between periods, and the strategy represents a potential danger for the
stock. A compromise could be to fix TACs on the condition that future stock
assessments do not reveal fishing mortality or SSB to fall outside a given range.

The requirement to keep SSB above the critical level is met in most years by
keeping the fishing mortality relatively low. An upper allowable level of fishing
mortality could be specified as an extra safeguard. It is essential to have the
minimum SSB as an additional objective for the management in case the fishing
mortality leads to lower levels than expected.

The target for a mean level of fishing mortality needs to be considered. As
long as the fishing mortality keeps SSB above the critical level, the differences in
long-term yield will be small, except for very low levels of fishing mortality, and
probably cannot be estimated reliably. Therefore, in attempting to maximize the
yield by aiming for a particular level of fishing mortality, it is hardly worthwhile
to argue about the exact level. There appears to be no argument to allow fishing
mortality to be above F,< on the average for this stock. The simulations
indicated that the F,<-level in periods of poor recruitment may bring SSB close
to or even below the critical level, and it would seem safer to aim for a
somewhat lower level of exploitation. Other benefits would be smaller variation
in stock size and bigger fish on the average in the catches. Thus, the estimated
long-term mean weights of the cod in the catches for F~, and F,< are 3.5 and
3.0 kg, respectively.

Multispecies aspects so far have not been included in this discussion. As
previously mentioned, there was a dramatic drop in weight-at-age of the cod
when the capelin disappeared. It is thus possible that trying to keep the cod
stock at a high level may backfire if there is not enough food to support it. In
fact, the most recent information shows that a severe decline in the capelin
stock can be expected. However, this time there is a fast-growmg stock of
Norwegian spring-spawning herring that may be able to replace capelin as the
main food source for cod.

The food situation is one of the two large uncertainties concerning the cod
stock in the near future. The other major uncertainty concerns the catch
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statistics. During 1992 rumors and allegations about illegal catches have flour-
ished, both in the news media and elsewhere. Apart from the uncertainties this
creates in the stock assessment, there clearly is little help in discussing and
implementing management strategies as long as the enforcement of the regula-
tions is ineffective. It would be very sad, indeed, if the expected catch benefits
from the recent management regime should fail to materialize because of illegal
catches.

References

Anonymous. 1984. Report of the working group on methods of fish stock assessment. ICES
Cooperative Research Report 127:67-134.

Anonymous 1985. Report of the working group on methods of fish stock assessment ICES
Cooperative Research Report 133:1-156

Anonymous. 1993. Report of the arctic fisheries working group. Council Meeting of the ICES
1993  Assess. I!:1-169.

Beverton, R.J.H., and S.J. Holt. 1957. On the dynamics of exploited fish populations. U.K.
Ministry of Agriculture, Fisheries, and Food, Fishery Investigations  Ser. 2	9. 533 pp

Gulland, J.A., and L.K. Boerema. 1973. Scientific advice on catch levels. Fish. Bull. 71�!:325-
335.

Jakobsen, T. 1992. Biological reference pomts for North-East Arctic cod and haddock. ICES J.
Mar. Sci. 49.155-166.

Mehl, S. 1990. The Northeast Arctic cod stock's place in the Barents Sea ecosystem in the 1980s:
An overvdew. In: E. Sakshaug, C.C.E. Hopkins, and N,A. �iritsland  Eds.!, Proceedings of the
Pro Mare Symposium on Polar Marine Ecology, Trondheim, 12-16 May 1990. Polar Res.
10�!:525-534.

Sissenwine, M.P., and J.G. Shepherd. 1987 An alternative perspective on recruitment over fishing
and biological reference points. Can. J. Fish. Aquat. Sci. 44:913-918

Sa.tersdal, G., and H. Loeng. 1987. Ecological adaptation of reproduction m Northeast Arcuc cod.
Fish. Res. 5:253-270.

Tjelmeland, S., and B. Bogstad. 1993. The Barents Sea capelin stock collapse A lesson to learn. In:
S.J Smith, J J. Hunt, and D. Rivard  Eds.!, Risk evaluation and biological reference points for
flsheries management. Can. Spec. Publ. Fish. Aquat Sci. 120:127-139

JeIrgensen, T 1990. Long-term changes in age at sexual maturity of the Northeast Arctic cod
 Gadus morhua L.! and some environmental influences. J. Cons. Int. Coun. Explor. Mer
46:235-248.



Management of Exploited Fish ~ Alaska Sea Grant 1993 339

Risk Evaluation and Biological Reference
Points for Fisheries Management: A Review

Stephen J. Smith
Department of Fisheries and Oceans, Bedford Institute of Oceanography

Dartmouth, Nova Scotia, Canada

Abstract

This paper reviews the theme of fisheries management under uncertainty
discussed in papers in the proceedings of the Workshop on Risk Evaluation and
Biological Reference Points for Fisheries Management. The workshop was held
November 19-22, 1991, in Halifax, Nova Scotia, and was sponsored by the
Canadian Atlantic Fisheries Scientific Advisory Committee  CAFSAC! of the
Canadian Department of Fisheries and Oceans.

While many of the papers discussed the uncertainties associated with basic
information and models used to monitor the fishery, the lack of well-defined
social, economic, and political objectives also was identified as a major source
of uncertainty. In the absence of such objectives, biological targets often are
assumed for fisheries until they become restrictive to the operation of the
fishery. At this point, other objectives such as maintaining employment, catch
rates, etc., become important and can conflict with conservation goals for the
fishery.

Introduction

The Canadian Atlantic Fisheries Scientific Advisory Committee sponsored a
Workshop on Risk Evaluation and Biological Reference Points for Fisheries
Management November 19-22, 1991, in Halifax, Nova Scotia. The workshop
was attended by 60 fisheries scientists and economists from Australia, Canada,
Finland, France, Iceland, New Zealand, Norway, South Africa, the United
Kingdom, and the United States.

Proceedings of the lnternanonal Symposium on Management Strategtes for Et3tlotted Ptsh Populanons,
Alaska Sea Grant College Program, AK-SG-93-02, 1993.
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Documented Uncertainties

Participants in the first session were asked to keep a number of questions in
mind when reviewing the track records of the biological reference points used
in the fisheries in their areas. One of these questions was, What role did
uncertainties  about stock status, effect of management measures, catch statis-
tics! play in successes and failures  in the application of some specific reference
point�

The presentations in this session concentrated on either F-based reference
points  e.g., Fp ] F p<! ol spawning stock biomass per recruit  SSB/R! reference

The agenda included 38 invited and contributed papers presented in three
theme sessions. The three themes were: �! a performance review of biological
reference points currently in use  e.g., Fpt F d /OSPR!' �! methods for
quantifying and expressing the uncertainties inherent in fisheries management;
and �! alternative management strategies and future developments. Following
presentation of the papers, participants were assigned to one of four working
groups to discuss the concepts and utility of risk evaluation and biological
reference points. The results of these discussions were presented in a plenary
session at the end of the meeting.

The proceedings of this workshop, which include 31 peer reviewed papers
 Table 1!, working group reports, and other commentaries, is now available as a
volume of the Special Publication series of the Canadian Journal of Fisheries
and Aquatic Sciences  Smith et al. 1993!.

Many of the presentations and much of the associated discussion at the
workshop dealt with some aspect of managing fisheries in the face of uncer-
tainty. This was not the first time that uncertainties associated with fisheries
management decisions had been discussed  e.g., Shepherd 1991!. However,
interest has been increasing within CAFSAC, as in other fisheries management
organizations, to try to quantify and express the amount of uncertainty associ-
ated with fisheries management advice. It is reasoned that including informa-
tion on the major uncertainties could result in more realistic fisheries advice.
The processes by which the uncertainties would be characterized and incorpo-
rated into fisheries advice were termed risk evaluation for the purposes of the
workshop.

In this paper, I address the theme of uncertainty discussed at the workshop
by reviewing the kind of uncertainties found to be important by authors who
considered the performance of the biological reference points currently in use.
Then I discuss papers presented in the second and third sessions that suggested
ways of either quantifying the uncertainties or dealing with them in fisheries
management.
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Session I. Biological Reference Points
Leam an

Rivard and Maguire
Hilden

Goodyear
Butterworth and Bergh
Mace and Sissenwine

Jakobsen
Tjelmeland and Bogstad

Session II. Identifying and Quantifying Uncertainties
Pelletier and Gros
Punt and Butterworth

Smith and Gavaris

Mohn

Gavaris
Shelton, Carscadden, and Hoenig
Claytor, Nielson, and Shelton
Francis

Vaughan
Rosenberg and Brault

Session III. Alternative Strategies and Reference Points
Basson and Beddington
Smith
Haist, Fournier, and Schweigert
Punt

Clark

Thompson
Maguire and Mace
Horwood

Arnason
Palsson, Lane, and Kaufmann
Steinshamn

Lane and Kaufmann

Leaman and Stanley
Peterman and McAllister

O'Boyle

Table l. Authors whose papers were published in the proceedings of the
Workshop on Risk Evaluation and Biological Reference Points for
Fisheries Management.
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Table 2. Source and type of uncertainties identified for the different types of
biological reference points presented at the workshop.

Source of uncertaintyReference point

~ Changes with changes in M  possibly due to multi-
species interactions!.

~ Sensitive to changes in age distribution.

~ Recruitment variability problem for forecasting.

~ Retrospecnve effects  Sinclair et al. 1991!.

Fo.i

~ May reflect effects of unusually favorable environmental
conditions, and not average environmental conditions.

Fhigh
~ Changes with growth rate, age of recruitment, and age at

maturity.

~ May reflect average condition when stock is heavily
exploited.

Fmed
~ Changes with growth rate, age of recruitment, and age at

maturity  same parameters as VPA [Sissenwine and
Shepherd 1987]!.

points  i.e., F�,�, F�, h, F,~, Fi,�,!. Some of the basic sources of uncertainty
identified for these reference points are presented in Table 2. More to the point
was the discussion about the actual impact of uncertainty on managing a
fishery. Low precision associated with any of the basic information used can
result in year-to-year variability in estimates of stock status. Thts variability may
be interpreted to indicate change in stock status, even when there is no real
change. Such an interpretation may lead to the implementation of short-term
ad hoc management actions which move the catch levels away from the target
level to soften the blow  e.g., the 50/a rule in Atlantic Canada [Rivard and
Maguire 1993]!. In addition, such variability also may mask the effects of past
management actions, especially for slow growing species  e.g., rockfish
[Leaman 1993]! or lead to changes in the actual Fz t catch levels because of
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Dealing with Uncertainties
Quantifying uncertainties

There were two reasons for our interest in uncertainties in the stock assessment
process. We were interested in the effects of incorporating measurable uncer-
tainty and ideas about non-measured uncertainties into our advice on stock
status � propagation-of-error type studies. More to the point, however, we
wanted to know how to pass on the interpretation of these effects in a construc-
tive manner to the fisheries managers and fishing industry. This latter interest
was termed risk evaluation for the purposes of the workshop.

The papers presented in Session II can be grouped according to whether
they presented propagation-of-error studies or looked into interpreting the
effect of uncertainties on the resultant management advice. The propagation-of-
error studies presented to the workshop are summarized in Table 3. They
shared a number of features: Bootstrap or Monte Carlo techniques were used to
study the propagation of error due to the complexity of the assessment models
being studied; even Gavaris �993! used Monte Carlo simulations to verify the
analytical estimates from the nonlinear least-squares method.

The first two papers in Table 3 emphasized that it is important to mimic the
actual sampling scheme when constructing bootstrap estimates to ensure unbi-

perceived or real changes  due to management actions influencing gear selectiv-
ity! in the age composition of the catch  Goodyear 1993!.

In fact, one of the major sources of uncertainty common to many of the
papers was not among those listed in Table 2. The major source of uncertainty
identified in Sess>on I was associated with the lack of hard objectives for the
management of fish stocks. Many authors  e.g., Hilden 1993; Butterworth and
Bergh 1993! pointed out that the lack of well-defined social, economic, or
political objectives often resulted in biological targets being assumed for the
fishery. However, if the advice based upon the biological reference point s!
indicated severe conditions for the fishery, other objectives such as maintaining
catch levels, reaching agreements among member nations in a multmational
fishery, etc., became much more important. A policy of keeping catch levels
constant for short-term economic gain despite declining recruitment makes
referring to any long-term biological goals meaningless. Consequently, the
participants pointed out the great need for an internationally accepted biologi-
cal bottom line for stock depletion that would override any economic, social, or
political objectives. Proponents of SSB/R-based reference points have used
recruitment overfishing as this bottom line, and they define the overfishing
threshold as being between 20'yo and 30'/o of SSB/R when F = 0, depending
upon taxonomic group  Mace and Sissenwine 1993!,
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Table 3. Propagation-of-error studies included in the proceedings. The ADAPT
framework is presented in Gavaris �988!.  VPA = virtual population
analysis; NLLS = nonlinear least-squares.!

Approach
Usecl

Source of

uncertainty

Model

used Author

Pelletier

and Gros �991!'
Equilibrium
yield/recruit

Sampling error
commercial catch

Bootstrap
sample data

Smith and

Gavaris �993!
Sampling error
trawl survey

ADAPT

 VPA!

ADAPT

 VPA!

ADAPT

 VPA!

Bootstrap
survey catches

Mohn �993!Estimation of

model parameters
Bootstrap
model residuals

Gavaris �993!Estimation of

model parameters
Model based

 NLLS!

' Presenrauon based on published paper.

ased estimates of the original means and variances. The latter three papers all
identified problems with parameter bias in the nonlinear least-squares param-
eter estimates  and associated variances! from ADAPT. Finally, the first two
papers were concerned solely with sampling errors  measurement!, while the
latter two papers dealt with process errors due to uncertainties about the
relationship between the abundance indices and the population as estimated
from the catch.

For all of the papers in Table 3, the end result could be expressed in terms of
some estimate from the assessment model used  yield per recruit, VPA! plus an
associated standard error or some form of confidence bounds on the estimate.
As an example, consider the boxplots in Figure 1, which present the variability
in trawl survey estimates as modeled by bootstrap replication and the resultant
variability in estimates of projected catch at Fp i fi'om ADAPT. The implication
from this figure is that by incorporating the sampling variability measured from
the trawl surveys directly into the VPA estimation procedure, the resultant
pro! ected catch could be anywhere from approximately 3,500 tonnes to 16,000
tonnes. Note that the upper and lower quartiles were 5,893 and 8,289 tonnes,
respectively. Is this information any more useful to fisheries managers than the
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Figure 1. Boxplots of the distribution of bootstrap replications of trawl survey estimates  total
numbers! wtth resultant estimates of projected catch from ADAPT.

original estimate of 6,218 tonnes from the ADAPT analysis? What total allow-
able catch  TAC! would we advise, given that a range of projected catches were
possible as a consequence of the measurable uncertainty in our basic data? The
second group of papers in this session discussed ways of answering the last
question in the context of risk evaluation.

Expressing uncertainties

Risk analysis has been defined as "...the evaluation of the probability of end
events interpreted in terms of sequences of earlier events"  Linder et al. 1987!.
The first thing to be determined is what end event we are interested in;
specifically, what event is risky in the context of fisheries management. Francis
�991, 1992! suggests the end event could be that something bad happens,
such as catches being less than the TAC at least once in a 5-year period.
Management schemes which resulted in lower probabilities of the catch being
less than the TAC in a 5-year period were considered by Francis to be less risky
than schemes that gave higher probabilities. Other definitions of possible end
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Table 4. Risk-type evaluations presented at the CAFSAC workshop and published
in the proceedings.  M = natural mortality; tl = catchability; s = selectivity;
r = recruitment; S = current spawning biomass; So � � virgin spawning
biomass; S,�= status quo spawning biomass.!

Model
used

Source of
uncertainty

Approach
used AuthorEnd event tested

Shelton et. al.
�993!

Survival Rates,
biomass, age
structure, and
% mature

Monte Carlo VPA P  TAC ! 109o
biomass!

Monte Carlo Yield/recruit P � < 0.20Sti! < 0 1 Francis �993!Biomass and
virgin biomass

Pr  stock declines! Vaughan �993!Stock-recruit
relationship

Monte Carlo VPA

Claytor et al.
�993!

Accuracy of forecastMonte Carlo,
jackknife

M, sea harvesung,
run-time, river
harvesung

Porecastmg

Punt and
But tervvorth
�993!

Production
model 6r TAC

Precision of TACCatch, catch-rate,
tf, r, and s

Bootstrap,
Monte Carlo

Rosenberg and
Brault �993!

P  S <SfMonte Carlo VPAManagement
control

events are given by Brown and Patil �986!, Fogarty et al. �992!, and Peterson
and Smith �982!.

The types of risk evaluation studies presented to the workshop are summa-
rized in Table 4. The first three papers and the last paper all define their end
events in terms of detrimental effects, whereas the other two papers evaluate
properties of the estimates used for management advice. In the paper by
Claytor et al., the model that gave the most accurate estimate of the true
forecast from the simulation was determined to be the best model for managing
the fishery. Similarly, the strategy that gave the most precise TAC estimate was
the one recommended for general use by Punt and Butterworth.

The papers by Francis, Vaughan, and Rosenberg and Brault compared differ-
ent management options under uncertainty according to which option mini-
mized the probability that the end event would occur. On the other hand,
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Figure 2. Bootstrap percentiles  kias corrected! of Fo, projected catch. The upper limit of the
10% rule for advising a change in TAC is 6,600 tonnes.

Shelton et al. evaluated the performance of the current management system,
allowing for uncertainty in the basic data and assumptions of the model.

Rosenberg and Brault present an interesting case where the main source of
uncertainty was associated with the ability of management to achieve a particu-
lar harvest rate in any one year. These concerns appear to echo those expressed
in the first session.

The classification here of studies of uncertainty as propagation-of-error
studies or risk evaluation studies should not imply that these are separate and
exclusive activities. Consider the results in Figure 1 where the effect of survey
variation on the estimate of the Fo 1 projected catch was presented. Thc Atlantic
Groundfish Management Plan specifies under its rules for setting TACs  see
Rivard and Maguire 1993! that alterations will be made to the advised Fo t level
if the estimated Fo, level for the next year differs from the current TAC by
either 10'/0 or 10,000 tonnes. The information in Figure 1 can be used to
evaluate the probability that the projected Fp 1 level would exceed the current
TAC by 10', given variation only in survey estimates. The bootstrap percen-
tiles for projected catch are presented in Figure 2, along with annotation
indicating the probability that the estimated Fp j projected catch would exceed
the current TAC of 6,000 tonnes by 10% would be 1 � 0.76 = 0.29, based on
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chance alone. While it remains to be determined what probability level would
be acceptable for a real change in TAC, a combination of bootstrap, Monte
Carlo, and risk evaluation methods could be used to determine the required
level of precision of survey estimates for a given probability level, assuming that
in this case, survey estimates of abundance are the main source of uncertainty
in the process.

Management under uncertainty

While presentations in the third session dealt with a wide range of topics, many
considered the role of uncertainty in fisheries management in one way or
another. I have categorized these papers in Table 5 according to the manage-
ment approach taken.

In the Falkland Islands squid fishery discussed by Basson and Beddington
�993!, the main management tool is to close the fishery when indications are
that the estimated spawning stock biomass will drop below the target threshold
if fishing continues. An early closure of the fishery will result in t.he manage-
ment agency having to refund a portion of the license fee to the fishermen. The
costs of uncertainty about the biomass estimates that may result in either
closing the fishery too early or not closing the fishery in time are borne directly
by the management agency as a loss in income now or in the future. The
potential benefits of reducing the uncertainties can be tied directly to the
income of the agency.

All papers in the second category were concerned with the most robust
strategy based on the information at hand. Both Clark �991! and Thompson
�993! suggest ways to set exploitation rates for a wide range of life histories
that entail low risk for stock depletion, but do not require knowledge about the
form of the stock-recruit relationship. Punt �993! and Steinshamn �993!
compared models or strategies with low information requirements to those
which required more information and found that the former provided more
robust performances in relation to their respective evaluation criteria. Continu-
ing with the theme of minimal information requirements, Arnason �993!
argues that effective management can be based on market forces alone when an
Individual Transferable Share Quota system is used. The fishery manager need
monitor only the share quota market prices, which are assumed to reflect all the
relevant information available to participants in the fishery about current and
future conditions in the fishery.

In the last category, the general approach to minimize uncertainty was to
increase the amount of information about the fishery. This could be done by
defining the objectives of fishery management more completely and incorpo-
rating the required additional information  e.g., economic, social! into the
decision-making process. More information also could be obtained by design-
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Table 5. Papers presented in the third session of the workshop that dealt with
management under uncertainty.  F = fishing mortality rate; M = natural
mortality rate; SPR = spawning biomass per recruit ratio.!

Details AuthorManagement approach

Allow for uncertainty 1. Incorporate risk into cost Basson and
of fisheries and Beddington �993!
management system.

1. Maximin Yield: Set F so Clark �991!'
that 'kSPRP = 0.35 'kSPRP = 0.

Robust to uncertainty

Thompson �993!

3. Constant fishing effort
versus constant catch.

Steinshamn �993!

4. Simple versus more
complex models.

Punt �993!

5. Minimum information Arnason �993!

management.

2. Experimental
management.

3. Fishing for information
on new resources.

Smith �993!

4. Reducing institutional
uncertainty.

O'Boyle �993!

' Presentation based on published paper
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2. Three constraints to

safeguard against
recruitment overfishing.

Minimize uncertainty 1. Incorporating
bioeconomic objectives.

Horwood �993!,
Lane and Kaufmann

�993!, Palsson et

al. �993!

Leaman and Stanley
�993!, Peterman
and McAllister

�993!
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Waters off Alaska support major fisheries for crabs. Survey and fishery data
document different stock histories including long-term declines, stocks that
crashed and later recovered, and populations that have withstood large fisher-
ies. Although specific regulations are modified routinely, management strate-
gies tend to reflect historical practices, many borrowed elsewhere. Management
primarily involves size, sex, and season regulations that are augmented by
exploitation rates for enumerated stocks. General perspectives on crab manage-
ment are presented based on reviev of applied crab research conducted since
the inception of extant harvest strategies in the 1960s.

In contrast to other Alaskan crabs  Paralithodes, Lithodes, Chionoecetes!,
Dungeness crabs, Cancer magister, have traits that tend to be associated with
species capable of sustaining relatively liberal harvests: high fecundity, low
maximum age, low ages of maturity and recruitment, and high natural mortal-
ity. For all species, size limit regulations should acknowledge mating opportu-
nities, and the inability of female anomurans  such as king crabs! and the abil-
ity of female brachyurans  Tanner, Chionoecetes bairdi; snow, C. opilio; and
Dungeness crabs! to store viable sperm for 2 years or more. Management plans
should recognize that �! crab size and complex behavior influence reproduc-
tive success, �! stocks at the extremes of their geographic ranges sustain low
yields, �! recruitment overfishing is likely for highly exploited populations
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with low frequency of recruitment, and �! yield may be markedly reduced by
handling mortality of discards. In addition, size limits reduce the number of
reproducing age classes, thereby thwarting a population's buffer against recruit-
ment failures, and size limits may cause long-term selection against. crabs with
genotypes associated with rapid growth. Female harvest, particularly at high
population levels, should be considered because it may lead to less variability in
production and higher long-term yield. Yield models that reflect the unique life
history traits of each crab species, coupled with investigations into poorly
estabhshed biological production parameters, are needed so more specific pro-
posals for management changes can be developed and quantitatively analyzed.

Introduction

To a large degree, fishery management strategies for Alaskan crab stocks reflect
historic precedence dating to the 1960s or earlier. For instance, in the red king
crab fishery off Kodiak Island, sex restrictions were always used, size limits date
to 1949, and fishing seasons were first implemented in the early to mid-1960s
 Gray et al. 1965!.

Harvest strategies often reflect practices borrowed elsewhere. For example,
there has been a tendency to pattern Chionoecetes fishery management after
management of red king crabs, Paralithodes camtschaticus  Reeves 1982!, and
Dungeness crab, Cancer magister, management in Alaska  Alaska Department of
Fish and Game 1992! has closely paralleled strategies used in Washington,
Oregon, and California  Pacific Fishery Management Council 1979!. In addi-
tion, parameters corresponding to M Fp > and stock-recruit curves for several
king crab stocks in the Bering Sea  BS! and Aleutian Islands  Al! region have
been borrowed from red king crabs in Bristol Bay  North Pacific Fishery
Management Council 1990!.

Three decades of catch histories and one to two decades of stock assess-
ments reveal a wide range of crab stock trends. To date, many stocks have
crashed and not improved  e.g., Kodiak red king crabs!, others have crashed
and recovered  e.g., eastern BS Tanner crabs, Chionoecetes bairdi!, and still
others remain healthy despite huge fisheries  e.g., BS snow crabs, C. opilio!.
Overall, success at maintaining long-term, sustainable crab fisheries is not
good: For the most part, only stocks with short  <15 yr! exploitation histories
remain healthy.

Despite suggestions that non-anthropogenic factors such as parasites, dis-
eases, predators, or environmental changes are causes of some stock declines
 Blau 1986; Kuris et al. 1991!, a reassessment of crab management strategies is
long overdue. In particular, a reexamination of the fundamental biological
underpinnings to crab resource management is warranted. Much crab research
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has been conducted in Alaska since the 1960s, when principal elements of
extant harvest policies were developed. However, this new knowledge resulted
in relatively linle change in crab management.

How would we develop crab management strategies in Alaska today, if we
had the benefit of three decades of Alaskan crab research without the impedi-
ment of entrenched management frameworks? With that question in mind, I
examined biogeography, life history traits, reproductive potential, population
dynamics, genetic selection, and indirect effects of fishing. My purpose was to
synthesize contemporary findings and, from the synthesis, to offer some per-
spectives on crab fishery management strategies in Alaska. Based on this
synthesis, I recommend areas of focus for future research so that more specific
management proposals can be forthcoming.

History of Fishery and Stock Status

Overview of Crab Management

In managing crab resources, the goal is to achieve the greatest overall benefit to
Alaska and the nation. By policy, management of king, Tanner, and snow crabs
strives to maintain healthy stocks, to provtde sustained and reliable supplies of

The Gulf of Alaska  GOA! and BS support large commercial fisheries on six
species of crabs: red king crab; blue king crab, Paralithodes platypus; golden
king crab, Lithodes aequispinus; Tanner crab; snow crab; and Dungeness crab.
Many changes occurred in stocks and landings following the development of
Japanese fisheries in the BS in the 1930s and early explorations by the United
States off the Alaskan coast in the 1940s  Anonymous 1942!. For example,
trawl surveys show that Tanner crab abundance in the eastern BS decreased
from 1 billion crabs in 1977 to 85 million in 1985 and rebounded to 950
million in 1989  Stevens and IvIacIntosh 1990!. Fishery landings from this
stock peaked at 66 million pounds in the 1977-78 season, dropped to zero
when closed in 1986-87, and recovered to 40 million pounds in 1990-91
 Griffin and Ward 1992b!.

Many crab stocks crashed in the 1980s, and 12 crab fisheries remained
closed in 1991 due to low abundance  Table 1!. Red king crabs off Kodiak
Island yielded 94 million pounds in the 1965-66 season, but fishing ceased in
1983-84  Spalinger and Jackson 1992!. The 1991 abundance estimate was only
0.2 million legal males  Spalinger and Jackson 1992!. Likewise, the 1980-81
harvest of red king crabs off Dutch Harbor was 18 million pounds, but the
1991 trawl survey caught only two legal males  Griffin and Ward 1992a!.
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high-quality product to markets, and to provide opportunities for subsistence
and personal use fisheries  Alaska Department of Fish and Game 1992!. Al-
though no formal management policy exists for Dungeness crabs, these same
objectives generally are applied. More specifically, the harvest policy attempts
to minimize �! risk of irreversible loss of reproductive potential, �! harvest
during biologtcally sensitive life history periods, �! adverse fishery impacts on
non-harvestable portions of the stocks, and �! adverse fishery interactions
with other stocks and fisheries. This policy is further elucidated in a fishery
management plan for the BS/AI region  North Pacific Fishery Management
Council 1989! and in area management plans. Extensive regulations implement
these plans  Alaska Department of Fish and Game 1992!.

Harvest strategies for Alaskan crab stocks vary among areas and species
 Table 1!. Basically, four types of strategies are used. In exploitation rate manage-
ment, a preseason quota or guideline harvest level  GHL! or guideline harvest
range  GHR! is the product of the desired exploitation rate and an estimate  or
upper and lower confidence bounds! of exploitable biomass. Inseason catch
per unit effort  CPUE! may be used to revise preseason biomass estimates or to
set catches within GHRs, particularly for imprecise survey estimates. In the late
1980s, exploitation rates were adopted for some fisheries when conversion of
survey gear from pots to trawls provided first estimates of absolute abundance
from area-swept methods  Table 1!.

In fishery performance management, preseason GHLs or GHRs are estimated
from historical catches or CPUE rather than a current abundance estimate.

Primary management regulations for size, sex, and season �-S! management are
minimum size limits, sex restrictions, and seasonal closures during molting and
mating periods, whereas size and sex �-5! management does not prohibit fisher-
ies during biologically sensitive periods. Management tools used by all four
strategies include legal gear, permits, onboard observers, management and
registration areas, pot limits, reporting requirements, vessel tank inspections,
and provisions for gear placement, removal, and storage. Some fisheries are
managed with a threshold, a minimum spawning biomass level below which no
fishery occurs.

In general, fisheries for Dungeness crabs and golden king crabs are 2-S
because they occur during molting/mating periods and stock status informa-
tion is unavailable  Table I!. Many red and blue king, Tanner, and snow crab
fisheries now are managed by exploitation rate where abundance estimates are
available. Fisheries lacking such estimates are sometimes managed by fishery
performance and size-sex-season regulations.
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Table 1. Recent �990-1991! and historic �970-1989! management strategies
for Alaskan crab fisheries: ER  exploitation rate!, FP  fishery
performance!, 3S  size, sex, season!, and 2S  size, sex!. A '+' denotes
that the fishery was prosecuted in 1990 and 1991.

Current Fishery
ER FP 3S 2S 1990 1991

1970-1989
Crab fishery ER FP 35 25

Southeast Alaska Dungeness
Yakutat Dungeness
Prince Wm. Snd. Dungeness
Lower Cook Inlet Dungeness
Kodiak Dungeness
Alaska Peninsula Dungeness
Aleutian Islands Dungeness
Southeast Alaska red king
Yakutat red king
Lower Cook Inlet red king
Kodiak red king
Alaska Peninsula red king
Dutch Harbor red king
Adak Island red king
Bristol Bay red king
Prince Wm. Snd. red/blue king
Pribilof Is. red/blue king
St. Matthew Island blue king
Southeast Alaska golden king
Prince Wm. Snd. golden king
Dutch Harbor golden king
Adak Island golden king
Southeast Alaska Tanner
Yakutat Tanner
Cook Inlet Tanner
Prince Wm. Snd. Tanner
Kodiak Tanner
Chignik Tanner
So. Alaska Peninsula Tanner
East. Aleutian Is. Tanner
West. Aleuuan Is. Tanner
Eastern Benng Sea Tanner
Eastern Bering Sea snow

X + +
X + +X X X X X X X ++X X
X + +
X + +

X"
X4

Xs
X4
X X X X
X X X X

X

X XX X
X X X X

X X
X X4X X4

X X

X X X
X
X

X XX X

' Copper River District was open and Orca Inlet District was closed.
s Since 1979 the GHR is based on historic catch
' A small fishery was open to explore new fishing areas.
4 A fixed GHL quota is coupled to 3S regulations.
' Basically, this fishery was managed by fishery performance in the 1970s and exploitation rate in the

1980s. The first GHL was established in 1973-1974
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Biogeography

Comparative Biology and Life History
Because they are brachyuran, or true crabs, Tanner, snow, and Dungeness crabs
are closely associated with species such as the blue crab, Callinectes sapidus. In
contrast, king crabs are anomurans, allies of the mole, Emerita, and hermit
crabs, Pagurus, Eupagurus, and Pylopagurus. In fact, Cunningham et al. �992!
presented new molecular evidence that king crabs are not only descended from
hermit crabs, but that they are members of the genus Pagurus. More than
semantics, there are marked differences in biological characteristics, life history
traits, and behavtor associated with these classifications. These attributes are
examined briefly for potential broad implications on management and to
identify areas of uncertainty for future research.

Location of populations within a species' range has general implications for
stock dynamics and response to harvest. Animals are most abundant in por-
tions of their range with optimal habitats  Everhart et al. 1975!. Because
temporal variation in abundance is greatest at the distributional limits of a
species  Sinclair 1988!, fisheries on stocks near the edges of a species' range
tend not to sustain high harvests.

Some Alaskan crab populations occur near the species' geographic extremes.
For example, red king crabs occur at their northern limit in Norton Sound, blue
king crabs occur at their southern limit. in Southeast Alaska, and Dungeness
crabs occur at their northern limit in Cook Inlet and Prince William Sound and
at their western limit along the Alaska Peninsula and Aleutian Islands. These
stocks sustained little, if any, recent harvests  Table I!. Ltkewise, Dungeness
crabs at the southern end of their range off central California crashed in 1960
without recovery  Warner 1985!.

MacCall's �990! basin theory describes relationships among geography,
movement, and productivity within a population. Density-dependent factors
are strongest at the geographic center of a population and density-independent
factors predominate at its edges. A population's range expands and contracts
with overall abundance. Such features have important consequences for fishery
management. For instance, declining abundance coupled with contracting
geographic distribution diminishes the utility of CPUE as an index of stock size
and increases the risk of overfishing  MacCall 1990!.

At least some Alaskan crab populations conform to the basin model. Surveys
during 1973-86 revealed that declines in total abundance were associated with
contraction of geographic distribution of red king crabs off Kodiak  Greene et
al. 1990!. This population, once widely distributed in abundance around the
island, is now concentrated in the northeast and southwest districts only.
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The theory of r and K selection

Life history traits often are related  Adams 1980; Gunderson and Dygert 1988;
Hoenig 1983!. For example, longevtty is negatively related to instantaneous
natural mortality, M  Hoenig 1983!, and positively related to age-at-maturity
 Gunderson and Dygert 1988!. Animals that live longer often achieve larger
size, and animals with larger body size tend to mature later  Adams 1980!. In
terms of MacArthur and Wilson's �967! r and K selection, an r-selected species
tends to have low age-at-maturity, small maximum size, high M, low maxitnum
age, and perhaps higher fecundity  Adams 1980; Cushing 1971; Pianka 1970!.
A K-selected species tends toward opposite traits.

Some biological and life history features are summarized for three Alaskan
crab species for which best data exist; red king, Tanner, and Dungeness crabs
 Table 2!. Care should be exercised in interpretation because geographic and
annual variations occur. For example, Otto et al. �990! found that size at 5070
maturity for female red king crabs varied yearly between 66-74 rnm carapace
length  CL! in Norton Sound and 85-92 mm CL in Bristol Bay during 1975-
1989.

Dungeness crabs are most fecund on average, whereas egg production of red
king crabs and Tanner crabs are comparable. Dungeness crabs become func-
tionally mature  i.e., participate in breeding! at an earlier age than Tanner and
red king crabs. Red king crabs live the longest and achieve the largest size
 weight!, whereas Dungeness crabs have the shortest life span and achieve the
lowest maximum body weight  Table 2!.

Estimates of M are comparable for king and Tanner crabs, although precision
of the estimates is low. In general, Dungeness crabs have highest M, but
estimates vary wIdely  e.g., 0.69 for small females [Smith and Jamieson 1991a],
1,3 [Smith and Jamieson 1991a] and 1.98-2.53 for large females [Hankin et al.
1985], and for males 0.16 [Jow 1965] to 2.5 [Smtth and Jamieson 1991a]!.

As with most species  Pianka 1970!, neither red king, Tanner, nor Dunge-
ness crabs are completely r or K selected. Large maximum size of all three
species is a K attribute. Natural mortality rates and maximum age of red king
and Tanner crabs are more intermediate, whereas Dungeness crabs are more r
selected. Reproductive behaviors of red king  Powell and Nickerson 1965!,
Tanner  Donaldson and Adams 1989!, and Dungeness crabs  Snow and Nielsen
1966! are quite sophisticated, which is typical of K-selected species.

Taken together, life history traits of these three crab species suggest a
gradient from red king crabs, which are most K selected, to Dungeness crabs,
which are most r selected. Though not explicitly considered, blue and golden
king crabs would tend toward the K end of the spectrum, and snow crabs
would be intermediate. However, there are notable differences among the king
crabs and among Chionoecetes. For example, golden king crabs carry only
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Table 2. Summary of biological features and life history characteristics of red
king, Tanner, and Dungeness crabs.

Red king crab Tanner crab Dungeness crabCharacteristic

Classification Anomuran

Chukchi Sea'Northern hmit of range

Southern limit of range British Columbia

140 mm CV
 Bntish Columbia!

119 CW'
 Kodiak!

130 mm CL
 Kodiak!

Functional size at
maturity �'!

100 mm CWiz
 British Columbia.!

83 mm CW'
 Kodiak!

89 mm CL
 Bnstol Bay!

Functional size at
maturity �!

165 mm CW"
 All Alaska!

140 mm CW"
 All Alaska,
except PWS!

165 mm CW'
=135 mm CL
 BS/AI!

Legal size  o'!

254 mm CW',
>1. 6 kg  Washington!

200 mm CW",
=2. 6 kg's Kodiak!

227 mm CL',
11 kg'  Kodiak!

Maximum O' size

=28 mm CW
 Southeast Alaska!

24 mm CW'
 Kodiak!

16/20 mm CL' '
 Kodiak/BS!

Mean growth increment
of mature crabs  o'!

6-7 yr  Kodiak! " 3 yr  Alaska! '

7-8 yr  Kodiak!" 5 yr  Alaska! '

Mean age-at-maturity  o'! 7 yr  Kodiak! '

8-9 yr  Kodiak!Mean age of
recruitment �'!

12-15 yr  Kodiak! 8 yr  British Columbia!'>20 yr  Japan!iMaximum age

0.16z4-2.5zs
 Califorma to Brinsh

Columbia!

0.7-2.5 10 '
 western United States!

50,000-400,000
 Eastern BS!

43 000-500 000
 Bristol Bay!

Fecundity

Yeszr zsNo'Ability to retain sperm

' C. Lean  personal comrnunicanon, Alaska Departmeni of Fish and Game, Nome!; Garth �958!;
Jensen and Armstrong �987!; ~Butler and Hart �962!; Hosie and Gaumer �974!; T. Butler
 personal communication, Pacific Biological Station, Nanaimo!; rschmidt and Pengilly �990!, sstevens
et al. �993!; Butler �961!; Otto et al. �990!; "Donaldson et al. �981!, ' Butler �960!; Alaska
Department of Fish and Game �992!; '~Powell �967!; ' Somerton �981!; ' Cleaver �949!, ' Pa-
cific Fisherv Management Council �979!; '"Weber and Miyahara �962!; ' Koeneman
�985!; McCaughran and Powell �977!; 'Kondzela �986!, zMatsuura and Takeshita
�990!, North Pacific Fishery Management Council �990!; i]ow �965!; 'Smith and Jamieson
�991a!; 'aSomerton and Meyers �983!; 'Paul �984!, and z Hankin et al. �985!

Brachyuran

Bering Sea

Oregon

Natural mortahty, M  t/! 0.3  Eastern BS! 0.3  Eastern BS!

Brachyuran

Pribilof Islands

Monterey Bay
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Reproductive success

Size of maturity versus size limit. Interrelationships between age and size of
maturity, age and size of recruitment, and growth can be examined in yet
another context: reproductive potential. In Alaska, functional maturity occurs

4,000-27,000 eggs  Jewett et al. 1985; Otto and Cummiskey 1985!; that is,
they are an order of magnitude less fecund than red king  Otto et al. 1990! and
blue king crabs  Somerton and MacIntosh 1985!. On the other hand, female
blue king crabs usually spawn biennially Jensen and Armstrong 1989! in
contrast to annual spawning typical of the other species. Also, snow and Tanner
crabs differ in several ways. Compared to Tanner crabs  Table 2!, snow crabs
produce fewer eggs �,500-150,000; Jewett 1981! and mature males have a
smaller mean growth increment  =11 mm carapace width, CW  Taylor and
Hoenig 1990!.

Inferences about r and K selection for Alaskan crabs are relative. For ex-
ample, king crabs are not as K selected as Pacific Ocean perch, Sebastes alutus,
which experience low M  =0.05! and may live up to 80 years  Leaman 1991!;
and Dungeness crabs are much less r selected than blue crabs, which produce
0,5-8.0 million eggs  Prager et al, 1990!, mature  males! at 11-12 months
 Archambault et al. 1990!, recruit around 15 months  Archambault et al. 1990!,
and achieve maximum age at only 2-4 years  Havens and McConaugha 1990!.

Life history traits have general management implications  Adams 1980,
Leaman 1991!. Contrasted with K-selected species, populations of r-selected
species are more productive, can be fished at younger ages, tolerate higher
exploitation, recover quickly from overfishing above minimum population size,
are more influenced by environment, and tend toward boom-and-bust fisheries
 Adams 1980!. Populations of K-selected species tend to be more stable,
produce higher yields at later recruit ages and at lower fishing mortalities, have
lower standing stocks, are more susceptible to overfishing and stock depletion,
and have more sophisticated life history mechanisms  Adams 1980!.

These considerations imply that Dungeness crabs are more able to withstand
liberal harvest policies than red king crabs and Tanner crabs. However, harvest
strategies for Dungeness crab stocks in Alaska may need to be more restraining
than those for Pacific coast stocks because of geographic variability in life
history parameters. For instance, age of full recruitment of Dungeness crabs
was estimated to be 3'!~ years off central California  Poole 1967!, 4 years for
northern California  Warner 1987!, Washington  Cleaver 1949!, and British
Columbia  Butler 1961!, and perhaps 5 years in Southeast Alaska  Kondzela
1986!. Due to slower growth at cooler temperatures  Kondzela and Shirley
1993!, Alaskan stocks are likely to have older age-at-maturity, greater longevity,
and lower M than more southern stocks.
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in red king crabs at age 7, Tanner crabs at age 6-7, and Dungeness crabs
probably at age 3. Given mean growth increments, age and size of maturity, and
age and size of recruitment  Table 2!, the mean number of molts required for a
mature male crab to reach size of entry to the fishery may be zero for red king
crabs and 1 for Dungeness and Tanner crabs.

Molting frequencies also must be considered. Nearly all  =95 yo! red king
crabs molt annually to legal size  =135 mm CL; McCaughran and Powell
1977!, and the molt to legal si e often corresponds to the molt to size of
functional maturity, 130 mm CL  Schmidt and Pengilly 1990!. Mature male
Tanner crabs may begin to skip molt prior to attaining legal size  Donaldson et
al. 1981!. At least in Southeast Alaska, immature male Dungeness crabs molt
annually, but after maturity the probability of molting may drop to 0.59 for
males 155-159 mm CW and to 0.17 for males 160-164 mm CW  Koeneman

1985!. In 1992 the bulk of a year class of sublegal males in lower Cook Inlet
failed to attain legal size due to widespread skip molting  A. Kimker, Alaska
Department of Fish and Game, Homer, personal communication!.

For all species, mating opportunities are greatly reduced once legal size is
reached. For example, in heavily exploited populations of Dungeness crabs off
British Columbia, 9-16'/o of legal males survive 3 months after molting and less
survive to mate  Smith and Jamieson 1991b!. Based on growth increments and
molting probabilities, the mean number of mating seasons afforded male crabs
prior to recruitment may be none for red king crabs and two for Dungeness and
Tanner crabs.

Sperm storage. In common with other brachyurans such as blue crab
 Wenner and Daugherty 1990!, female Dungeness, Tanner, and snow crabs
may retain viable sperm in abdominal spermathecae  receptacles! up to 2 years
or more  Paul 1984; Hankin et al. 1985!. Anomurans, such as king crabs, lack
spermathecae and require the presence of males during egg extrusion  Powell
and Nickerson 1965!.

Sperm storage enhances reproductive potential of brachyurans in two ways.
First, immature females may be mated successfully. In Southeast Alaska, mating
pairs of Dungeness crabs involving immature females as small as 80 mm CW
produced fertilized eggs the next year following molt to maturity  T. Shirley,
University of Alaska Fairbanks, Juneau, personal communication!. Second, a
female may produce two viable egg clutches in consecutive years following a
single mating. This second advantage may be relatively minor because at least
for primiparous Tanner crab females � only 9/0 of females produced viable
second clutches from single matings, and the fecundity of these second clutches
was low  Paul and Paul 1992!. Nevertheless, sperm storage mitigates adverse
reproductive effects of reduced abundance of mature male brachyurans, an
advantage lacking in anomurans.
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Sizes of mating pairs. Size is important in considering reproductive success
for at least three reasons. First, functional maturity often occurs at much larger
sizes than morphometric  e.g., large chela! and physiological  e.g., spermato-
phore production! maturity. For example, in British Columbia the vas deferens
of male Dungeness crabs of size =116 mm CW possessed spermatophores, yet
all males that participated in mating were >140 mm CW  Butler 1960!. Even
greater discrepancies in sizes of physiological vs. functional maturity exist for
red king crabs, but geographic differences confound comparisons. The size at
which 50%%d of male red king crabs produced spermatophores was 50-59 mm
CL in the Bering Sea  Paul et al. 1991!, yet functional maturity was 130 mm CL
from mating pairs collected off Kodiak  Schmidt and Pengilly 1990!. In fact,
most males in these pairs were >163 rnm CL and had been legal for >1 yr
 Schmidt and Pengilly 1990!. However, in Newfoundland, small, functionally
mature male snow crabs may participate in mating when the large males are
removed  Ennis et al. 1988!.

Second, in some species, only large males can mate with large females, and
large females are more fecund than small females. In laboratory studies, male
Tanner crabs as small as 55 mm CW mated with primiparous females  first time
spawners!, but no male <110 mm CW mated with a multiparous female  a
female that has reproduced at least once before!  Adams 1985!; multiparous
females of 80-110 mm CW evaded or resisted mating with males of equal or
smaller size  Adams 1985!. In the Bering Sea, large �10 mm CW! female
Tanner crabs produced 3 to 4 times as many eggs as small �0 mm CW! females
 Somerton and Meyers 1983!.

Third, some male red king crabs  Powell and Nickerson 1965; Powell et al.
1974; Paul and Paul 1990!, Tanner crabs  Adams and Paul 1983!, and Dunge-
ness crabs  Butler 1960! may mate with multiple females per season. However,
Paul and Paul �990! found that most small  80-89 mm CL! male red king
crabs failed to induce more than one female to ovulate, whereas most large
males  >120 mm CL! induced ovulation in all four females tested. In addition,
females mated by large males had a higher percentage of viable eggs. Powell et
al. �974! found that at least some large males are capable of mating with 10 or
more females. However, capacity for multiple partners in situ may be limited by
the fertile period during which females can attract mates and produce viable
egg clutches. This period lasts 10-13 days after molting in red king crabs
 McMullen 1969!,1-27 days after molting in primiparous Tanner crabs, and
only 1-7 days in multiparous Tanner crabs  Paul and Adams 1984!.

Sex ratio. Single-sex harvests could have undesirable effects on crab popula-
tion dynamics and yield at extremes of population size. When spawning
biomass is high and male harvest does not adversely affect the total number of
fertilized eggs, recruitment is most sensitive to environmental influences
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 Botsford 1986!. Further, if a Ricker-type egg-recruitment relationship exists,
then high levels of egg production may result in lower yield  Botsford 1991!.

When spawning biomass, is low, high harvest rates in male-only fisheries can
skew sex ratios and reduce reproductive potential. Due to single-sex harvest of
red king crabs off Kodiak, overall female:male sex ratio increased from =0.5:1
during 1973-1975 to =3:1 in 1986  Becker et al. 1990!. Clutch fullness
decreased. Nearly all females had clutches that were 90-1009o full during 1973-
1975, but declined through 1985 when only 15% had 90-100'/o clutch fullness
 Becker et al. 1990!. McMullen and Yoshihara �969! suggested that high
percentages of unmated female king crabs in some Kodiak fishing districts in
1966-67 were due to area-specific overharvest of mature males. Likewise,
Smith and Jamieson �991b! showed evidence that, in heavily exploited
Dungeness crab stocks, most large  >140 mm CW! females may go unmated
due to lack of adequate numbers of large males, despite polygamy.

Regardless of population size, skewed sex ratios can have a deleterious effect
on mortality of females of some species through increased predation. For
example, Wilber �989! showed that female stone crabs  Menippe mercenaria,
M. adina, and their hybrids! survived predation when male mates guarded them
for long durations, whereas blue crabs readily ate female stone crabs in trials
when they were guarded by their mates for short periods.

Population Dynamics

Gulland �983! described two types of overfishing, growth Overftshing and
recruitment overfishing. Growth overfishing is the harvest of a st.ock at a mean
size smaller than that which would maximize yield per recruit. Recruitment
overfishing is the reduction of spawning stock biomass to levels too low to
provide adequate recruitment.

Growth overfishing

When growth and mortality are known accurately, growth overfishing is easy to
detect. Potential yield from a cohort is estimated from growth and mortality
schedules at various effort levels and ages of entry to the fishery by methods
such as those described by Beverton and Holt �957!. When the size limit is
smaller than the size corresponding to maximum yield at current effort levels,
growth overfishing occurs.

Based on yield-per-recruit analyses for Dungeness  Smith and Jamieson
1991a!, red king  Schmidt and Pengilly 1990!, and Tanner and snow crabs
 Somerton 1981!, estimated maximum yield occurs at sizes smaller than sizes
of maturity. Because size limits generally are larger than size of maturity, it could
be argued that growth overfishing is unlikely. However, because most estimates
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of growth, mortality, and functional maturity are poorly established, the ability
to detect growth overfishing by yield-per-recruit analysis is debatable.

Recruitment over fishing

Population age and size distributions

Population age and size distributions are other important, yet often ignored,
aspects of population dynamics of fished stocks. Murphy �968! showed that
iteroparity, or multiple spawning, is likely to be an evolutionary response to
environmentally induced recruitment variations. Using a simulation model of
Pacific sardines, Sardinops sagax, Murphy �967! investigated the effects of
fishing on age structure so that the population approached a single reproducing
age class. Compared to an unfished population with a protracted age structure,

Recruitment overfishing is even more difficult to evaluate than growth overfish-
ing. When major stock declines or mcreases in fishing effort occur, risk of
recruitment overfishing should be assessed  Jamieson and Caddy 1986!. In
Kodiak the abundance of red king crabs in 1989 was estimated to be 355,000
animals, of which 237,000 were legal males  Jackson 1990!. Little recruitment
has occurred since the 1975 year class  Schmidt 1989!, and fishery thresholds
currently are necessary to avert overfishing.

Empirical evaluations of recruitment overfishing depend on availability of
stock-recruit relationships, which are notoriously difficult to estimate for crus-
taceans  Caddy 1986!. Of all the Alaskan crab stocks, spawner-recruit relation-
ships have been estimated only for red king crabs in Bristol Bay  Greenberg et
al. 1991; Reeves 1990!.

Clark �974! presented a theoretical framework for stocks that form large,
compact aggregations, such as some Alaskan crab stocks. He proposed that
such stocks may be subject to a "depensation catastrophe' in which the de-
pressed stock cannot sustain itself through reproduction. These stocks may
experience rapid collapse from which they may not recover. Clark's �974!
advice was to close the fishery in the hope that favorable environment may lead
to a large year class that could retransform the system back to a productive
state. This advice was not heeded off Kyoto, Japan, where a prolonged period of
snow crab recruitment failures was the result of a decade of severe overfishing
by a Danish seine fishery  Sinoda and Kobayashi 1982!.

Despite meager empirical or theoretical bases for stock-recruit relationships
for Alaskan crab stocks, it is reasonable to assume that as spawning biomass
declines to low levels, recruitment declines. Acceptance of this assumption led
to implementation of thresholds for some crab fisheries in Alaska. In addition
to serving as conservation safeguards, thresholds may increase long-term aver-
age yield  Quinn et al. 1990!,
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abundance of the fished population was much lower and more variable. The
fished population recovered slowly even when fishing was terminated, and it
had a higher probability of extinction than the unfished population. These
results led Murphy �967! to assert the need to maintain age structure in
populations with long life spans that experience environmentally driven re-
cruitment. Leaman �991! argued the same principles for long-lived Sebastes.

This advice is relevant to Alaskan crabs, particularly for the long-lived king
and Tanner crabs. Successful year classes are rare, and environment appears
important to recruitment. Given ages of maturity, reduced molting probabilities
of mature animals, and longevities  Table 2!, Alaskan crabs are afforded numer-
ous mating opportunities in unfished populations. For example, red king crabs
mature at mean age 7  Schmidt and Pengilly 1990!, begin to skip molt after age
7  McCaughran and Powell 1977!, may survive to age 1% or more in large
numbers  Powell 1967!, and a few can live in excess of 20 years  Matsuura and
Takeshita 1990!. For a species with such attributes, development of recruit-
only fisheries dominated by 8- to 9-year-olds severely truncates the otherwise
protracted age and size distribution that normally affords a buffer against
population crashes in unfished stocks.

Genetic Selection

Genetic selection against fast growth may result from intense fishing pressure.
The protected period between maturity and legal size is shorter for fast-growing
crabs with larger growth increments and high molting probabilities. Therefore,
fast-growing crabs may experience fewer matings and produce less offspring.
Some traits  e.g., age of maturity!, may be linked genetically to growth, whereas
others  e.g., fecundity [Haynes 1968; Jewett 1981; Somerton and Meyers
1983]!, are linked morphologically to body size. As with scallops  Crenshaw et
al. 1991!, growth in crabs probably has a heritable component, so long-term
harvest may reduce fitness of genotypes that would otherwise produce rnaxi-
mum stock production  Bergh and Getz 1989!.

Genetic selection by fisheries is difficult to detect and has been documented
in only a few cases  Nelson and Soule 1987!. Typically, changes in traits with
heritable components  e.g., growth and maturity! have been investigated
 Nelson and Soule 1987!. Occasionally, allozymes have been analyzed for
changes in genetic diversity before and after exploitation  e.g., Seeb et al.
1990b; Smith et al. 1991!. Because individuals with genotypes responsible for
characteristics such as fast growth may be reduced or lost from the population,
reductions in genetic diversity provide evidence for fisheries selection. The rate
of decrease in genetic diversity increases with the intensity of selection
 Crenshaw et al. 1991!.
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Data on Alaskan crabs have not been examined for evidence of genetic
selection. However, it is conceivable, if not likely, that size limits cause selection
 Nelson and Soule 1987!. Methot �986! suggested that selection could occur
in highly exploited Dungeness crab fisheries, given the effects of size limit on
partial recruitment at age. For red king crabs, a wide range in ages �-12! of
partial recruitment  McCaughran and Powell 1977! may intensify selection, but
lower exploitation rates may reduce selection intensity.

Given low levels of detectable genetic variability in crustaceans, such as red
king crabs  Seeb et al. 1990a! and Dungeness crabs  Soule and Tasto 1983!, it
may be diflicult to detect fisheries selection for crabs by allozyme analyses alone.
Captive breeding experiments could be attempted, and historical data on physical
traits  e.g., growth increment, molting probability, size at maturity! could be
examined for evidence of selection. Genetic selection v arrants serious consid-
eration in development of management strategies  Meffe 1987; Nelson and Soule
1987!, particularly in cases 2-5 or 3-S management with unregulated effort.

Capture and Handling Effects
Pots capture male and female crabs of a range of sizes and carapace conditions.
Size limits, sex restrictions, and industry preferences for a particular size range
or carapace hardness result in discards. A variety of lethal and sublethal effects
may result. Although it is beyond the scope of this paper to fully review these
effects, some examples are provided with part.icular emphasis on Alaskan crab
species.

Lethal Effects

Aside from harvest, fisheries may have lethal side effects. Catching mortality may
occur in a pot prior to retrieval: Confinement in pots may increase rates of
cannibalism, particularly among Dungeness crabs that eat young-of-the-year
 Butler 1954; Cleaver 1949; Gotshall 1977! and newly molted adults  Waldron
1958!. Ghost fishing occurs when lost gear continues to catch crabs and fish that
later die and rebait the pot. Pot loss may be significant during commercial
fisheries: 10%  Breen 1987; High and Worlund 1979! to 20'%%d  W. Nippes,
Alaska Department of Ftsh and Garne, Kodiak, personal communication! of
pots may be lost. Gear is lost due to �! strong currents that carry pots to greater
depths; �! cut buoys from vessel traffic; �! disputes among fishermen; and
�! in the Bering Sea snow crab fishery, from rapid shifts in ice floes. Require-
ments for escapes with biodegradable twine  Alaska Department of Fish and
Game 1992! or galvanic timed releases  Kruse and Kimker 1992! may mitigate
losses from ghost fishing, but mortalities from pot loss or cannibalism remain
unquantified.
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Handling mortality occurs during fisheries when crabs are killed due to
crushing, desiccation, exposure to extreme temperatures, and other factors.
Handling mortality has been well documented in crustaceans  Brown and
Caputi 1983, 1986; Lyons and Kennedy 1981!. Death may be immediate or
delayed  Tegelberg 1972; Carls and O'Clair 1990; Stevens 1990!. For example,
when exposed to cold air, half of the Tanner crab deaths occurred within 24
hours and nearly all occurred within 8 days, whereas most red king crab deaths
occurred during molting 47-120 days later  Carls and O'Clair 1990!.

Mortality may be a function of injuries  Cleaver 1949; Waldron 1958;
Stevens 1990!. For instance, all spanner crabs, Ranina rantna, that lost whole
limbs died after only 8 days  Kennelly et al. 1990!. Effects of repeated hand-
lings can be significant. In Dungeness crabs that were handled in a manner that
simulated  I! the catch  pot retrieval!, �! onboard processes  catch dumped on
deck, exposed to air, and sorted!, and �! discard processes  dropped into sea
surface!, mortality was 100'%%d for those handled 4 times per month for 2
consecutive months. Only 10/o of unhandled  control! crabs died, and crabs
handled 1-3 times had intermediate mortality  T. Shirley, University of Alaska
Fairbanks, Juneau, personal communication!.

Soft-shell crabs are most vulnerable to handling. Off Kodiak, tagged soft-
shell Dungeness crabs were recovered at rates 43 /o lower than hard-shell crabs
because of handling mortality  Kruse et al. 1994!. Tegelberg �972! estimated
15-20'/o handling mortality for soft shells caught in the Dungeness crab fishery
off Washington. To minimize mortality of soft shells, knowledge of molting
timing is required. Male Dungeness crabs tend to molt in summer and fall
 Pacific Fishery Management Council 1979; Kimker et al. 1992!, but significant
interannual and geographic variation can exist  Pacific Fishery Management
Council 1979; Tegelberg 1972!. Males mate with nev ly molted females in
shallow water in March-June in California  Wild 1980! and in May-June in
Washington  Cleaver 1949!. Mating pairs were observed in October in South-
east Alaska  Shirley and Sturdevant 1987!.

Stress from handling may reduce vigor and predator defenses. Lobsters such
as Panulirus marginatus  Gooding 1985!, Panulirus argus  Vermeer 1987!, and
Panulirus cygnus  Brown and Caputi 1983! showed reduced tail flipping and
drifted limply to the bottom with prolonged onboard air exposure. Experi-
ments showed that octopi and most fishes attacked only lobsters that did not
assume defensive postures  Brown and Caputi 1983!. King and Tanner crabs
that survived exposure to cold air temperature showed reduced vigor as well
 Carls and O'Clair 1990!, but effects of handling on predation were not
studied.
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Sublethal effects

Discussion

In fish populations, scientific advice on management often focuses on specifica-
tion of annual harvest  e.g., Gulland and Boerema 1973!. Constant harvest rate
policies, in which catch quotas are specified by exploitation rate and estimates
of exploitable biomass, are typical  Clark 1991; Sissenwine and Shepherd
1987!. Biomass estimates often are obtained from stock assessment surveys.
Exploitation rates are chosen from among an array of biological reference
points; key parameters, such as FMsy Fp t F = M and others  Clark 1991;
Sissenwine and Shepherd 1987!, are especially useful benchmarks.

For crustaceans, biological reference points also are meritorious and should
be estimated. However, for this group of animals it is even more important to
acknowledge their unique life history traits, which differ so strikingly from

Fisheries may cause a variety of sublethal effects. Appendage losses were
quantified in Dungeness crab fisheries in Southeast Alaska  Shirley and Shirley
1988! and along the Pacific northwest coast  Cleaver 1949; Waldron 1958; and
Durkin et al. 1984!. Injury rates increase during the fishing season  Shirley and
Shirley 1988!. Leg loss may be a function of air temperature during severe
weather  Carls and O'Clair 1990!. Although some crabs survive amputation
and regenerate lost limbs  e.g., Edwards 1972; MacKay 1942!, severely injured
crabs may expenence reduced growth increment and initial molt inhibition,
followed by shortened intermolt period  Bennett 1973!.

Handling also may adversely affect growth increment and molting periodic-
ity of crustaceans with no external injuries  Aiken and Waddy 1986; Brown and
Caputi 1985; Davis 1981!. Exposure to extreme temperatures inhibits molting
of Dungeness crabs  Kondzela and Shirley 1993!, depresses feeding in Tanner
crabs, and reduces growth of king crabs  Carls and O'Clair 1990!.

Reduced growth from handling may affect stock productivity. Slower growth
can reduce recruitment by increasing the number of years required to reach
legal size. Reduced growth rates can reduce fecundity because egg number is a
function of body size. Handling may result in some direct loss of eggs from
ovigerous females. Aiken and Waddy �986! speculated that handling of egg-
bearing lobsters, Homarus americanus, may increase oocyte resorption in indi-
viduals subjected to repeated capture and release.

Because crustaceans live at depth and normally experience low light intensi-
ties, exposure to bright sunshine or deck lights may affect visual acuity. Bright
light �0,000 lux! for I hour resulted in severe loss of eye sensitivity of the New
Zealand rock lobster  Meyer-Rochow and Tiang 1981!. Recovery was slow, and
one individual did not recover for 45 days.
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fishes. Models used to estimate biological reference points often fail to address
some pivotal features of crab stock productivity, such as discrete growth,
terminal molt, sperm storage capability, reproductive advantages of larger size,
functional maturity, and handling mortality.

In Alaska, current regulations may not adequately address the biological
features that distinguish crab species from each othe~ and from fishes. Manage-
ment plans need to be reevaluat.ed because new information could improve
crab production and yield. I offer the following general conclusions and recom-
mendations about particular areas needing further reevaluation.

Conclusions and Recommendations

1. Contrasts among life history traits provide general insights into management
of Alaskan crab species. Dungeness crabs have high fecundity, low maximum
age, low ages of maturity and recruitment, and high natural mortality rate. King
crab females cannot store sperm; Dungeness, Tanner, and snow crabs do store
sperm. Given these life history considerations, management measures should
be most restrictive for king crabs, whereas Dungeness crabs may be able to
sustain liberal harvests. Management approaches for Tanner crabs should be
more restrictive than for Dungeness crabs due to older age-at-maturity and age-
at-recruitment and to lower natural mortality. Because of geographic variation
in these parameters, harvest policies for Dungeness crab stocks in Alaska may
need to be more restrictive than for those along the Pacific northwest coast.

2. Benchtnark exploitation rates corresponding to M  Table 2! are 26 70 for red
king and Tanner crabs and 15-92 /0 for Dungeness crabs. This implies that high
exploitation rates associated with unrestricted effort typical of 2-S or 3-S
fisheries are likely too high for Dungeness crabs and much too high for king
and Tanner crabs. Many king and Tanner crab stocks historically managed by
2-S and 3-S management no longer support fisheries  Table I!.

3. Given biogeographic considerations, populations at the extreme geographic
limits of a species' range are likely to be vulnerable to overharvest and should
be managed more restrictively to maintain minimum spawning biomass. In
Alaska, this means that extra care should be taken in managing blue king crabs
in Southeast Alaska; red king crabs in Norton Sound; and Dungeness crabs in
Prince William Sound, Cook Inlet, the Alaska Peninsula, and Aleutian Islands.
For these stocks, it is necessary to quantitatively evaluate stock production
parameters that are likely to differ markedly from populations residing in
habitats for which the species is best adapted.
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4. MacCall's �990! basin theory suggests that species for which geographic
distribution cont.racts with declines rn abundance, such as red king crabs, are
quite vulnerable to overharvest. For such stocks, analyses of changes in CPUE
are unlikely to provide conclusive evrdence of overfishing. Particularly for such
cases, fishery-independent assessments are necessary.

5. Although current srze limit regulations consider sizes of morphological or
physiological maturity, management plans should consider other heretofore
unconsidered factors that may be even more important:

~ Size limits should be reevaluated on the basis of functional maturity. In
most instances the Alaska Board of Fisheries has used morphological or
physiological maturity in setting king crab size limits at tvvo average
growth increments above size-at-maturity and Tanner crab size limits at
one molt increment above size-at-maturity  Alaska Department of Fish
and Game 1992!. As was shown for Kodiak red king crabs, when based on
functional maturity, the maturity molt may correspond to the molt to legal
size. Thus, prevtously perceived mating opportunities prior to attainment
of legal size may not occur. This may not be problematic for stocks
managed by nominal exploitation rate, but this jeopardizes reproductive
potential of highly exploited stocks.

~ Female brachyurans  Tanner, snow, and Dungeness crabs! can store vrable
sperm for 2 or more years, whereas female anomurans  king crabs! can-
not. Thus, all othe~ things being equal, current size limits provide more
mating opportunities to male Tanner, snow, and Dungeness crabs than to
king crabs � the species group least able to withstand liberal harvest
policies based on other life history considerations.

~ Molt incremen.t, size of maturity, and size-dependent molting frequencies
influence the effectiveness of size limit regulations. These considerations
reinforce the conclusion that current size limits afford Tanner and Dunge-
ness crabs more mating opportunities than king crabs.

~ The importance of size in the complex mating behavior of Alaskan crabs
should be recognized. If larger males have more breeding success than
smaller males, as appears to be the case, then exploitation rates and
minimum size limits may have adverse synergistic effects on reproductive
potential.

~ Recruitment overfishing is likely for highly exploited stocks, given low fre-
quency of recruitment. Truncated age and size distributions associated
with heavy exploitation and minimum size limits may eliminate the natu-
ral buffer against stock crashes normally provided by protracted age distri-
butions. The problem is particularly serious when the maximum age in the
fished stock approaches the periodicity of successful year class events.
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~ High fishing effort coupled to size limits may select against crabs with
genotypes for growth and reproductive traits that would otherwise pro-
duce maximum stock production. ln such cases, classical fishery models
that use historical data will overestimate yields.

6. The merits of male-only fisheries should be reconsidered. At high levels of
spawning biomass, harvest of both sexes could reduce the effects of density-
dependence and environment, thereby increasing long-term recruitment and
~educing variation in yield. At low levels of spawning biomass, high harvest
rates of males only increase female:male ratios and may depress reproductive
potential by reducing the percentage of females with viable egg clutches,
reducing clutch size of ovigerous females, or perhaps increasing mortality of
females that lack mates during molting.

7. Under current regulations, fishery yields may be reduced markedly by direct
and indirect  predation! handling mortality of discards. Handling mortality
may be exacerbated in declining stocks. As the proportion of legal crabs in the
population declined, the incidental catch of female and sublegal crabs would
increase, and many non-targeted crabs would be handled multiple times per
season. Moreover, repeated handling of individual crabs within a season com-
pound adverse effects. Gear should be designed to minimize the harvest of
females and sublegal males: large mesh panels and/or escape rings could reduce
the number of crabs that are handled and discarded. For surveyed stocks,
consideration could be given to eliminating size limits if exploitation rates were
set to low levels that prevent overfishing. Lnder an observer program, a keep-
what-you-catch policy could be instituted to eliminate handling mortality.
8. Fishing seasons for king, Tanner, and snow crabs should be retained to avoid
fishing the biologically sensitive periods of molting and mating. Seasonal
closures reduce deadloss and handling mortahty and enhance product quality.
Seasonal closures during molting and mating also should be seriously consid-
ered for Dungeness crabs for the same reasons.

9. Last but not least, crab research should play a leading role in developing
specific revisions to management plans. Suggested research priorities include
estimation of critical population parameters such as natural mortality for all
species, functional maturity of snow crabs and golden and blue king crabs, and
growth of snow and Tanner crabs; identification of genetic stock structure of
golden king crabs and Chionoecetes in the BS; evaluation of evidence for genetic
selection; investigations into potential beneficial effects of male guarding on
survival of molting females; further studies of effects of size on reproductive
success; estimation of handling effects on all species; development of improved
gear designs to minimize handling effects; estimation of molting and mating
periods of Dungeness crabs; development of realistic population dynamics
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Abstract

Proceedhngs of the International Symposium on Management Strategies for Exploited Fish Populations,
Alaska Sea Grant College Program, AK-SG-93-02, 1993

We review the current management strategies employed in Alaska for the
commercial lithodid crustaceans and provide contrasts between crustacean
management strategies and those for other marine species. The lithodid crab of
the North Pacific Ocean that have commercial value are subject to continued
evolution of harvest strategies. Red king crab is the most abundant species and
has the highest commercial value; consequently, most research has focused on
this species. This report provides a perspective on problems in the evolution of
harvest strategies for red king crab. Prohibition of harvest on female animals is
the most common element of current and past harvest strategies, but no
published analysis of biological or economic data support this prohibition.
Harvest size limits for males also are commonly used, although analyses sup-
porting size limits to meet clearly defined objectives generally are lacking.
Policies regulating male exploitation rates on major crab stocks have been in
place for nearly two decades, but supporting analyses for development of these
rates generally is lacking or inconsistent. We conclude that biologically risk-
adverse harvest strategies would use fixed exploitation rates similar to those
developed for other marine species that include the harvest of female crabs. The
technical literature indicates that these strategies are economically sound.
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Introduction

Most quantitative studies of crustacean harvest strategies have examined his-
torical harvest practices for determination of recruitment overfishing. The lack
of any significant stock recruitment relationship often has been used to justify
the status quo or to promote higher rates of harvest on crustacean stocks. Very
little effort has been made to develop harvest strategies that attempt to stabilize
economic return while being risk adverse. We examine some of the reasons for
this omission and provide alternative approaches for future research.

Description of Commercial Lithodid
Crab Stocks Near Alaska

Commercial king crab stocks are distributed along the continental shelf sur-
rounding Alaska  Figure I!. Scarlet  Lithodes cousei! and golden  L. acluespina!
king crabs occur along the edge of the continental shelf and in deeper areas
along the Aleutian Islands. Of these two species, virtually all the commercial
catch consists of golden king crab, which also ts referred to commercially as
brown king crab. Their habitats are characterized by steep, rocky areas that
cannot be sampled with trawls. Red king crab  Paralithodes camtschaticus!
stocks occur over larger expanses of the continental shelf. Major populations

Alaska Department of Fish and Game Commercial Fishing Districts for King Crab

Figure L Map of king crab management areas in Alaska.
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historically occurred near Cook Inlet, Kodiak Island, the Shumagin Islands, the
Aleutian Islands, and Bristol Bay. Minor fisheries have occurred at Norton
Sound, Prince William Sound, and southeast Alaska.

Blue king crab  Paralithodes aquespina! populations overlap with red king
crab and are found in relatively small areas. Historically, significant fisheries
have occurred near St. Matthew Island and the Pribilof Islands in the Bering Sea
and in Prince William Sound. Minor populations occur within Herendeen Bay
on the north Alaska Peninsula, Olga Bay on south Kodiak Island, and in several
bays m Southeast Alaska.

The current commercial fishery regulations for king crabs in Alaska are
summarized in Table I; note that constraints currently exist. on harvesting
males in all of Alaska's major king crab fisheries and that I'emale harvest is
prohibited in all cases. Regulations establishing size limits, seasons, and various
effort limitations  e.g., exclusive and superexclusive regtstration and pot limits!
have been developed through the Alaska Board of Fisheries process. These
reflect the harvest and market concerns of local fishing interests and conserva-
tion concerns of the Alaska Department of Fish and Game  ADFRG!.

Seasons generally exclude fishing during the molting period of the species.
Size limits are based on yield per recruit analysis or on the number of molts,
usually two, after the females of the same age cohort reach sexual maturity
 Donaldson and Donaldson 1992!. Harvest levels may be limited t.o approxi-
mately the historical rate by assuming the current year's fishery performance
responds linearly with past fishery performance data, or by a fixed rate on sexu-
ally mature or legal males using survey data for abundance estimates. Observer
data and/or fishermen's catch data are used by area managers to estimate har-
vests in-season. Permit fisheries for developing or low-volume fisheries often
require observers or have other special data collection requirements.

Problems in the Development of
Lithodid Harvest Strategies

Crustacean harvest management historically has been based on an unrestrained
harvest of legal animals. Regulators and thetr scientific advisors have avoided
much of the analysis and modeling that usually are common in development of
harvest strategies for marine finfish species. Factors often cited for justifying the
lack of formal harvest strategies in crustacean fisheries include:
1. Failure to demonstrate the effect of stock size variations of male crustaceans
to subsequent recruitment  hence, failure to demonstrate adverse effects of
removal of these animals!.
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Table 1. Summary of harvest regulations for king crab in Alaska.
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2. The inability to accurately estimate harvestable stock abundance limits the
ability to generate harvest quotas.

3. Prohibitions on the removal of any females or berried females have been
assumed to ensure that harvesting has negligible effects on reproduction.

4. After being returned to the sea, the handling mortality of trap-captured
crabs has been assumed to be negligible.

5. The commercial fishing industry's resistance to change in policies make
changing the management strategy unlikely.

We address each of these tenets with respect to commercial Lithodid crab in
the North Pacific.

1. Failure to demonstrate the effect of stock size variations of male crustaceans to
subsequent recruitment. Recruitment overfishing has been a concern examined
by researchers, most often through the relationship of stock to subsequent
recruitment. Hancock �973! reviewed the relationship between stock and
recruitment in invertebrate populations. Because information on crustaceans
generally was lacking, he provided quotations from various shellfish investiga-
tors, including several working on North Pacific king crab fisheries. The com-
ments relating to Gulf of Alaska red king stocks indicated that recruitment
fluctuations appear uncorrelated with fishery removals of the parent stock.
Hancock �973! cited a differing opinion from a Benng Sea researcher who
suggested that the recruitment of red king crab stocks may have been affected
by overfishing. In more recent years, some analyses of the stock survey and
harvest data on Bristol Bay red king crabs have indicated or assumed a Ricker
spawner-recruit relationship  Reeves 1989; Matulich et al. 1990; Greenberg et
al. 1991!. However, Stevens �990! asserted these conclusions were based on
inappropriate growth rates and the invalid assumption that size is an accurate
proxy of age.

Given the nature of the crab recruitment process and the limited history of
the stock, we ask, "Can stock-recruitment data be expected to provide mean-
ingful management information for lithodid crab?" In highly fecund species
such as lithodid crab, Koslow �992! demonstrated that variable recruitment in
early life history overwhelms spawning stock influences. This variability in
recruitment limits the value that spawner data may have in determining man-
agement strategies. High recruitment variability is apparent in both the Bering
Sea  Reeves 1989! and Kodiak area survey data  Figure 2!. The history of
commercial landings of Kodiak red king crab stocks and their relationship to
temperature  Figure 3! suggests that large recruitment events may have had a
closer relationship to negative temperature anomalies than to parental stock
abundance  Figure 4!.



Schmidt & Pengilly ~ Lithodid Crab Harvest Strategies

Kodiak Male Red King Crab Survey Data
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Figure 2. Kodiak male red king crab survey data from 1972 to 1990. CPUF is crab per pot.
Size frequency data is based on measurements of approxtmately 500,000 crabs.
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Kodiak Red King Crab
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Figure W. Relationship of fertilized females  stock! to approximately 5-year-old male progeny
 recruits! in ADF&G crab survey data for the Kodiah Island Management Area.
CPDE is crab per pot.

Even if a Ricker or similar spawner-recruit relationship exists for lithodid
crabs, we question both the ability t.o accurately estimate the model parameters
of that relationship and the wisdom of using such estimates in formulating a
harvest strategy. The biomass or population size values of king crabs from
which the parameters of the spawner-recruit relationships are estimated have
potentially sizable measurement error. Autocorrelation of process errors and
the repeated appearance of the same measurement error as a component in
both the dependent recruit and the independent spawner variables makes the
application of a simple regression fitting to a Ricker curve  e.g., Reeves 1989!
questionable. The system-of-equations approach of Greenberg et al. �991!
attempted to incorporate all the information on the population size response to
parental stock size from several age classes simultaneously and to account for
autocorrelation due to process and measurement error in the data. However,
relaxation of some assumptions concerning error structure in their model may
make the precision indicated for their parameter estimates optimistic.

Perhaps the most damning argument against the use of fitted spawner-recruit
relationships in king crab management is that Greenberg et al. �991! needed
two sets of Ricker curve parameters to satisfactorily fit 13 years of recruitment
data from the Bristol Bay stock survey: one set to explain the record abundance
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of legal crabs in the late 1970s, and another, substantially different set to ac-
count for the subsequent low numbers of legal and prerecruit male crabs ob-
served throughout the 1980s. Switching between two different forms of Ricker
spawner-recruit relationships in such a relatively short time series may not pro-
vide any insight to the nature of a spawner-recruit relationship for king crabs
beyond an acknowledgment that a single predictive spawner-recruit relation-
ship may not exist at all! In any case, it is clear that spawner-recruit parameters
that change unpredictably cannot be incorporated into a harvest strategy. The
value of the approach of Greenberg et al. �991! lies in the ability to track trends
in the survey-based population estimates across age classes. Analysis of mul-
tiple year harvest and survey data may improve the population estimation pro-
cess when compared with estimates based on survey data from a single year.

In concurrence with Koslow �992!, we believe that fitting compensatory
stock-recruitment functions to available fisheries data holds little promise of
providing insight toward improving harvest strategies for highly fecund marine
species such as red king crab. The absence of stock-recruitment data therefore
should not be a significant impediment for harvest strategy development.

2. The inability to accurately estimate harvestable stoch abundance limits the ability
to generate harvest quotas. Because of lack of data on stock abundance, develop-
ment of harvest quotas has been difficult for some of the king crab fisheries in
Alaska. The Dutch Harbor brown, Adak red, and Adak brown king crab
fisheries currently are active, but usually are not surveyed. The lack of annual
surveys on these stocks reflects their geographic remoteness and budgetary
constraints, not the importance of the fisheries. Each routinely produces more
than 1 million pounds of harvest annually, and the Adak red king crab fishery
has in the past produced up to 20 million pounds a year.

Both federal and state harvest policies call for conservative management
action where stock status data is lacking or unknown, and managers have had
to rely almost entirely on size, sex, and season �-S! prohibitions to manage
such fisheries. This reliance is unfortunate because 3-S management may not
provide adequate conservation, and the lack of survey data has precluded
documenting any negative impacts caused by the 3-S strategy.

Fishing industry concerns related to the increasing value of king crabs and
reports of illegal activities have prompted expanded surveys and observer
coverage of unsurveyed stocks of fisheries. Funding support for data collection
activities has expanded in recent years through test fishing  i.e., crab are
retained during research activities and sold to pay for the full cost of the
surveys!. In addition, management plans that often specify methods of regulat-
ing harvests by use of observer or commercial catch data are now prepared for
developing fisheries. These policies and industry support have helped assure
funding for survey and related research efforts on the smaller king crab stocks.
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The Russian researchers and regulators have required similar efforts by joint
venture commercial operators off the Russian republic  V. Rodin, TINRO,
Vladivostok, Russia, personal communication, 1991!. Recent amendments to
the Magnuson Act providing fee collection for observer coverage represents
additional opportunity to collect necessary data.

Most king crab stocks are surveyed annually, aside from those of the Aleutian
Islands. The National Marine Fisheries Service  NMFS! has annually assessed
the Bristol Bay and Pribilof red king crab stocks and the St. Matthew Island and
Pribilof blue king crab stocks since 1968  Otto 1986!, as well as the Norton
Sound red king crab on a triennial basis. Since 1985, ADFRG trawl surveys of
the Kodiak, Alaska Peninsula, Dutch Harbor, Cook Inlet, and Prince William
Sound stocks have annually monitored red king crab stocks, although these
surveys are directed more toward determining Tanner crab abundance. South-
east Alaska stocks are assessed by an ADFR'G pot survey.

Even for annually surveyed stocks, accurate estimation of abundance re-
mains problematic. Given the aggregated spatial distribution of king crabs and
the logistic constraints of the trawl surveys, the precision of abundance esti-
mates based on the trawl survey data is low for all components of the surveyed
king crab stocks. Standard errors have been in the range of 15'%%d to 60% of the
population estimate for the legal king crab stocks in the Bering Sea  Stevens and
MacIntosh 1989, 1990; Stevens et al. 1991!. Similar or greater levels of impre-
cision exist in abundance estimates of the sublegal male and female compo-
nents of the surveyed stocks.

Because of trawl survey imprecision, year-to-year changes in stock abun-
dance often are not statistically demonstrable  Stevens et al. 1991!. For the
most part, actual trends or shifts in population level are apparent only after the
accumulation of several years of data, by which time the opportunity has
passed for management to respond effectively to the population changes.
Ironically, precision of the trawl survey population estimates seems to be lowest
when population sizes are low and the consequences of accidental
overexploitation are most serious.

Although these are obstacles that fisheries managers need to address, similar
problems occur in the groundfish surveys. These data often are collected
simultaneously with the shellfish data and suffer from the same problems.
Modeling effects using survey and CPUE data from the commercial fishery may
improve precision of stock biomass estimates. Tagging studies may also provide
improved precision in stock biomass estimates and in estimates of natural
mortality rates. Observer data also is an important source of data, and it may be
very useful in determining bycatch rates of crabs and other species.
3. Prohibitions on the removal of any females or berried females have been assumed
to have negligible effects on reproduction. The prohibited taking of female crabs



399 Schmidt & Pengilly ~ Lithodid Crab Harvest Strategies

often is cited as a justification for unlimited removal of males from the popula-
tion. However, ADF6rG biologists expressed concern over apparent reduced
fertility in mature females following the massive removal of large brood males
during the developing Kodiak red king crab fishery of the 1960s. According to
McMullen and Yoshihara �969!:

Capture of mature females without eggs was a rare occurrence in the histories of
the northeast Pacific Ocean and Bering Sea fisheries. A departure from that
condition was first noted during the fall of 1966, when Kodiak king crab
fishermen began reporting the incidental capture of lemale king crab not carry-
ing eggs.

High numbers of unfertilized mature females were found in surveys of
inshore mating grounds off Kodiak Island during the spring ol 1968  McMullen
1968!. Eldridge �975! concluded that male breeding stock remaining after the
record commercial harvests of the 1960s from the Kodiak management areas
was inadequate for future recruitment. Reduced fecundity of females also was
noted following the stock collapse of the Kodiak red king crab fishery in the
early 1980s  Blau 1985, 1986!, although that case has been attributed largely to
the presence of nermetean egg predators  Shields et al. 1990!.

Otto �989! has argued that the lack of harvests of females may contribute to
the instability of recruitment by density-dependent compensatory responses
such as cannibalism and disease. Most managers argue for maintaining this
prohibition because of perceived high risks associated with harvests when stock
sizes are poorly known and effort is poorly controlled in open entry fisheries
 i.e., John Hilsinger, ADF6zG, personal communications!. When red king crab
stocks were at high levels, the low value of females and perceived risk of their
removal by fishermen maintained the prohibition on female harvests
 W. Nippes, ADFtsrG, personal communications!. Although low value may have
had some validity when king crab were abundant and prices were low, the retail
value of berried female king crab in Japan of over $50 per animal  R. Otto,
NMFS personal communications! no longer supports such argument.

Prohibiting female harvests because of poor effort control and survey infor-
mation is an argument that would apply equally to sea urchins, shrimp,
herring, scallops, and groundfish species. However, harvesting females of those
species is permitted in Alaska and elsewhere, and the fisheries apparently are
sustainable. Survey precision for king crabs often is equal to or exceeds that of
these other species, and female king crab fecundity is much higher than that of
other marine finfish species from which both sexes are harvested. Furthermore,
we have found no documented support for regulated harvests of female crab
creating recruitment overfishing.

Continued prohibition clearly results in lost value to the fishing industry.
Despite the lack of stock-recruit relationships apparent in the data, intuitively,
failure to regulate female abundance can only increase recruitment variability.
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Because identification and sorting of female king crabs has been a standard
practice for decades, differential harvest rates between males and females could
provide for more efficient harvest strategies than are possible with commercial
fisheries where sorting of sexes and returning females unharmed are not pos-
sible  Hilborn and Walters 1991!. One analysis long overdue is determining the
lost. economic opportunity from not harvesting females.

5. The commercial fishing industry's resistance to change in policies makes changing
the management strategy unlikely. Industry resistance to change often has been
touted as reason for continuing the status quo. The industry has resisted

'I. After being returned to the sea, the handling mortality of trap-captured crabs has
been assumed to be negligible. Bycatch of target species females and
sublegal-sized males is high in Alaska king crab fisheries. In fact, females and
sublegal males tend to outnumber legal-sized males in the catch of recent king
crab fisheries in the Bering Sea and Aleutian Islands  Beers 1991, 1992!. In an
extreme example, data from shipboard observers during the Dutch Harbor
brown king crab fishery indicate that the ratio of females captured to legal
males retained can be as high as 5 to I in some years. King crabs also are caught
during the commercial fisheries targeting on other species of crab, particularly
Bering Sea Tanner crab, Chionoecetes bairdi. In the 1990 Bering Sea Tanner crab
fishery, for example, roughly four king crabs were captured for every five legal
Tanner crabs retained  Beers 1991!, prompting concern over the possibility of
increased king crab mortality due to handling.

Regulations stipulate that sublegal and female king crabs must be returned
immediately and unharmed to the sea. Although there is little supportive
evidence, management policies for Alaska king crab fisheries tacitly assume that
handling mortality in the sorted bycatch is low, except for soft-shelled crabs.
However, limited studies on Dungeness crab, Cancer magister, indicate that
dropping crabs from normal deck heights into water can produce substantial
mortality in that species  T. Shirley, University of Alaska, personal communica-
tion! and injuries to the carapace or limbs can increase mortality  Powell 1961!.
Carls and O'Clair �990! demonstrated that increased mortality can occur in
ovigerous red king crab females that are exposed to low temperatures for long
periods. Alternatively, high return rates of tagged crabs released at sea have
been cited to support the contention that handling mortality is minimal.
However, crabs tagged and released as part of a research effort usually are
treated with great care; sorting crab bycatch during an intense commercial
fishery usually is more rigorous. Intuitively, strategies that reduce sorting and
discards would be valuable, but should be weighed against gains obtained by
the harvest of larger crab with greater economic value. Handling mortality
research that defines the probable mortality on sorted crabs in realistic situa-
tions is desirable.
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changes that result in major reallocations of the resource, such as limited entry
schemes. However, changes to current management. plans based on conserva-
tion or economic concerns, such as stability in annual landings or optimizing
yield per recruit, have met little resistance from industry when presented with
appropriate public review. In addition, because of the collapse of major king
crab fisheries, industry and public support for data collection activities has
grown. Industry opposition therefore provides little impediment to the regula-
tion of harvest rates.

Alternative Harvest Strategies

From the preceding review, we conclude that development of a harvest strategy
for king crab stocks that is in some way optimal from a natural resource
husbandry perspective will be hampered by the following:

1. A single optimal escapement level that is relatively constant over an ex-
tended multiple year period probably does not exist for king crab stocks.

2. A single constant optimal escapement level could not be estimated or
measured with any useful degree of precision, if it did exist.

However, it does not follow from these conclusions that harvest strategies
should be limited to 3-S. Instead, we contend that the reasons offered for limit-
ing management strategies to the status quo are weak and insupportable. Expe-
rience with marine finfish species that have similar life histories  natural mortal-
ity, age of maturity, fecundity, pelagic larvae, etc.! require harvest rates for suc-
cessful management. In crustacean management, the common strategy of size
and sex �-S! regulation reflect on historical precedence rather than analytical
support that these policies provide optimum biological or economic return.

Tillion �985!, a fisheries policy-maker, has provided more defense of these
policies than the scientific community. He argues that quota-based harvest
policies provide major economic advantages to larger vessels that often are
heavily capitalized and adversely affect product quality by limiting the produc-
tion of fresh, rather than frozen, crab. However, the only king crab fisheries in
Alaska operated by 2-S policies, the Aleutian Islands brown king crab fisheries,
are dominated by large, mostly nonresident, catcher-processors. Tillion's major
error, and the reason we find such harvest strategies to be biologically unsound,
is in his assumption that all legal males are surplus. Schmidt and Pengilly
�990a! and Schmidt �989! demonstrated that under recruitment scenarios
similar to those observed in the Kodiak management area, 2-S and 3-S strate-
gies would produce the highest reproductive stress, as estimated by sex ratios,
when stocks are at their lowest level. Optimal biological harvest strategies often
get entwined with optimal economic policies; the latter frequently have major
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allocation ramifications. Economic policies usually require identification of
specific benefactors  objective functions! before analysis can proceed. For
example, most of the king crab harvest is consumed by Japanese. A policy that
would provide the highest quality and quantity of product at the least product
cost may benefit Japanese consumers but not U.S. fishermen. This type of
policy is of particular concern when the current Magnuson Act offers no
method of capturing rents from harvest of a public resource. A policy that
maximizes the nutnber of jobs in the U.S. fishing industry may be the most
inefficient means of harvesting crab possible and generate the lowest profits or
rents. We prefer to leave the definition of objective functions to the elected or
appointed fisheries managers and their consulting economists and limit our
discussion of optimal harvest strategies to average annual biomass yield and its
interannual variation. We offer only one economic consideration: the relative
value per pound of king crab of different sizes. While we do not contend that
the harvest strategies discussed do not have economic ramifications, we believe
that these considerations will be addressed by the affected user groups who are
able to resolve economic concerns through established regulatory processes.

Yield per recruit determinations by modeling growth, natural mortality, and
fishing mortality can provide an approximation of age or size of crab at which
the yield will be at maximum. Regardless of the minimum size harvested, yield
continues to increase with increased harvest rates, absent any stock recruitment
relationship. These types of analyses provide useful size limit information, but
they fail to assist in determining appropriate harvest rates. The natural mortal-
ity rate is a key parameter in yield per recruit analysis that must either be
discerned from historical survey data or estimated from other means. The
variation in this critical parameter from the literature is depicted in Table 2. The
variation in yield contours at different sizes and exploitation rates under three
different mortality rate assumptions is depicted in Figure 5. The high degree of
variability in the Table 2 data suggests that examination of the projected yield
provides little direction if natural mortality is unknown or poorly defined.

An addinonal data set from Kodiak red king crab stocks that provides a
direct measurement of mortality of crab population sampled by a pot or trawl
survey is illustrated in Figure 6. A single cohort of male crab was protected
from harvest following the general collapse of the Gulf of Alaska king crab
fishery in 1982. These are the only available data from a population that was
not commercially fished, so it should be immune from direct and indirect
fishing mortality effects. The mortality value calculated from these data tends to
be lower than the published values  Table 2!, which were generated while
commercial fisheries were active. The survival rate of 0.75 approximated by
this natural mortality rate, as an alternative to the majority of the published
values in Table 2, easily could lead to very different conclusions about a
prudent size limit and exploitation rate. The large variability in abundance from
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Table 2. Published age-specific estimates of instantaneous natural mortality for
male red king crabs.

Age l 2 3

.58 1.21

.70 .72 .48 .75

.71 .49 .08 .23

.34 .65 .07 .50

.33 1.13

1: Cleaver, EC. 1963.

2: Hirschhorn, G. 1966.
3: Balsiger, J.W. 1974 �954-1961 data set!.
4: Balsiger, J.W. 1974 �966-1968 data set!.
5: Eldridge, PJ. 1975  Eldridge estimated that Kodiak males between 125 and

163 mm carapace length had an instantaneous natural mortality rate of
.15-.20; we ascribe that rate to 7- to 9-year-olds based on the carapace
lengths!.

6: Reeves, J.E., and R. Marasco. 1980
7: Reeves, J.E. 1988  estimates for 1969-1980!,
8: Reeves, J.E. 1988  estimates for 1981-1986!.
9: Greenberg, J.A., S.C. Matulich, and R.C. Mittelhammer. 1991  estimates

for 1977-1980, converted from estimates of percent mortalit.y to instanta-
neous mortality rate!.

10: Greenberg, J.A., S.C. Matulich, and R.C. Mittelhammer. 1991  estimates
for 1981-1989, converted from estimates of percent mortality to instanta-
neous mortality rate!.
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Figure 5. Yield  kg! per recruit contours for various harvest rates and size limits for the Kodiak
red king crab fishery. Yield contours are presented for assumed annual survival of
crab of .9, .75, and .5.
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Red King Crab Mortality Estimates from Survey Data
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Figure 6. Kodiak management area pot and trawl survey CPUE trend over time for a single
commercially unfished cohort of red king crab. Estimated M assumes full recruitment
to the gear at age 5 and constant catchability over time and at all recruited age-size
classes.

l. loss of yield per recruit from handling small male crab;

2. reduced reproductive potential in female crabs from handling mortality or
by failure to mate  large sex ratios!;

3. harvest-influenced genetic selection against fast growing crabs;

4. disease transmission by sorting and transporting of crabs; and

5. potential displacement by competitors or depensatory predators when bio-
mass is low.

the survey data in Figure 2 illustrates the difficulty in estimating annual
changes in mortality rates from disease epidemics, depensatory predation, or
illegal fishing.

Without confidence in a stock-recruit relationship, yield per recruit analyses
provide little insight into acceptable exploitation rates and limited guidelines as
to acceptable size limits. The assumption that economic forces will limit rates of
harvest to a biologically acceptable level has not been demonstrated in actual
practice or on a theoretical basis.

Rate of harvest should be determined by reducing risk to an acceptable level.
For risk reduction to occur, possible risks must be defined. Some of the risks
offered by fisheries managers, who have the benefit of biological training and
thorough experience working with the public, include:
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A harvest rate policy that is optimal would have to balance reduction of risks
from the above sources with reduction in yield per recruit. Quantifying risks is
much more difficult than quantifying yield reduction.

Others have examined certain types of risks by modeling  e.g., handling
mortality, reproductive capacity reduction because of high sex ratios, and
variations in stock recruitment parameters [Katz et al. 1979]!. Risks of harvest
to subsequent yield by harvest-related genetic selection against faster growing
animals has not been examined. Genetic selection has been dismissed as an
unlikely problem because females are not harvested and all males, regardless of
growth rate, have been assumed to have the opportunity to mate prior to
reaching legal size. The latter contention is not supported by mating-pair data
collected in the field  Powell et al. 1972; Eldridge 1975; Schmidt and Pengilly
1990b!. These data suggest that sublegal male red king crabs in the Kodiak area
are very unlikely to mate prior to reaching legal size. Data on heritability and
sex linkage of male growth rates is lacking; indeed, the effect of harvesting on
the size composition of mating pairs also is lacking. Policansky �993! points
out the evolutionary risks associated with stocks in which harvesting can affect
selection for size.

Schmidt and Pengilly �990b! reported on a management strategy that
attempted to simplify harvest regulations and maintain a relatively risk-adverse
strategy. This strategy subsequently has been incorporated into the manage-
ment plans of the Alaska Department of Fish and Game for Kodiak and Bristol
Bay red king crab stocks and for St, Matthew and the Pribilof Islands blue king
crab stocks. This strategy did not directly address economic considerations,
such as limiting entry into these fisheries, nor did it examine harvest strategies
for female crab. This harvest strategy is essentially a fixed harvest rate strategy
with some caveats that allow us to use the sorting strategy of landed crab to
maximize yield. It requires certain assumptions previously discussed, namely:
�! Sorting of crab during the commercial harvest results in negligible mortality
of the discards; �! stock population estimates of the mature male and female
components can be made within reasonable errors from either harvest data,
observer data, survey data, or a combination of all three; and �! unregulated
harvest of mature males has a significant but undefinable risk to future recruit-
ment. The third assumption is the most controversial because male-only fisher-
ies are assumed to have potential to damage recruitment.

Fixed harvest rate policies have been found generally robust and risk ad-
verse under a wide variety of stock-recruit relationship assumptions  Deriso
1985!. Yield per recruit analysis has been used to determine optimal size limits
 Balsiger 1974; Alverson 1980; Somerton 1981!. Although yield per recruit
analysis provides information as to an optimal size for maximizing harvest
biomass, our experience with king crab data from Kodiak suggests a relatively
broad range of sizes provide similar yields  Schmidt and Pengilly 1990b!. King
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crabs harvested in the Bering Sea, however, undergo major differences in price
per pound as an apparent function of size. Red king crab from Norton Sound
typically are 30-40'ro below the price of Bristol Bay red king crab and approxi-
mately 60'/o of their weight  C. Lean, ADF6rG, Nome, Alaska, personal com-
munication!. Clearly, price per pound is much more a determinant of optimum
size at harvest than yield per recruit when crab are below the size where skip
molting predominates, yet above the minimum size of maturity. Harvesting
larger sizes of crab approaching skip molting will provide the optimal economic
return when expressed as dollars per recruit.

When the harvest rate of mature males is held constant, harvesting crab at
larger sizes tends to concentrate the fishery on a smaller number of age classes.
Harvesting a smaller number of age classes will inherently increase inter-year
variability in landings. Given the increased value of larger crabs and the large
inter-year variations in recruitment, the value of the larger size limit is most
likely a viable economic tradeoff. Although yield per recruit information may
be useful in determining size limits, it does not help to establish the optimal
harvest rate.

2-S fisheries inherently concentrate solely on maximizing yield and protect-
ing recruitment. These fisheries lead to some unfortunate side effects when
recruitment is highly variable. Sublegal landings may effect major changes in
the assumptions guiding maximum exploitation rates. Sorting through large
numbers of sublegal-sized crab may increase and become intense as the exploi-
tation rates of the legal crabs increases. Mortality of sorted crabs and sublegal
landings effectively diminishes yield per recruit, but generally the effect is not
quantifiable. Placement of observers on at-sea processors in Alaska's Bering Sea
red king crab fishery has diminished catch per unit effort  CPUE! differentials
between observed landings and unobserved landings  Schmidt and Johnson
1988, 1989!. These studies suggest unobserved vessels which process crab at
sea could have had, on average, 009o illegal landings, despite modest exploita-
tion rates on the targeted stock and very short duration fisheries.

Schmidt �989! demonstrated that under recruitment patterns observed in
the Kodiak Island management area during the early 1980s, skewed sex ratios
could develop when stocks were at historically low levels. This illustrates that a
supposedly conservative harvest policy could lead to overfishing.

Effort controls are another management tool which has been espoused as an
invertebrate harvest strategy  Jamieson and Caddy 1986!. In Alaska king crab
fisheries, these controls have been implemented in the form of pot limits
 number of pots allowed to be fished per vessel! and, in a few areas, limited
entry on vessels. The number of pots fished per vessel usually is reduced
parallel with reduced harvest quota. Reduced numbers of pots fished extends
the season length, giving the managers more precise control and less chance of
exceeding the quota. When survey information is absent or carries a high
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degree of uncertainty, CPUE data is used to adjust the harvest quota; not as a
substitute for a quota, but rather to augment quota management. In the St.
Matthew Island blue king crab fishery in the Bering Sea, pot limits without
limited entry of vessels has provided very little relief in fishing intensity because
of increases in the number of vessels.

Regulation of fisheries by effort control alone has the obvious advantage of
needing neither surveys nor intensive management controls. Bowen and
Hancock �989! describe the success and problems associated with such a
system in the western Australia rock lobster. The highly variable recruitment
experienced over the past two decades in the red king crab stocks in Alaska
suggests that such a system probably would fail. Any true effort limitation, such
as fixing the number of pot lift days at a constant, would have to be projected to
achieve some approximation at maximizing yield. Red king crab stocks that
have been surveyed clearly expand and contract not only in density but in area
 ADFtszG annual unpublished survey reports, Kodiak, Alaska!. As stock abun-
dance of legal animals has varied by 30-fold during a 2-decade period, a
constant level of effort that would ensure reasonable exploitation rates on the
low years would grossly underharvest the peak years. Catch efficiency increases
conceivably could defeat most attempts to regulate catch through regulating
effort alone. Heavy baiting of pots, extended soak times, prospecting prior to
the season, and the use of underwater remote video cameras are but a few
catch-enhancing techniques used to varying degrees by Alaskan fishermen. The
uncertainty of the effectiveness of the system most certainly would require
survey data to determine the actual harvest rates achieved. These results inevi-
tably would lead to additional methods to regulate catch rates, essentially
identical to the quota system currently in place for Alaska's king crab fisheries.

A quota system based on a fixed harvest rate is a form of effort limitat.ion.
The amount of effort is regulated by determining the number of days or
number of pot lifts the fishing fleet would require to achieve a desired harvest
rate on the crab stock, or the biological objective. Without an independent
measure of crab abundance, a constant effort management strategy is disadvan-
taged by unknown exploitation rates for stocks that undergo large abundance
fluctuations. In the absence of data, contention that overfishing was the cause
of low abundance can lead to unnecessary regulation of harvests.

In newly developing crab fisheries, such as the golden king crab fishery in
the Aleutian Islands, acceptable rates of harvests on the mature crab stocks
apparently have been achieved through 2-S implementation alone. Recent
survey results  F. Blau, ADF6rG, Kodiak, personal communication! and fishery
tag recoveries suggest significant numbers of legal-sized males remain after
continuous fishing. The remoteness of the area, low catch per unit effort,
relatively constant recruitment, and apparently less aggregation than observed
in other king crab stocks have sponsored relatively low harvest rates. The
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presence of observers on at-sea processors and the support of industry-funded
surveys also have provided essential data to verify that the current fishery is
staying within mandated federal guidelines designed to prevent overfishing.

We conclude that low-risk king crab fisheries management should reduce
sorting of crab, preclude significantly larger variations in biomass than in
observed recruitment, use all marketable crabs and reduce waste, promote
harvesting crabs when they have the highest value, reduce variatton in annual
landings, and provide data that will help define long-term population param-
eters.

Alternatively, high-risk harvest strategies will maximize short-term yield,
rely on economic rather than biological conditions to determine harvest rates,
effect the highest exploitation rate when stocks are at their lowest level, maxi-
rnize the amount of gear fished at a given period, result in high-grading
landings by maximizing the amount of sorting, and ignore density-dependent
variations in recruitment and forego harvests of surplus crabs.
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Abstract

Formulation of management policy in response to the dramatic increase in land-
ings of the red sea urchin in northern California has been complicated by sev-
eral problems. Recruitment involves two possible depensatory density-depen-
dent mechanisms  i.e., Allee effects!: �! a juvenile refuge from predation under
adult spines, and �! a minimum density necessary for successful broadcast
spawning. Growth and mortality rates are poorly known and vary with loca-
tion. Size distributions vary in form, having a single mode at large sizes with an
occasional additional mode at small sizes. Current management policy consists
of a lower size limit and temporal closures. The recent decline in landings has
led to interest in additional ways of controlling effort. Here we first review re-
cent analyses of size distributions to obtain estimates of growth and mortality
rates for this population. Then, using these preliminary parameter estimates,
we analyze the potential for indirectly controlling fishing effort on sessile spe-
cies using rotating spanal harvests. For species with Allee effects in recruitment,
this method can provide increased spawning density with little decrease in yield.
Combinations of yield and egg production using this method are similar to those
obtained with constant effort. The advantage of this method is that it requires
no direct controls on effort such as limited entry or quota management. This
type of management also can take advantage of spatial variability in productiv-
ity. The performance of this method depends on several poorly known aspects

Proceedings of the International Symposium on Management Strategies for Exploited Fish Populations,
Alaska Sea Grant College Program, AK-SG-93-02, 1993.
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of the fishery: harvester behavior, aggregation dynamics, and spatial and tem-
poral variability in larval transport between subpopulations.

Introduction
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Figure 1. Landings in the red sea urchinfishery. Northern Califorma landings are from north
of San Francisco. Southern Cahfornia landings are from south of San Luis Obispo.

The southern California fishery for the red sea urchin, Strongylocentrotus
franciscanus, developed gradually during the 1970s and has fluctuated at about
a constant level since then  Figure 1!. The northern California fishery, however,
developed in a more dramatic fashion from a negligible level in 1984 to
13.8 x 10 metric tons in 1988  Figure I!. The red sea urchin fishery as a whole
is now the largest commercial fishery in California in both revenues and landed
weight. It has been difficult for management to keep pace with this rapid,
market-driven increase in effort, in part because of the complex population
dynamics of urchins. The initial size limit of 75 mm was increased to 87 mm in
1990, and the fishery has been closed 1 or 2 months of the year in the past few
years in an attempt to limit effort. Since 1988 catch and catch-per-unit-effort
 CPUE! in the fishery have declined to about half of their former values, and
densities observed in fishery independent surveys have declined even more
 Kalvass 1992!. The similarity between this fishery and patterns of decline in
other urchin fisheries in Japan and the Caribbean have been cause for concern
 Tegner 1989!.

While the declines in landings in northern California in part must be due to
a fishing-up effect, and therefore are not entirely unexpected, there is some
concern that the current high levels of effort may lead to permanent decline.
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Adequate recruitment of red urchins may depend critically on the presence of
adults through two different Allee mechanisms  Allee 1931!, First, a minimum
density of adults is required for successful fertilization of gametes that are
spawned into the water column  Levitan et al. 1992!. As a historical note,
urchin spawning actually was one of the potential depensatory mechanisms
noted by Allee �931!. Second, adults provide a refuge from predation for
young recruits beneath their spine canopy  Tegner and Dayton 1977!. Indirect
evidence for strong Allee effects in urchins in general is provided by the
apparent stability of alternate high density  urchin barrens! and low density
 kelp-dominated! states in urchin populations around the world  Pearse et al.
1970; Lawrence 1975; Ebling et al. 1985; Elner and Vadas 1990; Karlson and
Levitan 1990!. In most of these studies, newly settled animals were not
sampled, making it difficult to distinguish between larval limitation at low
densities, as expected through depressed fertilization rates, and increasedjuve-
nile mortality from the loss of the spine canopy refuge or other depensatory
density-dependent causes  however, see Rowley 1989!.

In addition to these complexities, the fact that growth and mortality rates
were virtually unknown also hampered formulation of rational management.
One source of data for these rates, size distributions, varies in a way that was
not understood. Size distributions for this species vary with location, typically
having a single mode at larger sizes, but occasionally having an additional mode
at lower sizes  Figure 2!. The presence of this mode has been associated with
the spine canopy refuge mentioned above  Tegner and Levin 1983!. Because of
both alongshore and cross-shelf variability in food resources  mainly kelp! and
flow fields, growth and reproduction vary spatially. Mortality rates also vary
with location due to differences m predators, including spiny lobsters,
sheephead, sea stars, and sea otters.

Patterns of Size Structure

Rational formulation of management policy requires good estimates of growth
and mortality rates, as well as knowledge of the mechanisms underlying broad-
cast spawning and protection from predation via the spine canopy refuge. For
this species, the major source of data on which estimates of growth and
mortality rates could be based is size distributions of both harvested and
unharvested populations. The occasional occurrence of bimodality in size
distributions, coupled with observations of juveniles beneath the spine cano-
pies of adults, led to the proposal that these phenomena were related  Tegner
and Levin 1983!. To allow formulation of a model for estimating growth and
mortality rates, as well as to learn something about the spine canopy refuge,
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Figure 2. Size distributions of red sea urchins from three depths at Point
Lorna, California:  a! 18 m;  b! 15 m;  c1 12 m  redrawn from
Tegner and Dayton 1981!. The line on  a! is the result of a
maximum likelihood estimate of growth and mortality rates
 Smith et al. 1993!.
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Botsford et al. �993! analyzed the way in which mortality and growth patterns
can shape size distributions.

They used the size-structured version of the von Foerster equation to de-
scribe how the shape of the size distribution changes with time,

[n l, t! g l! j � D l! n l, t!

where n l,t! dl = the number of individuals between size 1 and size l+dl,
gg! = the growth rate of an individual of size l, and
D l! = the mortality rate of an individual of size l.

If one assumes that the boundary condition reflects constant recruitment

where Io is the size at which individuals are recruited and R is the rate of
recruitment, setting the left side of equation  I! to zero leads to the equilibrium
size distribution at constant recruitment,

dn n
� = � �  g, +D!
dl g

where g~ is the partial derivative of growth rate with respect to size. This
expression shows that whether the slope of the size distribution is positive or
negative will depend on the difference between the mortality rate and the rate
of change of growth rate with respect to size  cf., Van Sickle 1977; DeAngelis
and Mattice 1979!. Size distributions decline with size when the mortality rate
is larger  mortality dominated! and increase with size when the rate of change
of growth rate with size is larger  growth dominated!.

Botsford et al. �993! then relaxed the assumption of constant recruitment,
allowing recruitment to be annual pulses, and added random variability among
individuals  cf., Sainsbury 1980!. Basically, pulsed recruitment simply trans-
formed the size distribution into pulses which were more closely spaced at
larger sizes. Random variability in the growth rate parameter k of a von
Bertalanffy growth expression smeared the distribution at lower sizes, obscur-
ing the pulses at lower sizes, while random variability in maximum size L
smeared the distribution at higher sizes and widened the upper mode in growth
dominated populations.

From this analysis, Botsford et al. �993! concluded that the common mode
at higher s>zes in red urchin size distributions was due to random variability in
L in a growth dominated population. Because the addition of a mode at lower
sizes requires a size range of decreasing slope  i.e., the upper half of the mode!,
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they concluded that the presence of this mode could not be due entirely to the
addition of spine canopy protection. It had to involve higher mortality rates at
intermediate sizes. The lower half of the mode could be due to lower mortality
from the spine canopy, but it is near the size range at which selectivity of the
sampling process affects the size distribution  i.e., divers probably have more
difficulty finding urchins smaller than 10 to 15 mm!.

Estimates of Growth and Mortality Patterns

Smith et al. �993! used this information to develop a maximum likelihood
method for estimating growth and mortality rates from size distributions and
growth increment data. Because measurement of size usually is less expensive
than determining age, size distributions can be an important source of informa-
tion in fisher>es. Several methods have been developed for estimating growth
and mortality parameters from size distribution data, but virtually all of them
involve some means of extracting individual cohort pulses from a mixture of
them, then estimating mortality and recruitment rates from the resulting age
structure  e.g., Pauly and Morgan 1987; MacDonald and Pitcher 1979; Schnute
and Fournier 1980; Foumier and Breen 1983; Smith and McFarlane 1990; but
see Sullivan et al. 1990!. These would not work for the red sea urchin, because
the size distributions do not contain cohort modes, except an occasional
recruitment pulse at small sizes.

Smith et al. �993! formulated a method for estimating growth and mortality
rates from size distributions that do not exhibit cohort modes. Estimation of L
was possible using this method, but estimation of h, variability in L, and
mortality rates required that they incorporate the use of size increment data in
this method. The size structured von Foerster equation  equation [I]! was used
to generate the size distribution. For the criterion function, they used the sum
of Schnute and Fournier's �980! separation statistic for the size distribution
data, and the likelihood function corresponding to a Gaussian distribution for
the increment data. They tested the sensitivity of bias and standard error, and
estimated standard error to sample sizes, variability, and model characteristics
with Monte Carlo simulations. The method was relatively robust wtth respect to
reasonable sample sizes, levels of error, and model type. It typically estimated
mortality rates, L, variability in L, and parameter h with biases on the order of
5% or less and standard errors on the order of 10% or less  see Smith et al. 1993
for details!.

Smith et al. �993! used the method to estimate mortality rates and von
Bertalanffy growth parameters with variable L  Table I!. Because they did not
have reliable natural growth increment data, they used growth increments from
a laboratory study in which individuals were fed macro algae ad libIdum  S.
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Table 1. Estimates of fishery parameters from size frequency dat.a in Figure 2
and growth increment data from our laboratory growth experiment,
using the methods in Smith et al. �992!.

112 mm

15 mm

0.48yr '
0.14yr '
0.25 yr t

Mean L

Standard deviation of L

von Bertalanffy parameter, k
Natural mortality rate
Fishing mortality rate

Wing, unpublished data!. They first applied this method to a size distribution
from an unharvested site to estimate growth parameters and natural mortality
rate  Figure 3a, Table I!, then fixed natural mortality and growth parameters to
estimate fishing mortality rate from a size distribution collected from harvested
sites  Figure 3b, Table 1!.

Allee Effects on Recruitment

The effects of adult density on reproductive success are less well-established,
but representative relationships can be estimated from the small number of
existing field studies. Empirically measured spawn volumes, sperm density
requirements, and diffusion rates  e.g., Levitan et al. 1992! can be used to
calculate a relationship among urchin density, water velocity, and fertilization
success  Denny and Shibata 1989!. Both calculations and limited experimenta-
tion suggest that under optimal conditions, fertilization rates of spawned ova
decline from 40-80 io in closely spaced animals to negligible in animals spaced
I or 2 meters apart  Levitan 1991; Levitan et al. 1992!. Comparable results
have been reported for a variety of other species  e.g., Pennington 1985;
Karlson and Levitan 1990; Levitan 1991, and references therein!. These results
suggest minimal densities for successful fertilization ol' at least one female  two
urchins! per square meter. Karlson and Levitan �990! provide evidence that
fertilization rates at an adult density of 0.25 m z in a tropical urchin are
insufficient to prevent further population declines.

An even higher threshold density for successful spawning may occur when
substantial flows are present. In slight currents �-0.2 m per s!, fertilization
success may decline by a factor of 2 to 4 with a doubling in water velocity
 Levitan 199; Pennington 1985!. Denny and Shibata �989! calculate maxi-
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mum probable fertilization rates in the range of only I /o for crowded urchins
under the high flows of breaking waves �-5 m per s!, declining by 2 orders of
magnitude as densities decline to 1 m . If wave action prevents substantial
zygote production by shallow water urchins, it is particularly important that
threshold densities be maintained at intermediate depths, where fishing effort is
ordinarily most intense.

Post-larval recruitment of red sea urchins also may depend in a positive way
on adult density, due to protection of juveniles  up to 20-40 mm! under the
canopy of spines. At least in some circumstances, survival of juveniles
unsheltered by adults is less than one-filth that of protected animals  Tegner
and Dayton 1977!. Since settlement cues appear unrelated to adult density  see
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Figure 3. Size dtstributions of red sea urchms from harvested sites  a!; and an unharvested
site, the Point Cabrillo Marine Reserve  b!  from Kalvass et al. 1991!.
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Rowley 1989!, the number of juveniles protected by the canopy refuge is
probably proportional to encounter rate  i.e., to the proportion of suitable
substrate occupied by adults!. Tegner and Dayton �977! were able to measure
an effect of a canopy refuge only in large adults  > 95 mm!, but there is no
evidence of a threshold adult density below which the refuge disappears.
However, particularly in high-predation areas, increased fishing of adults could
lower juvenile survival below the replacement level.

Control of Effort by Rotating Special Harvest
Although pulses of juvenile settlement still are observed occasionally in north-
ern California, measured densities of adult spawners are below the spawning
threshold implied by the measurements described above. A fine scale compari-
son between harvested and unharvested areas in 1991 showed total urchin
densities of 0.3 m and 7.0 m, respectively  Kalvass 1992!. Broad scale
surveys in harvested areas showed a decline in the density of individuals greater
than 30 mm  the minimum size of spawning! from 1.2 m m 1988 to 0.6 m
in 1991  Kalvass 1992!.

Although fishing effort in general can be controlled in several different ways
 e.g., limited entry, individual transferable quotas!, for sessile or nonmigratory
species, spatial management is also a posstbility. A system of rotating spatial
harvests can limit effort effectively at any one location by allowing it to be
harvested only occasionally. Such a scheme can be viewed as pulse fishing at
any single location, but it also maintains constant fishing opportunity when
several areas are available for harvest at any one time. The state of Washington
employs such a system in its urchin ftshery. Each area typically is opened for 6
months of harvest once every 3 years.

Rotating spatial harvest has an effect on population structure different from
size limits or seasonal closures, resulting in alternating periods of high and very
low density rather than a more constant density. The effects on overall recruit-
ment depend upon the relationship between adult density and reproductive
success. In particular, if reproductive failure occurs below some intermediate
density, closure areas  which are occasionally at high densities! may contribute
more to recruitment than areas managed conventionally with the same yield.

Analysis of the performance of rotanng spatial harvest can be separated into
two aspects:  I! a pulse fishing aspect regarding how to best harvest a local
subpopulation with periodic rates and how optimal pulse fishing policy varies
with local productivity, and �! a metapopulation aspect regarding how sub-
populations in the different harvest areas interact  mainly through larval dis-
persal! and how the population as a whole will respond to rotating harvests. To
analyze the pulse fishing aspects, we compared the way in which yield-,
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reproduction-, and refuge-per-recruit vary with size limrt and effort in the
standard, constant harvest scheme with a policy that involves periodic harvest.

Values of yield-, reproduction-, and refuge-per recruit were computed from
a simulation model operating on a monthly time step. In the model, specified
constant recruitment was distributed over several months in the spring at a
mean size of 5 mm test diameter. Growth in test diameter was computed from a
von Bertalanffy function with parameter h = 0.48 yr ', a small amount of
variability in h, and variable dispersion which essentially mimicked variability
in L . Although reproduction, yield, and price vary seasonally, we did not
represent these in this model, primarily because of our focus here on the effects
of interannual variability in harvesting. Provision of refuges from predation was
computed from the adult size distribution at the time of settlement in each year
 assumed to be August! as a specified fraction of the area covered by the spines.
To compute total reproduction, gonad weight was computed from a typical
value of pre-hatch gonado-somatic index 0.35  Wing et al. 1993! and the size
distribution in March each year.

Because we had direct information on the dependence of spawning on den-
sity of reproducing adults, we also computed spawning density. Total numbers
greater than 30 mm test diameter, the minimum size of spawning  Tegner
1989!, were multiplied by a calibration factor based on actual observed spawn-
ing densities. The calibration factor was the ratio of the computed total number
of spawners with the current lower size limit and fishing mortality rate to the
current observed spawning density, 0.6 m ~  Kalvass 1992!. To illustrate the use
of rotating spatial closures, we chose 0.7 m z as the minimum density at which
successful spawning occurs. Egg production was set to zero below this value.

A standard plot of yield-per-recruit versus lower size limit and fishing
mortality rate had the form typically found: a maximum at infinite fishing
mortality rate and the size of maximum unfished biomass  Figure 4a!. Egg
production-per-recruit and refuge per-recruit were both similar to the egg-per-
recruit plots typically obtained  Figure 4b and 4c!, except that egg production
was set to zero for spawner densities less than 0.7 m ~. Above this value, egg
production and refuge increased as either fishing mortality rate or lower size
limit decreased. Note that in going from the current operating point  point A in
Figure 4a! to no harvest  F = 0!, spawning density varies by only a factor of 2,
while the data comparing harvested areas to unharvested areas varies by a
factor of at least 10. This may be due to a combination of aggregative distribu-
tions and fishermen harvesting denser aggregations first. One of the implica-
tions of this is that the values of spawning density in Figure 4d probably
correspond to higher actual densities as density increases.

The maximum yield, subject to the constraint that total reproduction be
greater than or equal to 0.7 m, would occur at the maximum value of yield at
which the line of constant spawning density 0.7 m z on Figure 4d is tangent
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Figure 4. Annual yield, egg production, total refuge area, and spawner density versus lower
size limit and fishing mortality rate from a model of the northern California red sea
urchin fishery. Recruitment was adjusted to give the current yield at the current
lower size limit and fishing mortality rate  point A!. Spawner density is calibrated to
be the observed density at the same point. Egg production is set to zero spawner
density less than 0.7 m-2.

with a line of constant yield on Figure 4a  cf., Botsford and Hobbs 1986!. In
these figures, there is no point of tangency; hence, the maximum yield that
satisfies the constraint is slightly more than 14 metric tons at a size limit of
102 mm and a mortality rate of 0.5. If higher fishing mortality rates were
possible, it appears that an even higher yield could be achieved.

It is of interest to note that lines of constant spawner density are close to
being parallel to the lines of constant yield at high size limits and low mortality
rates, but not when size limits and mortality rates are both high. The fact that
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Discussion

Rotating spatial harvests have considerable potential as a means of indirectly
controlling effort in fisheries on species with Allee effects in recruitment.
Although this method of fisheries management is centunes old  it was used in

these lines are parallel means that the constrained optimum is not. very sharp
 i.e., yield changes little as one moves along the line of iso-reproduction!. For
example, even a size limit of 60 mm and harvest mortality rate of 0.13 yr k
would satisfy the constraint, but still provide a yield of 10 metric tons.

Because this population is at a marginal spawning density, it is desirable to
change policy from point A to increase spawning density. A change in policy to
increase spawning density would involve either further increase in the size limit
or a decrease in effort. Both would decrease yield substantially. The latter would
require a control on effort through transferable quotas or a similar device. As a
possible means of avoiding the additional infrastructure associated with such a
change, we investigated the potential advantages of periodic harvest.

To determine the effect of controlling effort through rotating spatial harvest,
we computed average annual geld-per-recruit and average annual egg produc-
tion, assuming that harvest occurred every 2, 3, 4, and 5 years. Egg production
was set to zero in years in which the spawner density was less than the
threshold ol 0.7 m ~. These calculations required a model of the way in which
harvesting occurs. The response of fishermen to a rotating spatial harvest policy
 i.e., whether they drop out of the fishery, or fish less kn response to travel costs,
etc.!, and the consequent effect of this behavior on harvest mortality are
unknown. The most parsimonious means of depicting harvest mortality with
no prior knowledge of harvester behavior is to assume that the stock will be
harvested down to the point at which it is no longer profitable to harvest. We
made this assumption, and assumed that the population level at which harvest
is no longer profitable is just below the current level.

The results of periodic harvesting with this description of harvester behavior
are shown in Figure 5, with a rotation period of 1.0 corresponding to constant
harvest. Assuming the current lower size limit of 90 mm, as we increase the
period of rotation, yield declines moderately but average egg production in-
creases substantially. Yield in the year of harvest increases almost linearly with
period between harvests  i.e., harvestable biomass after periods of 2, 3, or 4
years is almost 2, 3, and 4 times the harvestable biomass after 1 year  Figure 6!.
For rotation periods longer than 5 years, the increase in yield declines. Egg
production follows a similar pattern, and the amount of time above the thresh-
old spawning density of 0.7 m z increases as the rotation period increases
 Figure 7!.
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the tenth century by the Arabs to manage red coral harvests [Grigg 1989]!, it
has received little attention in modern fishery analysis. Sluczanowski �984!
analyzed pulse fishing of abalone in a way similar to ours, except that he
assumed all individuals were removed each harvest year. Thompson �993!
evaluated management of species with an Allee effect in recruitment by assum-
ing an additional inflection point in a Beverton and Holt �957! type stock-
recruitment curve. From an examination of management of 22 North Pacific
groundfish stocks, he concluded that stocks managed for maximum sustained
yield would have a spawning biomass greater than the spawning biomass at
which the Allee effect operated; hence, management to avoid a collapse due to
the Allee mechanism imposed no new restriction on a well-managed fishery.
Whether this is true for any stock depends on the assumptions under which
maximum sustained yield is derived, of course. However, it appears that
reasonable management of the red sea urchin brings it close to the point at
which the Allee mechanism is important. Density of spawners has declined by
about half  Kalvass 1992!, and our preliminary value of F is only 0.26 yr ',
both of which are conservative  cf., Clark, this proceedings; Thompson 1993!,
yet spawning densities are approaching those considered marginal, based on
direct measurements of at least one Allee mechanism  Levitan et al. 1992!.

The potential generality of this mechamsm among harvested broadcast
spawning invertebrates could be of great importance in fishery management.
Populations of broadcast spawning invertebrates may be more vulnerable to
recruitment overfishing than fish populations typically are. The possibility of
an Allee effect presents both advantageous and disadvantageous aspects. On the
negative side, it presents a fairly high lower limit on spawning biomass, which
must be avoided by careful management. However, on the positive side, the
limiting mechanism is explicit and easier to measure than mechanisms limiting
recruitment in most harvested populations. One of the difficulties in current
attempts to avoid overfishing in U.S. fishery management plans is the definition
or detection of the level below which recruitment declines. Broadcast spawners
present a definite mechanism which can be detected without having to actually
observe a decline in recruitment.

A rotating spatial harvest scheme theoretically has the potential to be more
efficient than constant harvest policy. Earlier theoretical results for single popu-
lations without explicit spatial distribution indicated that if effort and size
limits could be specified, a pulse fishing scheme was more efficient  i.e., yielded
higher present value! than a constant harvest scheme  Botsford 1981;
Hannesson 1975!. When age and size structure are explicitly considered in
harvest models, the constant effort policy one obtains with the logistic equation
is no longer optimal, and some form of pulse fishing is probably required
 Botsford 1981; Hannesson 1975!. However, the difference between the theo-
retical optimal yield and the constant policy geld may be practically insignificant.
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The actual effectiveness of rotating spatial harvest in the case of the red sea
urchin will depend on fishermen's responses to factors such as possible addi-
tional travel time, etc., and on the consequent effect on fishing mortality rate.
Both of these require further study. Because neither effort nor catch are strictly
controlled, this scheme may not be as efficient as a well-designed quota system.
However, it has the advantage of less infrastructure, and could result in greater
recruitment by concentrating breeding stock into aggregations where spawning
success is maximized.

Our work on the red sea urchin is ongoing, and most of the results presented
here should not be considered final conclusions. Life history parameters, in
particular their variation with space, are not yet well-known. Recall that our
estimates of mortality and growth rates were based on growth increments from
a laboratory study, which may be substantially greater than growth increments
in the field. We expect that additional growth increment data will be available
soon from tetracychne tagging  e.g., Ebert and Russel 1992! and tagging with
passive transponders.

Here we have analyzed only the pulse fishing aspects of rotating spatial
harvest, leaving the analysis of metapopulation aspects until more information
on urchin larval dispersal is available. Ongoing research has identified a mecha-
nism by which physical oceanographic conditions induce urchin settlement in
a local area  Wing et al. 1993!, but the interannual variability in this mecha-
nism, and whether it generally occurs along the coast remain to be elucidated.
Analysis of the metapopulation aspects of this method will consist of evaluation
of harvest from subpopulations along a coast connected by larval dispersal,
when only a part of the coast is harvested each year.

Allee effects in general are beginning to receive more attention in the
population literature, especially as regards small, endangered populations  e.g.,
Lande 1987; and other references in Quinn et al. 1993!. Dennis �989! exam-
ined the population dynamic implications of Allee effects in three different
modeling approaches. Quinn et al. �993! evaluated another form of spatial
management, harvest refugia, for populations with Allee effects that were in
danger of extinction. Using the red sea urchin as an example, they evaluated the
effect on yield of setting aside specified areas from harvest to serve as sources
for larvae to seed the coast. Performance of this method was similar to rotating
spatial harvest in that the maximum achievable yield was the same as with
conventional harvesting. However, in a situation in which effort cannot be
controlled effectively, harvest refugia provide protection from extinction,
whereas conventional management does not.

Rotating spatial harvest has an added advantage in that it allows managers to
take advantage of spatial variability in productivity. Mortality, reproductive, and
growth rates of red sea urchins vary over space. Growth rate varies with the
amount and type of food  S. Wing, unpublished data!. Iv1ortality rates vary with
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location in southern California depending on the presence of two major preda-
tors on urchins, sheephead, and spiny lobster  Tegner and Barry, unpublished
manuscript!. Northern populations are subject to varying predation by sea stars
and probably crabs. We are exploring ways in which rotating spatial harvest can
be adjusted to take advantage of spatial variability. Variability in life history
rates could suggest changes in period of rotation, but it is more likely that the
harvest scheme will be adjusted by making areas of lower productivity larger to
keep annual harvest as constant as possible.

In spite of the fact that parameter values are not known well enough to
concretely define harvest strategy at this time, these results have considerable
value in identifying critical areas for future research. The dependence of policy
on the threshold of spawning density and the disparity in ranges of spawning
density between the model and field data underline the importance of further
sampling of spawning densities and description of how aggregation occurs. The
dependence of policy on life history parameters suggests we need to know the
spatial variability in potential productivity along the coast. Because of the
expense in obtaining measurements of growth rate and other life htstory param-
eters, rather than trying to measure productivity at each point along the coast,
we are trying to characterize the physical factors  e.g., position with regard to a
cape! that lead to spatial variability in productivity. The assumptions required
regarding harvester behavior indicate that further research to define the costs of
fishing and seasonal variability of price is advisable. Thrs information, along
with more biological data on the seasonal variability in gonad development and
reproduction, also can be used to account for seasonal variability in policy
formulation. Because a rotating spatial harvest scheme can harvest subareas
differently, it would lend itself well to experimental harvest strategies designed
to learn more about physical forcing as v ell as biological aspects of the har-
vested population  cf., Walters and Collie 1989!.
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Abstract

We propose a new approach for managing recreational fisheries based on
experiences in South Carolina. From our perspective, overharvest has adversely
affected many South Carolina systems, and existing regulations are largely
nonrestrictive; appropriate harvest restrictions are the best solution to this
problem. A proactive approach is recommended using restrictions imposed
prior to overharvest. Manager's judgment may be an important component of
the management process. Managers must more efficiently utilize assessment
resources so that all fisheries are evaluated rather than concentrating on popu-
lar species. Fisheries are divided into five management categories to focus
assessment efforts, allocate resources, and define management strategy. These
categories are �! important species not managed independently of the fish
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community, �! fisheries requiring almost total protection, �! fisheries man-
aged by changing creel restrictions, �! fisheries managed by size restrictions,
and �! fisheries managed by size and creel restrictions. Initial harvest rest.ric-
tions can be made by using a technique as simple as examining cumulative
frequency distributions of harvest or assessment information. Our decision-
making framework allows managers to adjust for changes in the fish commu-
nity, biological uncertainty, and shortcomings of initial harvest restrictions in
meeting their management objectives.

Introduction

We are proposing a management approach for inland recreational fisheries
based on our experiences as South Carolina fisheries managers. For the purpose
of clarity, we define a fishery as an exploited sport fish in a given river or
reservoir for which descriptive information exists on both the fish and anglers.
This new approach �! categorizes fisheries, �! encourages management of all
fisheries, �! emphasizes imposition of harvest restrictions prior to overharvest,
�! recognizes the role of judgment in arriving at management decisions, and
�! develops an iterative process for imposing and evaluating harvest restric-
tions until management objectives are met.

Imperatives of Management

To those who would manage recreational fisheries we suggest that �! overhar-
vest, defined either in a biological or sociological context, is unacceptable
 Redmond 1974, 1986; Anderson 1974, 1975a!; �! fishing mortality fre-
quently is the major factor influencing many recreational fisheries  Summerfelt
1986!; and �! harvest restriction is the most important management tool
 Anderson 1974, 1975b!. We acknowledge the importance of environmental
degradation and habitat losses on sport fish communities. We address the role
of harvest restrictions in fisheries management because exploitation has signifi-
cantly impacted numerous fisheries in South Carolina rivers and reservoirs
 White 1974; White and Lamprecht 1989; Hayes and Penny 1990; Sample
1990; Kirk and Nash 1991!. Additionally, our evaluation suggests that existing
creel and size regulations are essentially nonrestrictive.

The challenge for recreational fisheries managers is to appropriately regulate
exploitation prior to overharvest. Most classical fisheries management methods
require considerable information to use. Even using these methods, achieving
the targeted harvest can be difficult. Fishing effort is closely tied with harvest
and, in practice, managers have little control of fishing effort.
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Our Approach

Determining potential overharvest and implementing appropriate harvest re-
striction to avoid overharvest are the core of inland fisheries management.
There are several approaches to developing appropriate restrictions, the first
being an arbitrary decision. Other approaches may be based upon catch data,
assessment information, or sociological considerations  i.e., what anglers de-
sire, such as a trophy fishery or maximum possible harvest in a trout fishery
where habitat is seasonal!. The critical tasks for the manager are to �! deter-
mine if harvest restrictions will be beneficial, �! define a goal using harvest
restrictions, �! select an appropriate restriction to achieve a management goal,

Another point is that managers should try to maximize the management of
the total sport fish resource while minimizing their logistical and technical
limitations. Instead of using all assessment resources for high-profile species
such as largemouth bass, Micropterus salmoides, or striped bass, Morone saxatilis,
assessment efforts and resources should include other species such as crappies,
Pomoxis spp.; catfishes, Ictalurus spp.; white bass, Morone chrysops, etc. These
neglected species often are utilized more heavily than high-profile species. For
example, in Lake Moultrie, 50'/o of the directed effort and 54'k of the harvest
were for species other than largemouth bass and striped bass  Sainple 1990!.
Other South Carolina reservoirs are similar.

In addressing management of all species rather than selected species, some
limitations must be considered. Limitations are varied, but fall into two broad
categories: �! biological uncertainty  Walters 1984!, and �! logistical or
resource constraints. Biological uncertainty can include limited understanding
of population dynamics, ecological relationships, or how to achieve manage-
ment objectives. Resource constraints relate to manpower, equipment, and
funding needed to evaluate fisheries.

Fishery managers must have a description of their fisheries  Van Den Avyle
1986!. Of the tools for depicting fisheries, the creel survey is essential because
it describes the fishery in important ways and provides the first clues of
overharvest. Creel surveys must be statistically adequate to describe the fisher-
ies and allow comparisons  Malvestuto et al. 1978!. Creel surveys may provide
the only information available, especially for species not easily sampled by
conventional assessment techniques. For example, the redear sunfish, Lepomis
microlophus, fishery in Lake Murray is an important fishery not adequately
assessed using electrofishing, trap nets, or rotenone sampling. Creel survey
information should be supplemented by an understanding of the biology of the
species, the recreational importance of the species, and accurate estimation of
important population parameters.
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Table l. An example of management categorization for major recreational sport
fishes in Lake Murray, South Carolina,

Assessment methodCategorySpecies

Standard'Largemouth bass

Striped bass

Crappies

Redear sunfish

Gill net, creel survey

Trap net, creel survey

Creel survey

Creel survey

Creel survey

Creel survey
Creel survey, electrofishing

Large catfishes

White perch

Other sunfishes

White bass

' Includes spnng elecrrofishing, cove rotenone samples, and creel surveys.

�! implement the restrictions prior to overharvest, and �! evaluate and adjust
management practices.

When the decision is made to restrict harvest, assigning the fishery to
management categories assists in identifying assessment techniques and select-
ing the most promising strategy. Categorization allows resources to be directed
efficiently and implies that decisions may be made with less information. By
effective use of categorization, all fisheries in a system perhaps can be managed
with the same resources that formerly went into one or two popular fisheries.
 Table 1 provides a hypothetical use of categorization to manage fisheries in a
reservoir.!

We propose five management categories using harvest restrictions and offer
examples based upon our experience in South Carolina. We advocate that once
a management strategy is selected and an initial harvest restriction imposed,
subsequent evaluation should follow. Through an iterative process of imposing
appropriate harvest restrictions and subsequent evaluation, adjustments are
made to management practices until goals are realized. This process incorpo-
rates feedback and allows the manager to compensate for biological uncertainty,
assessment limitations, and changes in the fish community caused by previous
restrictions.

Category 1 management includes important fishes that should not be man-
aged independently of the fish community. This management category requires
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extensive creel survey information, estimates of important biological param-
eters, sociological information, and substantial resource commitment. An ex-
ample is largemouth bass in South Carolina reservoirs. Primary considerations
are that largemouth bass function as a predator and secondarily as a sport fish.
Largemouth bass have a dramatic influence on prey species and can beneficially
alter the size distribution of prey populations. Biologists managing largemouth
bass must consider prey availability, productivity, recruitment, harvest, and
other biological and social factors in determining if and how to regulate harvest
 Kirk and Nash 1991!. In South Carolina, adequate assessment is expensive
and includes spring electrofishing, rotenone sampling, creel surveys, and at-
tending meetings of angler organizations.

Category 2 management may be the simplest. These fisheries usually are
managed independently of the rest of the fish community. The same applies,
but to a lesser extent, to the remaining categories. Fisheries included in Cat-
egory 2 need almost total protection for biological or sociological reasons. To
the public, these species are managed as a trophy fishery. In essence, the goal is
to minimize fishing mortality as long as possible. This category requires imme-
diate and decisive action to prevent further harvest. Extensive databases ini-
tially are not required, because existing information compellingly demonstrates
severe overharvest. The focus of future research should be on what extent the
fishery can be opened to fishing. The type of restrictions recommended for
Category 2 include large minimum size limits, catch and release, a creel of one
or two fish, restrictions on gear, seasons, restrictions on areas open for fishing,
or any combination of the above that largely excludes harvest. Probably the
least effective method is small, incremental creel reductions.

An example of a Category 2 management imposed for biological reasons
would be to protect the summering population of striped bass in South
Carolina's Congaree and Saluda rivers  Bulak 1990!. This population is the
brood stock for the Santee Cooper system  Lake Marion, Lake Moultrie, and the
diversion canal connecting the two lakes! and is overfished to the extent that
very few fish reach spawning size. Without immediate protection, natural
recruitment of striped bass is at risk in the Santee Cooper system, A sociological
application would be gear and size restrictions on trot lines to protect large
catfishes in the Santee Cooper system for rod and reel fishermen  White and
Lamprecht 1989!. The objective of this strategy would be to produce a trophy
fishery with catfishes larger than 40 pounds.

Category 3  management by evaluating and changing of creel restrictions! is
recommended where assessment resources or techniques are lacking, Another
use would be management of smaller fishes where length limits are impractical.
The first step is to determine the extent to which harvest is to be reduced. An
inspection of total harvest and size distributions from previous years is critical.
Catch and effort information over time also may be helpful to monitor the
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trends in abundance. With this baseline of information, the manager is ready to
start.

We recommend modeling of harvest information from creel surveys using
harvest per trip and cumulative catch in a frequency distribution. The manager
can select a creel limit that will reduce the harvest to the targeted range.
Another technique is to use a nonlinear function to describe the same informa-
tion and to solve for a creel limit that achieves the desired reduction in harvest;
we believe this technique is too involved and complicated to be useful for most
management biologists. The first technique using a cumulative distribution is
simple, it can be performed readily using a personal computer with SAS  SAS
1985!, or it can be done graphically. The last step is to implement and evaluate
the restriction.

Category 4 management uses size restrictions. Size distributions from creel
surveys or size distributions generated by netting, rotenone, electrofishing, or
traps are potentially useful. By examining a cumulative distribution, the man-
ager can spare any portion of the population from harvest, although not
necessarily from hooking mortahty, by establishing a minimum size limit. The
advantage of this category is simplicity; a given portion of the population is
protected as long as anglers abide by regulation. Another type of size restriction
is a slot limit, commonly used on largemouth bass, in which certain size ranges
are selectively targeted for harvest. Size restrictions are also an important tool in
Category 2 management. The primary difference between Categories 2 and 4 is
perspective  i.e., Category 2 requires immediate action, while in Category 4,
size restrictions are imposed after substantial evaluation!.

Biological considerations are paramount in Category 4 management. Worthy
goals of this management category are a suitable size structure for predators
 Davies et. al. 1982! or protecting lish that spawn a number of years after they
become vulnerable to fishing  a prime example is striped bass in some South
Carolina rivers!. The manager should ensure �! that suitable prey and habitat
exist to support protected fish  Anderson 1974; Fox 1975!, and �! that the size
restriction meets biological imperatives and is not imposed purely for sociologi-
cal reasons. Prime examples of misusing size restrictions are improper use of
slot limits; a statewide minimum size limit on largemouth bass; or in our case,
an 18-inch minimum size limit on Santee-Cooper striped bass  a Category 2
fishery! despite strong evidence of overfishing and the need to accumulate
substantial numbers of spawning fish.

The best of all possibilities is Category 5 using size and creel restrictions.
Ideally, creel survey, sociological, and biological information all would be
employed to develop a management strategy for these fisheries. When using
management Category 5, managers must be able to justify both size and creel
reductions. This category differs from Category 1 in that the fishery can be
managed independently of the fish community and the requirements for infor-
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Figure L Decision-making framework for managing inland recreational fisheries.

mation are not as rigorous. An example of this category of management is the
Lake Murray striped bass fishery. A reduction of the creel to five fish per day
and a 21-inch minimum size limit were imposed with the goal of producing
larger fish, spreading the harvest to more anglers, and reducing hatchery
requirements.

All categories of management require an ongoing process of evaluation. We
have proposed examples of how to derive an initial harvest restriction. This
restriction is only a first approximation in an ongoing process  see Figure 1!.
After imposing initial restrictions, feedback is important so that the manager
can meet objectives while adjusting for changes in the fish community, short-
comings in assessment, and errors caused by biological uncertainty.

The role of judgment in managing inland fisheries is significant because
biological and sociological information must be evaluated and assimilated.
Harvest restrictions must be put into place prior to overharvest. There may be
no cookbook instructions  Novinger 198'1! in arriving at a management recom-
rnendation; the decision rests to a substantial degree on the judgment of the
manager. Managers will likely find themselves in the lonely position of making
unpopular recommendations to decision-makers who are accustomed to con-
sensus and to reacting only to obvious cases of overharvest.
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A Short Summary of Our Ideas

We have examined our perspective of the problems facing inland recreational
fisheries management and have proposed a new approach to management. We
do not deny the importance of habitat protection. pollution abatement, or
stocking. Exploitation, even at low levels, has influenced the quality of the
catch and the balance of fish communities  Summerfelt 1986!. We believe
harvest restrictions, if correctly applied, will be the manager's most important
tool. Resource categorization will allow a focusing of resources, and an iterative
process of evaluation will allow for change.

The Responsibility of Fisheries
Managers in the Future
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The South African anchovy  Engraulis capensis! forms the basis of an important
reduction fishery in South Africa. The resource currently is managed on the
basis of a two-stage constant proportion strategy, which attempts an appropri-
ate trade-off between long-term average annual catch and an acceptably small
risk of driving the spawning biomass below a certain level, while imposing
some constraints on inter-annual catch fluctuations. An initial total allowable
catch  TAC! is set at the start of the fishing season in January, based on a
November survey of the spawning biomass; the TAC is modified in June when a
survey estimate of recruitment to the fishery during that year becomes available.

This paper reports on the results of recent updates in the parameter esti-
mates of a model of the anchovy population and on the implications of the
results for refinement of the existing management procedure. It also discusses
interactive software simulating the anchovy fishery, which has been used to
attempt to familiarize resource managers and fishing industry executives with
the concepts involved and their practical implications in making an appropriate
choice of trade-offs when selecting among candidate management procedures.
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Introduction

Since the collapse of the pilchard  Sardinops sagax! fishery in the early 1960s,
the anchovy  Engraulis capensis! has provided the dominant contribution to
South African purse seine fishery landings  see Figure 1!. This anchovy is a
small and short-lived species that seldom survives beyond 3 years of age and is
used primarily for the production of fish meal and oil.

The distribution dynamics of the anchovy are illustrated in Figure 2. Spawn-
ing takes place during summer months, primarily on the Agulhas Bank to the
south of the country. Eggs and larvae are transported by currents up the west
coast, where the anchovy subsequently recruit. as 0-year-olds and head back
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Figure 1. Annual landings of anchovy and pilchard in South Afnca from 1949 to 1992.

An initial attempt is made to refine the existing management procedure, taking
into account feedback from users of this software, and this refined procedure is
tested in terms of the updated assessment of the resource. The key problems are
an appropriate definit.ion of risk and the specification of an acceptable level of
risk for tuning of the management procedure.
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Figure 2. A map of southern Africa showing the distributional dynamics of the South African
anchovy population schematically  reproduced with slight modification from Waldron
et al. 1989!.
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toward the Agulhas Bank to spawn at the end of their first year of life. Although
the fishing season commences in January, most of the catch is made during the
April-July period from the 0-year-olds which become available at that time off
the west coast. Detailed reviews of the ecology of the anchovy and of the associ-
ated fishery may be found in Butterworth �983! and Crawford et al. �987!.

Hydroacoustic surveys of the resource commenced in 1983  Hampton
1987!. A regular pattern of surveys has since developed, composed of a
November survey of the spawning stock to the south of the country, using both
the egg-production and the hydroacoustic method  Armstrong et al. 1988;
Hampton et al. 1990; Shelton et al. 1993!, and a hydroacoustic survey of
recruits on the west coast, which usually takes place in May. Results from these
surveys are shown in Figure 3. Butterworth and Bergh �993! detail the history
of the development of a management procedure for the anchovy based on the
data provided by these surveys. The initial approach of a constant escapement
strategy was abandoned in 1990, because it led to undesirably large catch

4000

! c 3000
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C!
C!
O 2000

U

1000
0

CO 0 1984 1985 1986 1987 1988 1989 1990 1991 1992
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Figure 3. Time series of mid-year recruitment survey estimates  B�y ! and November surveyhyd

estimates of spawning biomassfrom hydroacoustic  B p ! and egg-production  B',+!
methods. The error bars indicate one standard error. The marks on the horizontal
axis correspond to the start of the year indicated, so that the spawning biomass
surveys actually took place in November of the preceding year.
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Figure 9. A simplified representation of the current process for setting TACs for the South
African anchouyfishery.
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fluctuations � record levels approaching 600,000 tonnes in 1987 and 1988
followed by a low of 150,000 tonnes in 1990  see Figure 1!. Commencing in
1991, management has been based on a constant proportion strategy. TACs are
set as 20% of the estimated escapement that would occur at the end of the year
were there no fishing, subject to certain additional constraints. This
management procedure was selected on the basis of simulation testing over a
20-year time horizon.

The essentials of the current management procedure are illustrated in Figure
W. An initial TAC is set at the start of the year on the basis of the results from the
November spawning biomass survey. The associated calculations assume that
recruitment for the year will be equal to its estimated historic median level.
Once the May survey has provided an estimate of the recruitment strength for
the year, anticipated escapement levels, and hence the TAC, are recalculated.

The simulation tests of alternative candidate management procedures were
conducted on a myopic Bayes basis  i.e., the joint probability density function
[pdf] for estimates of the parameters of the anchovy population model was
taken to be fixed, so the improvements in precision that would eventuate as
more survey data became available in the future were not taken into account!.
The joint pdf itself was obtained from the survey data by applying a Bayes-like
estimation procedure  see Butterworth and Bergh 1993, Appendix 1!. The
selection among the candidate procedures was made by inspecting simulation
results for summary statistics reflecting average catch, risk, and inter-annual
catch variability  see Table 1!. The eventual choice involved a trade-off between
the anticipated performances for each of these three attributes.

The performance of this management procedure was tested for robustness to
various uncertainties about anchovy population dynamics, and as such, it
should provide a basis for sound management of the resource for some time to
come without the need for frequent modification. Nevertheless, procedures
such as this should not be set in stone, and research currently is in progress to
refine the existing procedure with a view to a revised procedure being irnple-
mented for the 199% or 1995 season. This paper reports progress in that regard.

There are two main thrusts to this research: improved estimation of the
parameters of the anchovy population model and a redesign of the procedure
and its constraints to provide results that better address the industry's operating
requirements.  Constraints of the current procedure are minimum and maxi-
mum annual TACs of 150,000 and 600,000 tonnes, respectively, and that the
TAC may not be reduced by more than 25% from one year to the next.!
Parameter estimation previously was effected by a Bayes-like method involving
prior distributions for certain factors because of the limited survey data then
available. These priors were based on analogies with similar species and expert
appraisals. Thus, for example, a uniform prior U[0.5;1.5 yr '] was used for
natural mortality M; the extent of downward multiplicative bias in recruitment
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Table 1. Performance statistics' for alternative constant proportion management
procedures for the South African anchovy resource  from Butterworth
and Bergh 1993!.

Performance statisticsTarget
proportion D,>� Risk B, /K

0.2
20%

0.5b

0.240.04 0.70314

0.260.40 0.54250

0.2
25%

0.5b

0. 230.640.09

0.63

373

0.300.29243

' The statistics are defined as follows: C average annual catch over the next 20 years  in thousand tonnes!.
Risk = probability that B r < 0.2 K at least once wiihin these 20 years, where B r is the spawning biomass
and K is its average value in the absence of exploitation. B, /K = average spawmng biomass level at the'P
end of the 20 years. V = mean annual change in TAC as a proportion of C. D,s� is the value of B,+ below
which median recruitment decreases as B+ falls  see equation [A2. 2] of Appendix 2 and Figure 9!, and the
table lists the numerical value assumed for the results given. All the results shown correspond to
procedures with minimum and maximum bounds on the annual TAC of 150,000 and 600,000 tonnes,
respectively, together with the constraint that the TAC not be reduced by more than 25% from one year to
the next. A target proportion of 20% for the management procedure currently applied was adopted on the
basis of these results.
The associated performance statistics are pessimisnc because the parameter estimanon procedure assumes
D,i,  see equation [A2.2]! to be zero. Estimates lor D,~, = 0.2 are unbiased because none of the data
correspond to a B p value this low; however, there are data corresponding to B p < 0.5 K, so that the value
of R�,d used for D,s�= 0 5 calculations is negatively biased.

survey estimates  which arises because the recruitment process is not complete
at the time of these surveys! was assumed to lie in a range of about 60% to 80%;
and the variability of annual recruitment R  expressed by the standard devia-
tion of ln R, denoted crR! was taken to be 0,4. There are now sufficient survey
data to allow for direct estimation of these factors, thus considerably reducing
the computation required and avoiding biases the priors utilized might have
introduced.

The survey results for 1991 indicated the need for a further revision of the
estimation  assessment! process. Figure 3 shows that a lower than average
recruitment survey result in May of that year was followed by particularly high
spawning biomass estimates in November. These results are not compatible if
the sampling error associated with the surveys � the hydroacoustic surveys
typically have coefficients of variation  CVs! of 20%  see Table A.l! � is the
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dominant contributor to the residuals when a population model is fitted to the
survey data. Rather, the 1991 results indicate that the fraction of the total
recruitment present at the time and place of the recruitment survey must be
quite variable from year to year. This needs to be taken into account in the
estimation process to avoid giving undue weight to the results of the recruit-
ment surveys, and it also has important implications for the choice of a
management procedure.

The other major concern has been the process of selecting between candi-
date management procedures. Given the stochastic nature of future recruit-
ments to the fishery, the results of harvesting projections are distributions
rather than simple deterministic trajectories. Scientists can readily suggest
statistics to summarize these distributions, but the question arises whether
these statistics best capture the factors of most importance to the industry. More
importantly, are these statistics particularly meaningful to industry executives
and to the members of South Africa's Sea Fishery Advisory Committee, who
make recommendations on management actions to the responsible government
minister? If not, the process of trading off between performances on various
attributes is unlikely to be carried out effectively when a selection between the
alternate revised management procedures eventually has to be made by these
persons, most of whom have little, if any, professional background in statistics.

This paper first describes the revised method now being applied to estimate
the joint pdf for the parameters of the anchovy population model, which is
used in turn to calculate performance statistics for alternative management
procedures. The paper then describes the interactive software that has been
developed in an attempt to give industry executives and managers a better
appreciation of the different consequences of these alternatives. Initial results
from both these processes are used in the preliminary development of a refined
management procedure. The anticipated performances of this procedure and
some variants thereof are discussed, as are additional factors that need to be
taken into account in further refinements.

Re-estimation of the Parameters of the
Anchovy Population Model

The estimation method applied for the assessment of this paper is described in
detail in Appendix 1. A key assumption is that the egg-production method
provides unbiased estimates of the spawning biomass. The hydroacoustic sur-
veys are assumed to provide relative abundance estimates because of uncer-
tainty about the anchovy target strength; values assumed for this currently are
based on analogy with a similar species because local research activities that
address this question have not yet made sufficient direct measurements to



Management of Exploited Fish ~ Alaska Sea Grant 1993

provide reliable results. Another factor that precludes use of the hydroacoustic
recruitment survey estimates as absolute measures is that the recruitment
process is incomplete at the time of the survey, so only a fraction of the recruits
are actually surveyed. An additional estimable parameter Q!, which reflects the
extent to which this fraction varies from year to year, has been incorporated
into the estimation method.

Previously  Butterworth and Bergh 1993!, age information also was in-
cluded in the estimation process in the form of the proportion of fish observed
during the November spawning biomass surveys that were 2 or more years of
age. However, uncertainty has since arisen about the reliability of the aging
method previously used  M. Kerstan, Sea Fisheries Research Institute, personal
communication!. Pending resolution of this matter, the approach taken has
been to ignore the age data. This removes the primary source of information on
natural mortality M  or more strictly, on that for adult fish of age I and above:
Mi !, so the immediate aim is to develop a management procedure that pro-
vides satisfactory performance over a wide range of possible values for M.

Estimates from application of the method, together with estimates of the
associated precision obtained from the bootstrap approach described in Appen-
dix I, are listed in Table 2 for various values for M. Figure 5 plots estimates of kz
 the constant of proportionalit.y between the actual recruitment and the
hydroacoustic recruitment survey result! as a function of M, together with the
log-likelihoods of the associated fits of the population model to the data. While
the maximum likelihood estimate of M is indicated to be above 2.0 yr, a
likelihood ratio test suggests that the associated 95% confidence interval for M
would extend as low as 1.0 yr- .

The numerical values of these estimates of kz suggest that large values of M
are unlikely. Estimates of k,  the constant of proportionality between the actual
spawning biomass and the November hydroacoustic survey results! are close to
1, suggesting that the assumptions made concerning anchovy target strength
are not greatly in error. The value of k~ thus primarily reflects the average
fraction of recruits in the survey area at the time of the recruitment survey.
Hence, values of kz > k,  reflecting a fraction greater than 1! are unlikely.
Similarly, values of kz < 0.4 are considered implausible, because they would
mean that less than 50%  on average! of the recruitment was detectable at the
time and in the area covered by the recruitment survey. There are no obvious
indications in the catch-length data over the fishing season that would support
the contrary hypothesis of regular substantial recruitment later in the year than
May-June.

Given this uncertainty about M, the approach taken has been to integrate
results over a uniform distribution for M over the range [0.7;1.7 yr 'I � the
extremities of this range corresponding roughly to the bounds for k> argued
above. The results of this process also are shown in Table 2, and the associated
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Table 2. Estimates of values for parameters related to the anchovy population
dynamics. Values in parentheses are standard errors. Square parentheses
indicate a value assumed rather than estimated from the data.

Method of A endix 1
Prevtous Ignore

Parameter assessment' Standard B�"rd �991!

M yr t! U]0.7;1.71 UI0 7'1.71I1.21]0.7] [1.7]1.33 �.11!

K  thousands t! 1,360   230! 2,280�70! 2,370�010! 2,500�010! 2,610 �30! 2,600�30!

+0 36 �.13! +0.07�.19! +0.21�.15! +0.32�.17! +0.12�.19! +0.15� 13!Recruitment
serial
correlation: s

0.42�.05! 0.53�.08! 0.59�.16! 0.62�.16! 0.69�.13! 0.68�.12!Recruitment
vanabiltty: oR

IO]101Variabtlity of
fracrion of
recruitment
surveyed: X

0. 52�. 23! 0.45�.21! 0. 38�. 20! 0. 18�. 21!

0.76�.20! 0.51�.13! 0.36�.08! 0.57� 19! 0 66�.17!Proportionality
constant for
Byyyd . 2

0.84�.12! 0.84�.12! 0.84�,13!y 0.85�.13! 0 85�.12!Proportionality
constant for

p ' t

' The Bayes-like procedure of Butterworth and Bergh �993!, Appendtx 1.
Corresponding to an input prior cra - -0.4.

joint pdf is used as input to the calculations of anticipated performance of
management procedures described later in this paper.  Where figures or calcu-
lations presented subsequently in this paper require a point estimate of M, the
value M = 1.2 yr ' corresponding to the center of this range has been used.!
Note that this integration constitutes an ad hoc approach to dealing with the
problem, and does not correspond to a Bayesian integration over a prior
distribution in which, inter alia, the prior would be weighted by relative
likelihoods of fits of the population model to the data. At this stage, it seems
questionable whether the anchovy population model is specified with sufficient
accuracy to warrant this level of complexity.

Figure 6 shows the residuals of the fit of the population model to the data for
various fixed values of M. While there is some suggestion of trend for the two
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Figure 5. Estimates of the constant of proportionality between actual recruitment and the
hydroacoustic recruitment survey results  k2!, and the negative of the associated log
likelihood for fi ts of the population model to the survey data for different fixed values
of natural mortality M.
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Figure 6. Exponenttated residuals  i.e., B'b" "~/B! for fits of the model of Appendix 1 to the
biomass survey data, for different fixed values of natural mortality M  in yr '!.
Time series are shown for November egg survey estimates  B'gg!, November
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Figure 7. Time series of recruitment estimates, scaled to the associated estimate of the median
recruitment  R�,>!, for different fixed values of M. The lower panel shows bootstrap
estimates of 95'/o confidence intervals about the time series for M = 1.2 yr '.
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Figure I O. Estimated recruitment time series for the standard ji t of the Appendix I population
model, and for a variant which ignores the 1991 recruitment survey estimate as an
outlier and sets il, = 0. Both fits are for a fixed value of M = 1.2 yr ',

variability in the fraction of the year's recruitment in the survey area each year
then falls away, so that A is sensibly set to zero if this datum is ignored. The
results of this approach are compared with the standard estimates of recruit-
ment in Figure 10, and are not greatly different.

A notable result for this new estimation method  see Table 2! is that the

estimated recruitment variability crR = 0,6 � 0.7 is considerably larger than the
value of 0.4 assumed of necessity earlier. This increase has important conse-
quences for risk evaluation for alternative management procedures, as dis-
cussed below, but is partially compensated by a serial correlation  s! estimate
now somewhat closer to zero than its previous value of +36%.

The fraction of recruitment assessed by the recruitment survey is assumed
above to vary from year to year, and the parameter 1 is approximately the CV of
the probability distribution for this fraction. Estimates of 2 range from about
20% to 50%, and are thus at least as large as the sampling CVs o'�"v~ = 20%  see
Table A.1! associated with these surveys. Since the precision of these surveys as
an index of recruitment is related to �'�! + 2  see equauon [A1.3]!, these
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results indicate both that these surveys have a lesser value for management
purposes than was previously thought, and that more intensive surveys  with
lower sampling CVs! would be unlikely to improve this value to a great extent.

Feedback from Interactive Software

Of the summary statistics listed in Table 1 that are intended to facilitate the
comparison of the anticipated performances of alternative management proce-
dures, the average annual catch   C ! is readily understood by all. However, it is
rather less clear whether the statistics used for Risk and for inter-annual TAC
variability  V! in Table 1 are meaningful to lay industry executives and fishery
managers. Obviously, smaller values for either statistic are to be preferred, but
how is the risk statistic to be interpreted in absolute terms? Even for the V
statistic, there is the danger that an average value might be misconstrued as an
upper limit. Clearly, inter-annual TAC variability is of more consequence to the
industry than responses to inquiries in the abstract might suggest  see discus-
sion in Butterworth and Bergh 1993!, but how are scientists to obtain the
necessary feedback to modify candidate management procedures to achieve
performances that will better meet the industry's requirements in this regard?

The approach which has been pursued is based on the premise that lay
industry executives will relate to, and respond more effectively to, individual
realizations of a stochastic process than to probability distributions or associ-
ated abstract questions. Accordingly, an interactive software package was devel-
oped that projects the anchovy population 5 years into the future. TACs were
input after each annual spawning biomass or recruitment survey result was
displayed on the screen. These results included the effects of survey sampling
error. Users had the option to make their own TAC selections, or to allow the
present management procedure  or a more or less conservative variant thereof!
to specify TACs. For the latter option, the software allowed users to record
comments on each TAC set by the procedure if they wished. The objective was
to provide information on which particular series of TACs were seen as opera-
tionally unacceptable by the industry, to allow scientists to infer therefrom what
constraints needed to be built into the management procedure to attempt to
avoid such scenarios.

At the end of a 5-year simulation, the software revealed the actual series of
B, /K values that had occurred during this period, so that the users could see
wIiether the danger level of 0.2 used in the definition of risk  see Table 1! had
been avoided. Leaving aside for the moment the question of whether
B, /K = 0.2 is an appropriate choice for such a danger level, the secondary
objective was to provide users with some idea of the meaning of the 0.0% risk
level estimated for the management procedure currently being applied.
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The response to this software by both managers and industry executives has
been most encouraging, as exemphfied by the comment, "This is serious," by
one senior industry official following an explanation of how recorded responses
would be used to refine the current procedure. The key requirements to
engender such attitudes seem to be that the computer simulation outputs have
credibility as realistic possible future scenarios for the resource, and that
industry executives see the exercise as one having results managers will con-
sider carefully, rather than perceiving the simulatton as just a game.

The use of this software is seen as a central element of an iterative exchange
that will allow scientists to gradually refine candidate management procedures
to forms that better address the objectives of industry and managers, and hence
are less likely when implemented to provide TAC recommendations decision-
makers may seek to override. Thus far, only limited use has been made of this
tool, in part because the existing code is based on the assessment of the
resource by Butterworth and Bergh �993! and has yet to be updated to
incorporate the revised assessment and refined procedure of this paper. Never-
theless, interactive sessions with industry executives already have led to the
following insights about TAC variability.

1. Possible TAC increases following the May recruitment survey should not
exceed some 150,000-200,000 tonnes, because the industry would not have
the capability to catch more before worsening weather conditions render fish-
ing too difficult.  The alternative option of an earlier recruitment survey is not
viable, as too little recruitment would have taken place by that time for a
reliable result.!

2. While the industry can withstand an annual anchovy TAC as low as
150,000-200,000 tonnes, it could not do so for a number of years in succession
without severe rationalization.

3. A maximum decrease in the TAC larger than 25% from one year to the next
might be acceptable.  This constraint was built into the current procedure with
the knowledge that scientific recommendations for TAC decreases usually are
less likely to be implemented than are recommendations for increases.!

The implications of these insights for refinements of the management proce-
dure are explored in the following sectton.

Reactions to the apparent level of risk �9o [see Table 1]! associated with the
current procedure have been partly contradictory, On one hand, both industry
executives and managers have interpreted the simulations to suggest that the
present procedure is too risk averse. On the other hand, some industry partici-
pants in the exercise indicated trepidation that a less conservative procedure
would lead to bigger catches on average, which in turn could result in much
greater pressure to allow new entrants into a limited access fishery.
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Refinement of the Management Procedure
The philosophy that has been adopted is that the refined management. proce-
dure  the process that converts the survey estimat.es of biomass into TAC
recommendations! should be kept extremely simple, so that this step in the
overall management process involves minimal delay. The formula applied to
give the initial TAC at the start of the year y based on the preceding November
spawning biomass survey results is:

TAC'"" y! = 0.7a[p x1+ � � p!B,"," y � 1!/8," ]
where

1991
B,"�" =  ].7'8! Z B,"�y" y'!

y'=1986

Once the recruitment survey result is available, a revised TAC is calculated:

TAC  y"'! "=u[pxR y!/R+� � p!B,"'  y � 1!/B""] ,�!
where

R = [1/ y � 1985!] Z R y'!
y'=1985

TAC'"' y! = TAC"" y! � TAC'"" y! �!

is necessarily bounded below by zero. Accordingly, if the recruitment survey
gives a low result, it may not be possible to set the revised TAC as small as
equation �! suggests. Given the operational constraints indicated by the indus-

and R y! is an estimate of the recruitment in year y calculated from the results
of the May recruitment survey in the manner described in Appendix 2  see
equation [A2.9]!.

The estimate of R is updated as surveys continue, while that. of B p is not,hyd

because the former is a model constant, whereas the latter would change over
time if the management procedure were altered to change the harvesting
intensity.

The factor 0.7 in equation  l! reflects the assumption that 70'!o of the final
TAC to be expected if recruitment is average  R y! = R in equation [2]! would
already have been caught by the time that the revised TAC is announced. Thus,
any increase in the TAC;
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try  see discussion above!, most calculations of procedure performance have
been carried out under the additional restriction that:

TAC'"' y! < 150,000 tonnes �!

Further details of the calculations performed are given in Appendix 2.
The current constant proportion management procedure has a form similar

to that of equations  I! and �!: Escapement at the end of the year in the
absence of fishing comprises a weighted sum of the year's recruitment. and the
previous year's spawning biomass, where the weights take into account losses to
natural mortality and gains in individual mass. However, P is now treated as a
control parameter that can be adjusted to achieve enhanced performance,
rather than as a constant calculated from the values of biological parameters.
Similar to the present procedure, equation �! assumes that recruitment will
equal its average level until a survey estimate becomes available to allow
application of equation �!.

The parameterization of equatton �! was chosen so that the control param-
eters cz and P have some meaning. The parameter P reflects the importance
accorded to the recruitment. survey results relative to those of the spawning
biomass surveys, while a corresponds to the average catch that would have
been achieved had the procedure been implemented over the 1984-1991
period.

The performance of the procedure defined by equations �! and �! for
different choices for P is illustrated in the plot of risk against average catch  C !
in Figure 11. This base case procedure incorporates the constraint of equation
�!, as well as the existing restrictions of mtnimum and maximum annual TACs
of 150,000 and 600,000 tonnes, respectively, and a maximum TAC decrease
from one year to the next of 25%. The figure also shows the results for a
constant catch strategy, which is the only management procedure possible in
the absence of future surveys. The farther to the right that a curve lies on this
plot  i.e., the larger C for a particular level of risk!, the better the associated
management procedure in terms of these two attributes. The figure shows that
the survey information is of value: Better results are achieved given spawning
biomass surveys only  P = 0! than by a constant catch approach, but recruit-
ment surveys alone  P = I! achieve better results still  for lower risk levels, at
least!. The best results are obtained when both sets of surveys continue to be
conducted and the value of P is set to 0.7.  There actually is little to choose
between the results over a widish range of P centered on 0.7.!

Results for other variants of this base case management procedure are listed
in Table 3. The control parameter u has been adjusted in each case to give the
same level of risk. In principle, it might be argued that a refined procedure
should be tuned to achieve the same level of risk as the 4% estimated by
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Figure 11. Plots of risk against average annual catch  C! in thousand tonnes  see Table 1

caption for definitions! obtained by varying the value of the control parameter a
 see equations ll J and l2!!. The solid curve marked P = 0.7 corresponds to the
optimum choice for this parameter under the restnctions of upper and lower bounds
on the overall annual TAC of 600,000 and 150,000 tonnes, respectively; an upper
bound of150000 tonnes on the TAC increase permitted after the recruttment survey;
and a maximum reduction of 25% on the overall TACfrom one year to the next  the
constraints for the base case management procedure!. The two dashed curves reflect
performance if management is based on only one set oj survey estimates: spawning
biomass surveys only  fj = 0!, or recruitment surveys only  P = 1!. The dash-dot
curve indkcates performancein the absence of any survey information  necessitating
a constant catch harvesting strategy!. The plots have been smoothed to reduce Monte
Carlo variation. The horizontal dotted line drawn at a risk level of 0.3 reflects the
value of that attribute for which results are presented in Table 3.
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Table 3. Performance statistics for the management procedure developed in this
paper and certain variants thereof.

Performance statisticsTAC

Max Max

Description a reducn incr Min C Risk B, /K V

Current procedure based on previous assessment"

25% � 150 314 0 04 0 70 0 24

New procedure and assessment

Unchanged 244 25 %%d
constraints

318 0.30 0.75 0.31150

Limited mid-
season increase

276 25'/o
291 25o%%d

317 0.30
313 0 30

283 0.30
301 0.30

0.75 0.26
0.75 0.23

0.77 0.22
0.76 0.24

200 150
150 150b

[50 200
150 150c

Increased
minimum TAC

249 25'/o
274 25o%%d

326 0.30 0.76 0.24313 33'/o 150 150Larger inter-
annual TAC
reduction

All results correspond to a D,>�value of 0.2 and an upper bound of 600,000 tonnes on the annual TAC,
and set the control parameter P = 0.7  see equations [1[ and[2]! The control parameter awas chosen to
give a nsk of 30% in each case. The notation is as for Table 1: Max reducn reflects a constraint on the
proportion by which the overall TAC can be reduced from one year to the next, Max mcr indicates the
largest increase m the TAC that can be awarded after the recruitment survey result becomes available, and
Min is the lower bound on the overall annual TAC. All quantities related to caiches/TACs are given in
thousand ionnes.

' Results from Butterworth and Bergh �993!.
Selected base case management procedure, for which robustness tests are reported in Table 4.

' With the added constramt that the sum of TACs for 3 successive years always must exceed 600,000
tonnes; thus, for example, following 2 years of TAC = 150, the following year's TAC must be > 300.

Butterworth and Bergh �993! for the current procedure. However, given the
increased estimate for recruitment variability  aR [see Table 2j!, this risk level is
exceeded even if the TAC is kept fixed at the current minimum level of 150,000
tonnes: The probability that the spawning biomass of the unexploited resource
drops below 0.2 K during a 20-year period in these circumstances is now
estimated to be 20'/o. Accordingly, results in Table 3 have been presented for a
risk level of 30'/o, simply because the corresponding average annual catches C
are then similar to that estimated by Butterworth and Bergh �993! for the
existing procedure.
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Of particular interest is that the introduction of the constraint of equation
�! leads to a near overall improvement. For the same level of risk, a substantial
improvement in the extent of TAC variability is achieved for very little sacrifice
in the average catch. This behavior is a result of the errors associated with the
recruitment survey estimate: A large estimate can lead to unintended resource
depletion because it reflects sampling error or a larger-than-average fraction of
the recruitment present in the survey area, rather than good recruitment. The
constraint of equation �! is a form of shrinkage toward the mean � a procedure
that frequently results in improved performance.

The results in Table 3 indicate that the two approaches for avoiding a
number of successive years with TACs of 150,000 tonnes can achieve this
objective for somewhat different levels of sacrifice in average catch. There is a
10% reduction in this average if the minimum TAC is raised to 200,000 tonnes,
while the procedure variant of a 600,000-tonne minimum cumulative TAC
over a 3-year period leads to a reduction of only 5%. This provides a basis for
the industry to assess the expected long-term losses involved in exchange for an
increase in the 150,000-tonne minimum. Relaxation of the constraint on inter-
annual TAC decreases from 25'/o to 33yo would achieve a 4/o increase in

average catch.
Satisfactory performance for a management procedure conditioned on the

standard assessment of this paper  i.e., on the pdf of the estimates of the model
parameters! is not sufficient. Given structural uncertainties in this model, it is
important to carry out robustness tests of the base case procedure for different
possible representations of the real situation to ensure that performance does
not deteriorate to an unacceptable extent.

The results for a number of such tests are reported in Table 4. Performance
essentially remains unchanged or improves for all attributes for the assessment
that ignores B��991! � essentially because the recruitment survey results arehyd

more reliable if iL = 0. As was the case for earlier calculations  see Table 1!,
performance deteriorates, particularly regarding risk, if D,>�� � 0.5 instead of 0.2
 i.e., if median recruitment starts to fall at higher values of B,gK [see Figure 9]!.
However, Figure 9 also shows that recruitment in 1991 is estimated to be more
than double the median level, and that this arose from a spawning biomass
estimated to be as small as 0.26 K. The occurrence of this event, after a period
of particular concern and consequent conservative management advice follow-
ing the low spawning biomass estimate for 1990  see Table A.1!, has tended to
diminish concerns that actual D,>�values could be markedly higher than 0.2.

Natural mortality remains the major uncertainty at present. Results for the
extremes of the [0.7;1.7 yr '] range considered for M, instead of random
selection from this range, show an increase in risk from 30 k to 34'yo at the
upper end of the range. Another concern is the assumption that natural mortal-
ity is age-independent. Reference has been made above to apparent conflicts



Butterworth et al. ~ Management of South African Anchovy462

Table 4. Performance statistics for the selected base case management procedure
 see Table 3! for various robustness tests. These tests correspond to
changing the operating model used for the harvesting projections  i.e.,
to an alternative assessment [estimation method] for the population
model parameters.! Notation is as for Table 1.

Performance statistics

D,��C Risk B, 7K VM yr-'!Description

Standard assessment U[0.7;1.7] 0.2 313 0.30 0.75 0.23

M from U[0.7;1.7]

Mp �� M � 0.4

M t+ � � M+0.4

Lower 0-year-old
natural mortality

0.2 316 0.29 0.77 0.24

Extreme values

of M

0.2 299 0.25 0.68 0.23
0.2 324 0.34 0.80 0.24

0.5 248 0.58 0.43 0.27

0.7

1.7

U[0.7;1.7]Average recruitment'
starts to fall at

higher B,�/K

1gnore B��991!
iL = 0

U[0.7;1.7] 0.2 324 0.30 0.77 0.22

' The associated performance statistics are pessimistic for the reasons given m note 1 of Table 1.  Figures 8
and 9 show B, < p.s K for certain years in the data series.!

between high estimates of M from the fit of the model to the survey data  see
Figure 5!, which also are indicated by the somewhat questionable age data
available and by perceptions of the fraction of total recruitment encompassed
by the May recruitment survey. This conflict can be reconciled to some extent if
M for adult anchovy  M,,! is rather larger than that for 0-year-olds  Mp!, at least
as it applies for the latter half of their first year of life. Table 4 includes results of
application of the base case management procedure in circumstances where
Ml actually exceeds Mp by the rather large amount of 0.8 yr '. The perfor-
mance statistics scarcely change in these circumstances, indicating that the
procedure is encouragingly robust to such possible age-dependence of natural
mortality.
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Future Initiatives and the Problem of Defining Risk

The approach of this paper needs to be extended to address a number of issues
concerning the further refinement and testing of a management procedure for
the South African anchovy. These include the following.

1. Age data: Given satisfactory age data for adults sampled in the November
spawning biomass surveys, this information needs to be taken into account in
the parameter estimation process, and possibly also should form part of the
management procedure calculations that lead to TAC recommendations.

2. Survey value: The cost-effectiveness of the existing surveys needs evaluation.
Should the surveys be intensified or scaled down, and is there merit in the
suggestion that a second recruitment survey should be carried out in years
when the first survey yields a low result?

3. Full feedback control: With extension of the myopic Bayes approach of this
paper to re-estimation of population model parameters as each new datum
becomes available, what would this imply for the design of the survey program
and for modification of the management procedure?

4. Exceptional circumstances: The current procedure allows for the constraint
of a minimum TAC of 150,000 tonnes to be overridden in exceptional circum-
stances  e.g., if B, /K is estimated to be very low!, but the procedure then needs
to be extended to include a definition of what constitutes such exceptional
circumstances and the rules on the action to be recommended should they
occur. These rules will also require simulation testing.

5. Robustness tests: A wider range of robustness tests than are explored in this
paper requires consideration; in principle, these tests need to span the full
range of plausible representations of reality, including, for example, the possi-
bility that there also is a recruitment contribution from the east coast to the
spawning biomass on the Agulhas Bank � a phenomenon which might explain
the apparently inconsistent recruitment and spawning biomass survey results
in 1991.

A further pressing priority is the extension of the procedure to take account
of technological interactions with other species. Zero-year-old pilchard and
anchovy are of similar size and frequently shoal together. Mid-season increases
in the anchovy TAC therefore lead to unavoidable increased bycatches of
juvenile pilchard. The commercially more valuable pilchard appears to have
recovered only slightly from its collapse in the early 1960s, and TACs have been
set conservatively over the last decade in an attempt to promote an increase in
the pilchard biomass. Large bycatches of juvenile pilchard are contrary to this
objective and are unwelcome to the industry, which would prefer to preserve a
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larger fraction of the overall pilchard TAC for the more profitable canning of
larger fish. Ultimately, a combination procedure that provides TAC recommen-
dations for both species will be required.

However, the most serious problem with management procedure develop-
ment relates to the question of risk. How is it to be defined, and what is an
appropriate level to which to tune the control parameters of a management
procedure? Following the lead of Beddington and Cooke �983!, alternative
procedures for the anchovy thus far have been evaluated along the lines of a
probability of x9o of reducing the spawning biomass below yyo of K within a
period of z years. Butterworth and Bergh �993! suggested that a common
international convention for the choices of x, y, and z might facilitate progress
in international fishery regulation. However, results in Table 3 and associated
discussions above indicate that this idea is problematic, because risk defined in
this manner will change as perceptions/estimates of recruitment variability  O' R!
change.

Figure 12 contrasts spawning biomass distributions with and without har-
vesting, first for the current procedure in terms of the assessment of
Butterworth and Bergh �993!, and then for the base case procedure and
assessment of this paper. The larger estimate now obtained for oz  see Table 2!
leads to a greater frequency of lowish B, jK values under natural  unexploited!
conditions. But if this is the case, doesn't it imply a greater resilience of the
stock to such occurrences, and hence the acceptability of a larger x  or smaller
y! than would be appropriate were o~ less?

Another aspect of this problem is the definition of K, which in this paper has
been taken to be the average of a distribution which is the sum of three
lognormals. For larger values of crR, the mean of such a distribution exceeds its
median  and also its mode [see Figure 12]! by an increasing amount. Hence,
had a median rather than an average been used for K in this paper, values
reported for risk would have been somewhat lower.

Does risk as defined in this paper matter at all? In reality, a fishing fleet is
unlikely to render extinct a stock of a species of low commercial value because
of diminishing profit margins. Is risk therefore effectively subsumed in the
average annual catch  C !, so that control parameters for a management proce-
dure should be selected to correspond to the rightmost point on the associated
curve in Figure 11, given that recruitment overfishing and depensation effects
are  in principle! incorporated in the calculations that lead to these results?

But this raises further difficulties. Such a selection depends on the value
chosen for the future time period of z years considered; tntroducing an eco-
nomic discount factor 6 to downweight the future shifts rather than solves this
problem, because it opens a further debate on the appropriate choice for 6. In
addition, the average indicated by the rightmost point on the curve can be
crudely categorized as a combination of two rather different extreme scenarios:
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Figure 12. Probability density functions for B,/Kin the absence of harvesting  solid line! and

under a particular management procedure  dashed line!. The upper panel shows
the perceptions for the current management procedure as indicated by the
calculations of Butterworth and Bergh � 993!. The lower panel corresponds to the
assessment and base case management procedure of this paper. For the lower panel,
the distribution for application of the management procedure does not show the
associated 8' probability that extinction occurs within a 20-year period. The
computed Monte Carlo representations of these distributions were smoothed by
means of a lognormal kernel.
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a steadyish catch throughout the z years, and very high initial catches followed
by a subsequent stock collapse. These two scenarios surely have rather different
utilities, but are hardly distinguished by considering average catch  C! and
short-term TAC variability  V! alone. Thus, it does not appear possible to
reduce the characterization of procedure performance to two attributes only: A
minimum of three still seems necessary, even if these do not explicitly include
risk defined in a manner similar to that used here.

Further use of the interactive software package described earlier in this
paper may succeed in providing more informed feedback from industry and
managers on an acceptable level of risk in relation to avoiding some "danger"
level  B,�< 0.2 K?!. However, this will not absolve scientists from the responsi-
bility for a more careful appraisal of how that level should be chosen in
particular cases.
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Appendix 1
Method used to estimate population model parameters

The model used to describe the anchovy's population dynamics is described in
Appendix 1 of But terworth and Bergh �993!. Key assumptions are that the adult
stock consists of three age classes, and that fishing is approximated by two
pulses � one in February comprising only fish of 15 months of age, and one in
May entirely made up of fish of 6 months of age. The resultant equations are:

[ttt 1 � MIX c y t 1] � Mll
[tv � MIN e y t i] � 3Mb'

-M  A1. 1!
y,2

w, y+ 1!N�» + w, y+ 1!N,» + w, y+ 1!N,»

Ny+»

N,�, =

Ny�,�

B,� y! =

ts the number of anchovy of age a at the start of year y  strictly,
this start refers to the end of November of the previous year!;
is the recruitment in year y;
is the natural mortality  assumed to be independent of age and
year!;
is the catch by mass of 0-year-olds  assumed equal to the
April+ catch! in year y:
is the catch by mass of 1-year-olds  assumed equal to the
January-March catch! in year y;
is the average mass of 0/1-year-olds caught in year y;
is the average mass of 1/2/3-year-old anchovy taken at the start
of year y  i.e., in the trawl samples during the November
survey!; and
is the spawning biomass at the end of year y  i.e., the start of
year y+1!.

where N,y,a

R y!
M

Cyo

C 1

�� y!
wu2a y!

B,� y!

Waldron, M., M J. Armstrong, and R.M. Prosch. 1989. Aspects of the variabihty in growth of
juvenile anchovy Engrtttdis capensis in the southern Benguela system. S. Afr. J Mar. Sci. 8:9-19.
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Table A.l. Survey estimates of biomass used in fitting the population model.
Biomass units are thousand tonnes, and CVs are given in parentheses.

Bhyd
5

Bhyd B egg
5Year

1984

1985

1986

1987

1988

1989

1990

1991

The survey data available to fit this model are listed in Table A.l. These
comprise:

l. egg-production estimates of spawning biomass B,"  y! with associated CVs
cr,"+ y!, which are taken to be unbiased estimates of B,�;
2. hgdroacoustic estimates of spawning biomass B,"�d y! with associated CVs
a',"  y!, which are taken to be a relative index of B,, with constant of propor-
tionality k,; and

3. hgdroacoustic estimates of recruitment B"!'" y! with associated CVs
hy

r
o',~  y!, which are taken to be a relative index of the total recruit biomass at the
time of the survey, with constant of proportionality h~.

The total recruit biomass at the time of the recruitment survey, B� y!, is taken
to be related to that year's recruitment by the expression:

B,ty! = w, y![R y! e e " � C,',/w,ty!j  A1.2!
where w� y! is the average mass of recruits measured in the recruitment

survey trawl samples,

310 �.24!

466 �.17!

575 �.15!

508 �.18!

132 �.19!

137 �.25!

332 �.23!

1,067 �.23!

975 �.16!

1,747 �.15!

1,460 �.12!

1,106 �.24!

546 �.13!

469 �.21!

1,682 �.12!

1,100 �.45!

616 �.40!

2,001 �.35!

1,606 �.30!

2,048 �.35!

487 �.34!

882 �.58!

3,552 �.35!
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q is the number of months after May that the survey took place,
and

C"' is the catch by mass of 0-year-olds before the start of the survey.
y,O

The log-likelihood function, which is maximized in this assessment to obtain
parameter estimates, assumes lognormality of the distributions of the biomass
survey estimates and approximates the standard errors of these log-distribu-
tions by the CVs of the untransformed distributions. Accordingly, it has the
form:

InL= � i Z [InB'n y! � InB,  y!] /[a*" y!] +In[2//a'" y!']!
y= 1 988

ln B�" y! � ln k,B,� y! / cr"'" y! + ln 2zo;",'  y!'
y=l984

[InB"  y! � In B,B  y!!] /r n"'  y!! + J
' '"' +In[2// a"' y!'+ 2'!]

 A1.3!

The factor 1 is introduced into this expression to reflect variability in the
fraction of the recruitment in the survey area at the time of the survey; the
distribution of this fraction has a CV of iL

The estimable parameters of the likelihood L are: M  usually fixed exter-
nally!, /l., R�982!...R�991!, hi and kz. Given values for M and the recruit-
ments, partial differentiation of L leads to a closed form solution for ht and two
simultaneous equations to be solved for kz and yl,  which is constrained to be
0!. Even given these closed for m solutions, the numerical optimization rou-
tine is required to search over a parameter space with at least 10 dimensions,
and care has to be taken to ensure that the global maximum has been found.

The median recruitment is estimated by:

!9QO

R,�= m R y!
y=1982

 A1.9!

corresponding to the assumption that recruitment is lognormally distributed.
R�991! was omitted from the geometric mean estimate of equation  A1.%!
because only limited survey information as yet pertains to this estimate, and
because of concerns  see main text! that it might be an outlier.
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Recruitment variability crR was estimated as:

a,' =  }/8! g [1nR y! � 1nR�,�]
Ym}98'}

 A1.5!

with the serial correlation of the log recruitment being estimated from the same
values in the standard manner, Estimates of recruitment prior to 1984 were
omitted from the estimate of equation  A1.5! because they are less directly
determined by the survey information, which commenced only in 1984.

The average spawning biomass in the absence of exploitation is given by:

K = R��exp Cr, /2 w,e"+ w,e ' + w,e '  A1.6!

where the averages of w»z/> were taken over the years for which survey data are
available.

Bootstrap estimates of variance

A conditioned parametric bootstrap approach was used to calculate variances
and confidence intervals and to provide a Monte Carlo representation of the
joint probability density function for the parameters to provide a basis  operat-
ing model! for testing candidate management procedures  see Appendix 2!.
Pseudo-survey-data sets were generated as follows:

8;�"' y! = B,� y! e p[e'  y!]
B"r"'o y! = !rBr, y! exp[co' y!]
8 ""o y! = �!rrB  y!exp[�eo' y!]

e  y! }rom N[0;a,'," y! ]
e ' y! from N[0;a,"," y!']
e ' y! from N[0;a�"" y!'+ 1']

 A1.7!

where N[0; o'~] is a normal distribution with mean zero and variance crz.
Each pseudo-data set Q was then used to re-estimate parameters, with these

sets of estimates providing the bootstrap distribution. The number of such
replicate data sets used for the calculations reported in this paper was 500.

For calculations for which M was preselected externally from U[0.7;1.7
yr '], 100 such selections were made, and 5 bootstrap replicates constructed
from each, to provide 500 realizations of the joint pdf estimate.

While many checks can be made to ensure an optimization routine has indeed
converged to the global maximum of the log-likelihood function when model
parameters are estimated, it becomes impossible to repeat all of these checks for
every one of a large number of bootstrap rephcates. The approach used here was
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to duplicate these calculations with an increasing number of randomly selected
initial parameter vector estimates in the numerical search for each bootstrap
replicate, until results stabilized to the level of precision required.

Appendix 2
The procedure used to test candidate management procedures

Each bootstrap replicate  Q! calculated as described in Appendix 1 provides
values of the following model variables and parameters:

N1992 1/2/3 1 ]ti ]t,;M;R,�;S~~;O',; K and E � 99 1!  A2. 1!

where

Re �991! = Re�exp[Be �991!].

Re�exp[Be y!] De y � 1! ! D
[Be� y �  !/[D,�Ke]]R ,�exp[Be y!] 0.1  D' y � 1! < D,�
0 D-'' y � 1!   0.1

R~ y! =

 A2.2!

where

D  y! =B,� y	'K~
and

CO  y! from N 0; gR
 A2.3!

Given the values for the future catches  which are provided by the procedure
being tested!, equations  Al. 1! then can be applied to project the numbers-at-
age forward  for 20 years in this case!. Future recruitment is assumed to be
lognormally distributed about a stock-recruitment relationship of the form
illustrated in Figure 9, that is:
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so that the estimated serial correlation in recruitment is taken to apply in the
future, and:

B� y! = w,  y+1!N,+»+ w, y+1!Ny+,2+ w, y+1!N +»   2.~!

with

W,  y+1! from N "[w;CT w,,!'] for i = 1,2,3,c,lc, cod r  A2.3!

C y 1   3 / 7 ! T A C "   y !
C 0 TAC " y! � Cy

 A2.6!

Thus, in a year of average recruitment, 30 /0 by mass of the TAC would consist
of 1-year-old fish. This 30'/0 corresponds to the average proportion of the total
catch made in the January-March period in past years.

The survey biomass estimates generated by this process  or operating model
of the resource! are as follows:

E,  y! from N[0; IT, ! ]
E y! from,N[0; IT, ! +� ! ]

 A2. 7!

Bo, "" y! '= koBo y!exp[ed y!]
Bo"" y! = koBo y!exp[Ex y!]

where

Bo y!=we y! [Ro y!exp  � M /2! � C'o/w, y!]  A28!
assuming

C,', = �/7!TAC'"B y!

where N* is a normal distribution truncated at ~ 2 standard deviations, and w,
and  T w! are the means and standard deviations of the values observed in the
surveys and catches to date.

Note the severe depensatory effects assumed in equation  A2.2!: If spawning
biomass drops below 10'/0 of K, recruitment falls to zero, and the resource is
rendered incapable of recovery.

The split of the TAC  see equations [1] and [2] of the main text! between 1-
year-olds and 0-year-olds is assumed to be given by:
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that is, that half of the 0-year-old fraction  assumed to be 4/v � see equation
[A2.6]! of the initial TAC would be caught before the recruitment survey took
place. The approximate CVs of these future surveys are assumed to be equal to
the averages attained historically, viz.:

ahyd =o.i7
't'

o�"'" = 0.20.

In the interest of simplicity, the management procedure considered does not
take into account the less precise future egg-production survey estimates; in
practice, the time required for analysis of these data is much longer than that
needed for the acoustic records, so in any case, this information usually is not
available in time to influence the initial TAC recommendation.

The management procedure of equations  I! and �! of' the main text makes
use of B~', but needs an estimate R~ y! rather than B~'  y!. Since the trueQ,hyd "Q Q,hyd

value of M is unknown, a fixed value has to be assumed by the procedure. The
value M = 1.2 was chosen, so that:

R ty! = [B', e  ey'!l w, tey!+�/7!TAC ty"!"/W ]e'"'  A2 4!
that is, w� is assumed to be measured without error  the associated sample size
is large!; w, is used because catch data for the full season are not available at the
time the TAC is revised.

The distributions of quantities of interest  and thence the summary statistics
used to index procedure performance � see footnote a of Table I! are obtained
by repeating this 20-year projection process for each bootstrap replicate Q.

For the robustness tests of Table 4, which involve changing the operating
model for the anchovy resource, the management procedure  equations [1],
[2], and [A2.9]! is left unchanged, but the set of values specified in list  A2. I! is
replaced by a set corresponding to that alternative assessment of the resource.
Appropriate changes are made to equations  A1.1!,  A1.2!,  A1.6!,  A2.1!, and
 A2.8! when juvenile  Mp! and adult  Mt ! natural mortality are taken to differ.
How'ever, for the test involving a change to the value of 0.2 that customarily has
been assumed for D,h�, no change is made other than substitution of the revised
value in equation  A2.2!  see also footnote a of Table 4!.
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The Age Structure of Fishing Fleets and
Its Relevance for Reconstructing Past

Fishery Trends and Forecasting

J.F. Caddy
Food and Agriculture Organization

Rome, Italy

Abstract

Proceedings of the International Symposium on Management Strategies for Exploited Fish Populations,
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This paper describes a simple approach to estimating the rate of decommission-
ing of a homogenous fleet of fishing boats by methods analogous to mortality
estimation by catch curve analysis and from mean age statistics. Two types of
estimator are recognized: those derived by linear regression  D! and those
obtained from mean fleet age statistics  D'!. Some constraints on the use of
these estimators are discussed, notably that their main application is for open-
access fisheries. Departures from steady state fleet replacement, for example
pulsed investment policies for industrial fleets, are common and may bias the
estimators. Nonetheless, rough values for the rate of decommissioning can be
useful, particularly for small-scale fisheries where application of standard re-
source assessment methods often is problematical and limited licensing and
output control measures are difficult to apply. The high rates of decommission-
ing of boats and engines in artisanal fisheries offers potential for control of
future fishing effort through controls on the availability of credit. In industrial-
scale fisheries, the ease of financing new vessel construction, in combination
with very low rates of decommissioning of industrial vessels, are seen as the
main driving forces necessitating some form of limited entry. Even if limited
licensing applies, a rough value of the likely decommissioning rate is useful in
planning for likely fleet replacement in future years. Some of the implications of
this approach for predicting future effort trends and reconstructing past trends
in fleet size in the fishery are discussed.
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Introduction

Modern theory of fishing  e.g., Hilborn and Walters 1992! tends to treat the
fishery as a system in which the fleet, gear, and intensity of harvesting, as well
as the living resources and their response to fishing, are modeled together. It is
therefore surprising that relatively little attention has been paid to the demo-
graphic characteristics of fishing fleets, even though such considerations are
directly relevant both to the likely level of effort in coming years and to the
incentives for new investment provtded at the critical point in the management
process when an old or obsolete boat is replaced by a new one. In considering
these problems, a distinction must be drawn between artisanal, small-scale
fisheries, where the rate of replacement of boats is generally high, and indus-
trial vessels, which have much longer working life spans. This distinction has
obvious implications both for the management of the two types of fishery and
indirectly for the system of control best adapted to assessment and manage-
ment.

Contrary to idealized preconceptions, small-scale artisanal fisheries can
exert heavy fishing pressure  e.g., see papers in Saila and Roedel [1980] and
Pauly and Murphy [1982]!. Developing practical approaches to their manage-
ment, however, is still in its infancy. The problems faced in biological assess-
ment of resources exploited by small-scale fishing fleets, especially in tropical
waters, relate not only to the number of vessels and gear types that need to be
sampled at a large number of landing sites, but to the multispecies nature of the
resources harvested, with a strong seasonal component in the catch composi-
tion. The complexity of the database needed to monitor activities of such a
fishery often seems to increase inversely to the total weight of landings. In
highly developed inshore fisheries such as in the Mediterranean, more than 20
separate gear types and fishing methods, and an even larger number of species,
may be targeted by the inshore fleet at different times of the year. This may
explain why analytical assessments often are possible for only a few key species
in such inshore fisheries. Clearly, a new approach to the problem is needed, and
a further study of the demography of the fishing fleet itself, following simple
principles developed in stock assessment, may be one fruitful line of inquiry.

Small-scale fishing boats come in a wide variety of motorized or non-
motorized forms, but usually standard designs are recognizable, and the date of
construction often is ascertainable by interview or from port statistics. Small-
scale fisheries in West Africa, the Indian subcontinent, and in southeast Asia
still are largely dependent on artisanal boats of traditional design that either are
dugouts or are constructed with planks from locally available timber. More
recently, marine plywood, fiberglass, metal, or even ferroconcrete also are being
used, which often changes the expected life span of the vessel. In many cases,
such boats are subject to relatively rough handling  for example when launched
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Methods

Catch curves  the plot of log abundance against age! often are used to deter-
mine an instantaneous total mortality rate Z operating in a fish population. We
can attempt a similar approach to parameter estimation for fishing fleets made
up of a common type of fishing boat with a common life expectancy. Ideally, we
could avoid steady state assumptions if yearly updated vessel registries or
survey information were available for us to identify a particular group of boats
built in year t � n and to determine how many of these survive in the fishery in
subsequent years, thus obtaining estimates of decommissioning rate that can be

from a beach!, and in contrast to industrial-scale boats, they generally have a
limited life span.

Management theory for industrial-scale fisheries now recognizes that some
form of limited licensing, often with the license associated with the boat  and
not the fishermen!, is needed to control the level of fishing and hence the
fishing mortality. Without this coarse tuning mechanism, even if quotas also are
used to attempt to regulate fishing mortality, gross economic inefficiencies will
result from the sum effect of uncontrolled individual decisions to purchase new
vessels. An examination of the age composition of industrial fishing fleets
reveals that the rate of steady state replacement should be very low. In practice,
however, many were constructed in a non-steady state fashion during brief
periods of high investment, and this has serious impacts on the possibility of
steady state management policies, as well as leading to the perpetuation of
pulse construction when the time for fleet renewal arises.

In an earlier discussion of analysis of small-scale fishery data  Caddy 1986!,
I noted that very little attention has been paid to the collection of information
on fleet age composition in the fisheries assessment literature, to the manage-
ment implications of the average life span of fishing boats, or to how the
strategy of fleet renewal affects fish populations. In designing a limited entry
system, with respect to improving the fleet database, at least two main ques-
tions should be addressed;  I! How many new boats are built, or otherwise
enter the fishery in a given year, and what are the constraints to entry of new
vessels? �! What is the rate of decommissioning or emigration of vessels from
the fishery in a year?

The existing fleet size can be regarded simplistically as a consequence of
these two rates imposed on the initial fleet size. Although the rates should be
equal for stable fleet size, there is no a priori reason that such stability should
exist. Despite this, where conditions approximating stability prevail, it may be
possible to deduce appropriate steady state rates of loss of boats from the fleet
using suitable data on boat demography.
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age subscripted. The author was unable to locate data of this type. The follow-
ing two measures of the rate of decommissioning are therefore proposed.

1. If we assume that a relatively constant life expectancy applies to a group of
boats constructed in a given year and used in the same area and fishery, then if
data are available, a measure D of the instantaneous rate of decommissioning is
obtained by fitting the linear regression to the number of boats, B t!, still
operating t years after construction:

B t! = A exp  � Dt!

where A, the initial number of boats built, is a constant, and t is the boat age in
years.

It may be argued that we are never in a situation to discount the discontinu-
ous influences from year to year in such a regression fit, but to a significant
extent, the power of the regression approach is that variations from year to year
tend to be smoothed out, and a log-linear trend still may be evident over some
part or all of the time series. Rarely do we have access  even retrospectively! to
records of the life span of all boats constructed in a given year. However, by
analogy with catch curve analysis, this approach might be used for a homog-
enous population of boats, if recruitment to the population of boats has been
going on at a more or less constant rate year after year, and if the rate of
decommissioning has not changed significantly with age.

2. If all we have is some estimate of the time since construction, t [0], by which
half of the boats/engines/gear are expected to be decommissioned, t[50], then
by analogy with the definition of an instantaneous mortality rate, a rough
estimate of the median life expectancy is proportional to 1/ t [50] � t [0]!. More
exactly, modifying the equation in Gulland �986! for the mortality rate Z in
terms of the numbers remaining in the population after a given time interval,
namely, the time t[50] when half of the initial number of boats  ri! have been
decommissioned, we obtain a second type of estimator of the rate of decommis-
sioning, referred to here as D':

D' = 1n�.5n/n!/ t[50] � t[0]! = 0.693/t[50] �!

Such an estimator, D', may not be directly comparable with D values obtained
from regression analysis, because it is derived directly from the median age. If
the risk of decommissioning is lower in the first few years of operation but
higher later, as seems to be borne out by some of the examples that follow, we
can expect D' < D. In general, since the regression estimate D will reveal
departures from steady state replacement, which is not possible with a simple
estimate based on the median age of the fleet, it may be statistically more
reliable. However, from preliminary experience presented here, estimation of D
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is rarely feasible. In many cases, estimates calculated as in this paper would be
intended only to provide a rough order of magnitude for D', such as might be
inferred from a single measure of central tendency. Here, information such as
the mean age of the fleet, or the period over which the vessel is considered
insurable, or from economic indicators such as the maximum period over
which loans for vessel purchase are amortized, could be considered as indices
of the median age of the fleet. The resulting values should be used with caution,
particularly if there is evidence that the fleet age composition is strongly skewed
or dominated by only a few year classes.

From equation �!, the percent replacement of existing fleet size at equilib-
rium can be approximated by:

 [ � exp  � 0.693/ t[50[!! x �0'/o

Fleet t! = Fleet t � 1! + new entries t! � lost/decommissioned boats t! �!

This can be rearranged into an expression for fleet size in year  t � I! to give
an estimate of fleet size in earlier years if no historical data are available. Given a

In many cases, however, it is clear that investment in new boats has not gone
on at a steady state. Less obviously, there is some evidence that a steady rate of
decommissioning does not always apply. Investment may have been dependent
on availability of credit in favorable years, and/or when a new technology made
an improved harvest available, or when a cycle of resource abundance was at its
peak. Removal of vessels from a fleet may have been due to sale or transfer to
other fleets or, as is commonly reported for artisanal fleets, due to natural
disasters such as hurricanes which damage the craft on the beach. Another type
of discontinuous factor relates to refitting, which can extend the life span of a
boat. Since we are dealing here with raw fleet statistics, the values of D that
result presumably include the net impact of such refitting.

One question that merits more consideration than is possible in this paper is
to evaluate whether the above simple models apply to engine as well as hull life
span. Engine life span often is shorter than for the hull, and this may be
reflected in the different insurance policies that apply to boats versus engines.
In the case of industrial vessels, the replacement of an old engine with one of
equal or greater power has implications for the future impact of the vessel on
the fish stock, but its implications for the expected life span of the vessel are less
clear. Under some circumstances, however, it may be more useful to look at the
demographic characteristics of the engines in the fleet, using the same approach
as given here, an example of which is given below.

The average life span of boats and equipment obviously has direct implica-
tions for the rate at which they need to be replaced if a steady fleet size is to be
maintained. Considering fleet size in year t, this is given by:
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rate of decommissioning for a fishing fleet and an age structure in year t, then as
for VPA in fish populations, from equation �! it should be possible in theory to
estimate virtual populations of fleet age structures in previous years, if we can
assume that exchanges of boats with other regions is not a significant factor and
that all age classes of boats present from the start of the fishery are still
represented. This type of calculation, unlike finfish population calculations,
deals with total rather than sample populations, and there is only one compo-
nent of mortality involved.

Results

A particular problem faces any scientific investigation of fleet age composition,
given that such data rarely are published, which is reflected in the references
section of this paper. Several examples of the estimation of steady state replace-
ment rates follow, largely extracted from unpublished manuscripts, verbal pre-
sentations, and gray literature. These include vessels ranging in size from small
t.raditional craft to small-scale industrial fishing vessels.

1. Age composition of Maritimes and Newfoundland lobster boats. A surprisingly
linear decline in log numbers is shown in the data of McEachern �969!. The
decline of Newfoundland boats began immediately, while for the Maritimes, the
fleet showed an apparent slower rate of decline for the first 15 years, possibly
due to a recent pulse of new investment. Subsequently, the rates of decline in
boat numbers with age are almost identical for both fleets  Figure 1!. The
exponential rate of decline in numbers of older boats in both these fisheries is
in the range D = 0.22 � 0.23, but an estimate of D' based on median ages of
Maritime and Newfoundland boats of 6.66 years and 4.06 years suggests lower
rates of decommissioning of D' = 0.104 and 0.17, respectively. From these latter
values, the equivalent proportion replaced annually should be around 10 /o and
16yo, respectively, for stable fleet sizes.

3. The  former! Yugoslav trawl fleet. The age composition of this fleet is notable
both for the extreme longevity of a few vessels and the pulses in construction
that evidently occurred in the years after World War II and in the early 1960s
 Figure 3!. Although the age structure markedly departs from steady state

2. Age composition of Dhonis  Maldives!. A rather irregular age composition of
these 8-14 m overall length  OAL! wooden boats is evident in Figure 2, but for
intermediate ages, although based on a subjective selection of age groups, an
exponential rate of D = 0.115 appears to adequately describe the rate of
decommissioning of older boats. Based on a median age of 14 years, the
estimate for the whole sample is significantly lower at D' = 0.050, which is
equivalent to a replacement rate of some 4.8 lo per year for fleet stability.
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Figure 1. Number of lobster boats operating in the Maritime Provinces
and off Newfoundland in 1968  from McEachern 1969!. Log-
linear fits are shown for the entire age distribution
 Newfoundland: ln N t! = 10.97 � 0.23t!, and for the last
four age groups  Maritimes data: ln N t! = 8. 71 � 0.22t!.

conditions, a tentative value of D' = 0.026 is inferred from the median age of
fleet of 27 years. A wave of new construction should be planned for if an open-
access situation continues to apply, especially if resources have shown some
recovery from peak fishing levels that presumably occurred in the 1960s. Even
prior to recent political problems, it was predictable that fleet reconstruction in
the Eastern Adriatic very likely would exceed the steady state rate of some 2.5%
per year unless a decline in fleet numbers were aimed for, since a large
proportion of vessels probably already had exceeded their trouble-free working
life.

4. The Greek fleet: tonnage category < 10 t. Comments similar to those for the
previous two examples apply to the Greek fleet statistics given in
Papaconstantinou �986!  Figure 4!, notably a lack of steady state investment.
Construction of new vessels occurred at a high rate before and shortly after
World War II, but subsequently declined; relatively few vessels have been
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Figure 2. Illustrating apparent exponential decline  curve corresponds to
exponential rate � 0.115! m numbers at age of Dhonis  artisanal
fishing boat used in the Maldives! for the mam bulh of the fleet of
intermediate ages  Manihu 1992!.

constructed in the last 15 years. More than half of the fleet had an undeter-
mined age of over 40 years, and a value of D' < 0.017 is inferred. A new pulse
of investment might be expected in the next decade if older boats are already
approaching the end of their useful working life, and this may increase pressure
for fleet renewal. If uncontrolled, this could lead to overexploitation of re-
sources, and for similar reasons to those of the last example, pressure to exceed
the steady state replacement rate of some 1.7% per year is likely.

5. The Italian trawl fleet. Nothing very definitive can be satd from the data in
Bazigos et al. �984!  Figure 4!, but both motorized and non-motorized fleets
seem to show evidence that a pulse of new boats entered the fishery some 10-
20 years prior to collection of the data, possibly with new investment subse-
quently starting to taper off. A low steady state rate of decommissioning also
seems to be implied here.
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Figure 3. Age distribution for the  former! Yugoslav trawl fleet in 1987  from Cetinic 1988!,
illustrating pulses in fleet replacement.

6. Fleet and engine age compositions in the Queensland trawl fleet. The fleet age
composition given in Anonymous �991! shows evidence that steady state
construction did not apply, with a pronounced peak of construction around
1979-80  Figure 5!. A very rough value of D'  about 0.043! is inferred from a
median age of approximately 16 years deduced from the figure, corresponding
to a steady state replacement rate of roughly 4.2% per annum. Interestingly,
however, the life expectation of the main engines is shorter, implying they are
replaced at intervals. The age composition of engines appears to show a steady
decline, which, from the illustration in Anonymous �991! redrawn as Figure
5, corresponds roughly to a value of D = 0.165. This is equivalent to an engine
replacement rate of about 15% per year.

Assuming steady state conditions, Table 1 gives estimates of percent fleet
replacement that were obtained using a variety of approaches. A number of
these estimates of mean life span are rather provisional and were derived from
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Figure 4. Two data setsillustrating non-equihbrium flee replacement strategiesfor the Italian
trawlfleet in Bazigos et al. � 984! and for the Greeh mshore fleet in Papaconstannnou
 l 986!.

presentations at a recent internattonal workshop in the Bay of Bengal region on
the subject of artisanal fleet replacement.

Virtual fleets

Using the data series for the  former! Yugoslavian fleet given in Figure 3, it is
theoretically possible to reconstruct the fleet size in earlier years, recognizing
that this process probably is progressively less accurate with time. Figure 6
shows such a reconstruction of the earlier age structures of the Yugoslav fleet.
This was obtained by applying equation �! to each age class separately for two
values of D' and summing across age groups for earlier years  Figure 6!. Such a
reconstructed time series is not likely to accurately reflect effort trends, but may
reveal those years when pulses in fishmg mortality are likely to have occurred.

Discussion

It is well known that the addition of industrial vessels to a fishery has a major
long-term effect on the prospects for resource management for a significant
number of years t.o come. In fact, the term ratchet effect was coined to express
the concept that fishing effort/fleet size can be increased but is extremely
difficult to reduce. This effect is well demonstrated by comparing the fleet age
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Figure 5. Age d>stn button of the Queensland trawler fleet in 1988 and of their main engines in
1987.  Redrawn from Anonymous 19913

structure in Figure 3 with the reconstructed effort trajectory in Figure 6 for a
nominal value of D'= 0.02 for the Yugoslav fleet. A life span for medium-sized,
well-maintained industrial fishing vessels of up to half a century or more under
special circumstances is roughly equivalent under steady state conditions to a
replacement rate of 1-2'/o per year.

Whether the same generalization applies for smaller craft has not been so
clear. A few examples located for larger inshore vessels from both high and low
latitude fisheries suggest that either relatively high instantaneous rates of de-
commissioning of 0.1-0.2 apply, equivalent to some 5-15'io of the fleet replaced
annually  Canadian lobster boats!, or in other areas that very low replacement
rates apply  e.g., the Abu Dhabi boats of Sri Lanka!. Unlike industrial vessels, a
relatively fast build-down of fleet size could be achieved under circumstances
where the opportunity for vessel replacement is made the bottleneck in the
system. This would be especially true if availability of credit from the public
sector or from aid agencies is a precondition of replacement.

Although the present treatment considers the population of boats as a unit,
including the net impact of the individual influences to which they are subject,
and does not consider the effects at the individual boat level, it is obvious that
in the case of wooden artisanal craft, proper care and maintenance will prolong
the working life of one boat in contrast to another that did not receive similar
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Required steady state
fleet renewal rate
 %! D or D'

Mean life span of boats
or engines I',years! Item

63% 1.00

28% 0.33

18% 0.2
Outboard motor for canoes'

Canadian lobster boats"'
Wooden Nava,3 Queensland engines

Chandi boat engines
Abu Dhabi boat engines

13% 0.10

11% 0.11

9% 0.091

7%o 0.076

6.5% 0.067

5.7% 0.058

5.1% 0.052

Chandi boat hulls

Plyvallomsr
13

Dhonis
FRP Nava315

17

19

 Former! Yugoslav trawl fleet
Greek inshore fleet'
Abu Dhabi boat  hull�

<2% <0.02520-50+

* Dashed line is believed to roughly represent a discontinuity between artisanal and industnal fishing boats.
' Thankappan �992! Outboard motors used for canoe propulsion are estimated to average a 2.5 year life
span. z McEachem �969!. s Sarma �992!. Navas: 27- Io foot, versatile plank-built boats used in
creeks or for landing on surf beaches. Formerly sail or paddle propulsion, now many are motorized and
constructed of fiberglass. 4 Anonymous �991!. s Rahim and Gama �992!. Chandi boat: 8-15 m boats
with sail, and now engine, used in estuanes and nearshore in Bangladesh. Depreciation of the hull was
calculated over 10 years; engine depreciation was caluculated over 7 years s Joseph   I 992!. Abu Dhabi
boat: a 3. 5 t decked boar with inboard engine and wheelhouse used in Sn Lanka. Of 80 introduced in the
late 1950s, all but three were still in operation in 1991, suggesting an extremely low value ol D < 0.001
r Vivekanandan �992!. Plyvallom a 26-foot plywood boar introduced in the early 1980s m substitution
for the dugout and planked canoes and katturnarams used off the southwest coast of India. No good
stausucs reported, but "there are many 9-year old plyvalloms still operating." Maniku �992! The
Dhoni artisanal fishing boats used in the Maldives, formerly sail powered, many now motorized; are
insured over a 10-year penod. s Cetinic �988!; Food and Agnculture Organization �992!; Gulland
�977!; Hilborn and Walters �992!. io Papaconstantinou �986!; Pauly and Murphy �982!; Saila and
Roedel �980!.

Table 1. Locating examples from the text on a scale of mean boat life span and
optimal fleet replacement rates.
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Figure 6. Virtual populations of fishing vessels in the  former! Yugoslav fleet in earlier years,
calculated for the data set illustrated in Figure 3 for values of D' = 0.02 and 0.05,
respectively.

care. At the same time  and this may apply particularly to larger fishing boats!,
extensive repairs on hull and engine may at a certain point convert the craft into
a new vessel in terms of its life expectancy. Therefore, in collecting data, some
attention needs to be paid to whether a vessel should be recategorized at this
point with a new birthday. Lack of information prevents further pursuit of this
issue here, but in a more detailed treatment, presumably it would be necessary
to objectively measure the life span added by such major refits.

The same argument applies if there are restraints on building materials and
availability of funds for engine purchase. There is evidence that restraints on
timber availability in coastal zones of southeast Asia and west Africa is begin-
ning to limit fleet renewal, and the quality of wood has markedly reduced boat
life spans from some 8-10 years  teakwood! to l-6 years for boats constructed
of poorer quality planks. This provides some support to the idea of a controlled
boat replacement program linked to evaluation of the state of coastal fishery
resources. It also might argue for a modeling approach linking timber reserves
and allocation of adequate areas of coastal forest for vessel replacement, if
timber is to continue as a favored construction material.
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Figure 7. Illustrating with hy pothetical data three types of fleet replacement strategy:  A! Steady
state,  B! intermittent or cyclic, and  C! senescent or pulse construction strategy.

A number of examples given show that intermittent rather than steady fleet
replacement may be the norm, and from the perspective offered by long-term
landing figures  e.g. Caddy and Gulland 1983!, there seem to be relatively few
world fisheries where steady state landings apply. Steady state fleet replacement
policies probably are rare also  Figure 7!. In these circumstances, we may
question whether the oscillating types of fisheries described in Caddy and
Gulland �983! are due to intrinsic stock-recruit or environmentally induced
recruitment variability, or to a Lotka-Volterra process induced by persistence of
the effects of an initial pulse of investment in the fishery. This itself seems a
worthwhile question to pursue by modeling. Modeling a fleet under steady
state assumptions, if pulse investment applies, seems unrealistic  Caddy 1984!.
Certainly, the need to phase in new investment while monitoring impacts on
the resource is reinforced by this study.

A word of caution seems necessary in assuming that rates of decommission-
ing are constant. The example for the  former! Yugoslav fleet cited shows that if
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investment is limited, a fishing vessel may be maintained in working condition
longer than normally would be the case if these restraints were not so severe. In
the case of industrial fleets, there also is a clear tendency for vessels built for
fisheries in developing countries to be sold after a number of years and to
reappear in other fisheries, perhaps in developed countries. It may be mislead-
ing to assume that the rate of decommissioning discussed earlier is necessarily
identical with the rate of destruction of the vessels concerned.

Given that pulses of investment in fleets appear to be a common phenom-
enon as a result of short-term investment decisions taken by national or
international agencies, we might consider what implication these have for the
management of stocks under open-access. The fossil remains of these earlier
investment decisions on industrial fishing vessels still show up years later in
terms of the typical non-equilibrium configurations of vessel age distributions
of industrial fishing boats described earlier. The division between artisanal and
industrial boats that seems to emerge from Table I appears to occur between
decommissioning rates of > 0.05 and rates of 0.025 or less, respectively, which
supports the need for different management mechanisms for the two sectors.

Natural disasters may play a key role in longevity for artisanal fleets. As in
the case of fleet renewal after cyclones and other natural disasters, these pulse
replacement policies may be inevitable. However, in an area where a new
resource has been located or where there exists either a small fleet or one not
adapted to exploitation of the new resource, a phased buildup of fleet size
accompanied by research monitoring is highly desirable  Caddy 1984!.

The consequences of non-steady st.ate fleet replacement strategies on the
management of the resource may be more serious than they appear at first sight,
particularly for industrial fleets, and are the main justification for writing this
paper. The way seems open for considering, under open-access, the conse-
quences of the relative longevities of boats  predators! and prey within some
kind of Lotka-Volterra modeling format  e.g., see Hilborn and Walters 1992!.

Evidence for overfishing by artisanal fleets is growing in frequency, and there
is a need to exert some kind of control or even reduction of effort/fleet size for
the good of those in the fishery  e.g., Sivasubramaniam 1992, unpublished
master's thesis!. There are evident difficulties in methods of output control,
such as quotas, where large numbers of vessels from many ports are involved.
However, for small-scale fisheries, in theory at least, it seems that control of
fleet size is possible by means of controls on the public funding available
through fleet investment assistance schemes. This paper has shown that unlike
industrial-scale fleets, where fleet construction rates in excess of 2 /o new boats
per year are likely to result in a steady growth in fleet size and fishing power if
equivalent numbers of older boats of equivalent fishing power are not removed
from the fleet, a rather rapid rate of attrition in size of small artisanal fleets
should be possible if private funding and/or materials are the limiting factors.
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The common stratagem of massive or pulse investment in new fleet, or fleet
replacement over a short period, is seen in this context to result in dramatic
changes in exploitation rate that. are likely to affect stock replenishment for
years to come. Apart from persisting for significant periods of time, such mass
replacement or fleet initiation policies easily may overshoot the effort level
providing sustainable yield from the resource, and the consequent overcapital-
ization and loss of profits has been widely documented. This type of policy also
perpetuates a heavy dependence on funding sources extrinsic to earnings from
the sector which, by dissociating earnings from investment, often proves to be
ecologically damaging and wasteful in terms of investment capital. To some
extent, this problem of fleet control is counteracted where the current trend
toward management by Individual Transferable Vessel Quotas is occurring, as
in the Northeast Pacific. Here economics will play a large part in determining
the optimal fleet size, and the impact of fleet dynamics will be largely economic
as long as the quota management mechanisms remain effective.

The results of this study also point incidentally to certain potential advan-
tages of managing small-scale fishing fleets in comparison with industrial-scale
vessels with longer life spans and steady states of renewal. In the latter case,
given that investment decisions in the shipbuilding industry are largely inde-
pendent of fishery management decisions, the existence of a very large potential
effort surplus has led to the current excess in fleet size and gross overcapitaliza-
tion worldwide  Food and Agriculture Organization 1992l. This has had to be
used inefficiently in open-access situations by introducing economically ineffi-
cient quotas or other output controls. These quotas result in under-use of the
investment made in the fleet, and recent experience indicates that they usually
seem destined to be circumvented. In small-scale fleets, the replacement rate of
the boat, and possibly even more so of the motor, appears to provide a built-in
decay rate for fishing fleet size which, particularly in situations where credit is
controllable, may have some longer-term forecastable implications for future
harvesting of the resource.
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The Use of Multivariate Trend Analysis to
Provide Preliminary Multispecies

Management Advice
Saul B. Saila

International Center for Marine Resource Development
University of Rhode Island, Kingston, Rhode Island

Abstract

Introduction

Although extensions to conventional univariate fishery models  such as
multispecies VPA, multispecies yield-per-recruit, and multispecies biomass dy-
namic models! have been developed and applied, they usually are very de-

Proceedings of the lnternattonal Symposium on Management Strategies for exploited Fish Populattons,
Alaska Sea Grant College Program, AK-SG-93-02, 1993.

The development of and especially the application of multivariate fishery
models based on extensions of conventional single species models have not
been particularly successful. Other approaches may offer useful alternatives,
especially in cases where limited data are available, Two non-parametric multi-
variate trend analysis methods were selected and applied to time series data
from multispecies demersal fisheries in the Gulf of Thailand and the Northwest
Atlantic region. These methods are multivariate extensions of the Mann-
Kendall test. Results from application of these models demonstrated that sig-
nificant trends in relative species composition of multispecies fish assemblages
were detectable from short time series of less than 10 years duration. The most
apparent changes were an increase of opportunistic species or species groups,
rather than declines in major species or species groups. Such increases in
opportunistic groups may be an initial indication of overexploitation and
fundamental changes in the relative importance of certain species  groups! in
the fish assemblage.
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manding of input data. Thus, other approaches to understanding multispecies
dynamics are desirable, especially if they do not have extensive data require-
ments. Hilborn and Walters �992! provide a good review of the present status
of multispecies analysis. Superposed epoch analysis  Prager and Hoenig 1989,
1992! also has been used as a test for extreme events. However, its objective is
somewhat different from that described herein.

In an effort to consider alternative approaches, successional changes in
multispecies assemblages were examined by Saila and Erzini �987! by Markov
analysis of transition probability matrices. Saila �992! later applied fuzzy
graph theory to look for early evidence of successional changes in multispecies
assemblages. In these cases, successional changes were interpreted as changes
in composition of species or species groups over the period of observation. In
general, statistical methods for univariate trend detection in environmental data
series are well developed and routinely applied. Gilbert �987! devotes two
chapters �6 and 17! to the detection and estimation of univariate trends in
data with and without seasonality. Less attention seems to have been given to
multivariate trend analysis methods. However, some already are available in the
statistical and environmental literature.

The objectives of this study were to select appropriate multivariate trend
methods for fisheries applications, to apply the methods to some multispecies
fishery data, and to interpret the results. Analysis of multispecies fishery data
for trends may present some statistical difficulties. Among these are the follow-
ing:

1. Usually there are many species or species groups.

2. The time series usually is short and may contain gaps and/or missing data.

3. There may be seasonality in the distribution of some species or species
groups.

W. The data may be correlated over time, and there may be correlations be-
tween species or species groups.

The above-mentioned factors or some combination of them make the appli-
cation of traditional parametric procedures questionable since they are fre-
quently based on linear models and normal theory. Although transformations
sometimes are used in an effort to achieve normality, non-parametric proce-
dures usually have been chosen for multivariate trend detection in water
quality data  Smith et al. 1987; Lettenmaier 1988!, and a similar choice was
made for multivariate fishery data in this study for nearly the same reasons.
This approach is restricted to gradual, monotonic trends in the data, in contrast
to sudden  step! changes, which can probably be better addressed by interven-
tion types of models as described by Box and Tiao �975!, if enough data are
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Mann-Kendall Based Methods

Univariate trend tests are described clearly in Gilbert �987!, and details
regarding the development of multivariate extensions are provided by Loftis et
al. �991!. Only a very brief amount of background is provided herein since
this report deals primarily with applications. Consider a sequence of p-variate
observations of the form [y~,...., y�,.! t = 1..., n]. Dietz and Killeen �981! were
interested in testing the null hypothesis of all p sequences being randomly
ordered against the alternative of a monotonic trend in at least one of the
sequences. Let K. represent the Mann-Kendall statistic K for sequence j, which
is defined as:

K = P sgn y,�-y,!
t<m

where: sgn  x! = 1
sgn  x! = 0
sgn  x! = � I

x�

x=0

x<0

We let

K = [K~,...,K,]
represent the vector of such statistics. Dietz and Killeen have shown that K is
asymptotically normally distributed with zero tnean under the null hypothesis,

available. Only changes that included either increases or decreases over the
period of interest were considered in this study.

Berryman et al. �988! and Lettenmaier �988! provided reviews of available
methods for non-parametric testing for multivariate trends related to water
quality. A more recent report by Loftis et al. �991! provides a summary of both
parametric and non-parametric tests for multivariate trend. The choice of
procedures described and utilized in this report was influenced by the above
analysis. In it the authors applied Monte Carlo studies using simulated vari-
ables and a comparison of empirically derived power curves to indicate that the
covariance inversion approach  CI! first suggested by Dietz and Killeen �981!
and the covariance eigenvalue  CE! method of Lettenmaier �988! performed
reasonably well. The CI method was chosen for cases with serially independent
observations, and the CE method was chosen for cases with serially correlated
observations. Although a method proposed by Sen and Puri �977! also per-
formed well for serially independent observations, it was not utilized herein
because it was computationally more difficult to apply.
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and they defined its variance-covariance matrix Z. The variance-covariance
matrix has elements:

~2

 t k+rk!i3

ifg=h

ifgwh

where

t �= g sgn[ x . � x ! x�, � x�,!J

and

r,�= g sgn[ x � x ! x�, � xkk!]
ki,k

�!

f = j+ h � 1!N.

In a similar manner, arrange the elements of X. In addition, define the matrix
C with dimensions 6x Bco.

Define the i,jth element of C as:

C�= 1 if  i � 1!N+ 1 < j < iN

C,. = 0 otherwise.
 8!

As a result of this:

S=CK

g = 1,...,p and h = 1,...,p represent. sequence indices and i j,h represent data
indices.

Although not explicitly considered in the paper, it is possible to account for
seasonahty in the data by calculating a Mann-Kendall statistic K for each species
 group! by season combination. These results give the asymptotic joint distri-
bution of the p = 6to Mann-Kendall statistics when prefers to number of species
 groups! and ro refers to number of seasons. The above results lead to exten-
sions of univartate Kendall statistics to multivariate cases, two of which are
indicated. The asymptotic joint distribution of the Mann-Kendall statistics
leads to an asymptotic joint distribution of the seasonal Kendall statistics for
each species  group!. Arrange the 6N Mann-Kendall statistics of the vector K so
that the statistic corresponding to the jth season and hth species is the fth
element of K where
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is a vector of seasonal Kendall statistics  one for each species [group], summed
over seasons!. Finally, I is the variance-covariance matrix of these statistics
where:

r = chic' �0!

Covariance inversion test  CI!:

Dietz and Killeen suggested that

'P = K'S 'K

is asympt.otically distributed as chi-square with 6 degrees of freedom provided
S is of full rank. Otherwise, if the rank of S is q < 6, then

q = K'S-'K

is asymptotically chi-square distributed with q degrees of freedom where S t is
a generalized inverse of S. The null hypothesis is rejected when 'P is large when
compared to the asymptotic chi-square distribution.

Covariance eigenvalue test  CE!:
This method, first described by Lettenmaier �988! has greater power than

the CI test when the time series is short  < 10 years!.
In this test, the distribution of

Q=S'S �2!

is considered. Johnson and Kotz �970! showed that the distribution of Q is
equivalent to the distribution of

Q* = � t�Z�'

where the ]r J v = I,...,Sj are the eigenvalues of I, and the ]Z�lv = I,...,8} are the
standard seasonal variables. Although the distribution of Q' is not known, the
cumulants of Q* are given in Johnson and Kotz �970!. Expressions for the
cumulants tn terms of the sample variance-covariance matrix I and for the pa-
rameters of the appropriate distribution of Q* are given by Loftis et al. �991!.

Computer Program

A computer program for applying these two non-parametric multivariate trend
tests was written in Lahey FORTRAN 77. The source code and executable code
are available from the author. The approach used in developing these programs
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is briefly indicated below. The Mann-Kendall statistic  K! and its variance-
covariance matrix  S! are computed as outlined in Dietz and Killeen �981!.
The inverse  or generalized inverse! of S is computed using singular value
decomposition with a subroutine  SVDCMP! taken from Press et al. �987,
pp. 60-60!. Once the test statistic  K! is obtained, the required chi-square
probability is computed using the routine developed by Engel, which is de-
scribed in Gilbert �987!.

The eigenvalues, which are a by-product of the singular value decomposi-
tion subroutine, are used in the covariance eigenvalue  CE! test. The test
statistic is simply the sum of squares of the Mann-Kendall statistics  Kr K!. The
required probability is computed as a truncated infinite series of chi-square
values after Johnson and Kotz �970!. See the excerpt in the appendix of the
above reference for details.

Applications and Results
Data from both a tropical demersal trawl fishery and from a north temperate
trawl fishery were subjected to multivariate trend techniques described above.
The relative catch composition of organisms taken from research vessel trawl
survey data in the Gulf of Thailand first were partitioned into three major groups
 rays, Nemipterus spp., and Leiognathidae! which exhibited declines in abun-
dance as measured by the relative catch in the final year minus the relative catch
in the first year of the series. Relative catch composition was used because the
absolute values of the catches per standard tow declined dramatically over the
period of the survey. By adjusting all species  groups! to the total weight caught,
the relative changes in composition over time were believed to be more effec-
tively demonstrated. These data were taken from Table I of Saila and Erzini
�987!, and they illustrate the average catch composition in the Gulf of Thailand
during the period 1966-1973 as measured by the decimal fractions of the total
average weight  kg! of all species per tow each year. Table I also illustrates the
results from the covariance inversion  CI! and the covariance eigenvalue  CE!
tests. From Table I, the declining trends for the three groups were not statisti-
cally significant at the p = 0.05 probability level for either the CI or the CE test.

Conversely, Table 2 illustrates results for two species groups  Loligo spp. and
all others! which indicated positive trends in abundance based on the differ-
ence between the last observation and the first. In this case, there are statisti-
cally significant  p < 0.05! trends in these data indicated by both the CI and CE
test results. Since serial correlation is evident in these data, the results of the CE
test are considered to be more reliable.

Table 3 includes six species groups from the Gulf of Thailand  Leiog-
nathidae, Carangidae, Nemipterus spp., Sciaenidae, Mulhdae, and rays! for a
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Table 1. Decimal fractions of the total weight  kg! per tow of three decreasing
species groups from the Gulf of Thailand. Data taken from Saila and
Erzini �987!, Table 1, p. 602. Also shown are the results of two
multivariate trend tests using these data.

LeiognathidaeNemi ptertts spp.Year Rays

I Matrix

27. 33

65.33

� 16.33

26.67

� 16.33

64.33

58.00

27.33

26.67

K Transpose
� 12

Eigenvalues
81. 12 14.7791.77

Cl test statistic:: 3. 218. Assuming no trend, the probability that the test staristic of a random sample exceeds
the above value is 0.359.
CE test statistic; 289.000. Assuming no trend, the probability that the test statistic of a random sample
exceeds the above value is 0.206.

period of 7 years �966-1972! during which some evidence of a decline in
relative abundance was shown for each group as measured by the difference in
relative abundance between the last and first time observation  Table 1, Saila
1992!. These data cover nearly the same period as illustrated in Tables 1 and 2,
but they include changes in more dominant groups. The results of the CI test
were not significant, and the results of the CE test were barely significant at the
0.05 probability level.

Table 4 illustrates the same number of groups and the same time period as in
Table 3; namely, six species groups over 7 years. However, l.hese six species

1966

1967

1968

1969

1970

1971

1972

1973

0.07

0.04

0.02

0.03

0.03

0.02

0.02

0.03

0. 12

0.10

0.03

0.07

0.09

0.11

0.08

0.06

0.16

0.09

0. 15

0.10

0. 10

0.04

0.08

0.12
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Table 2. Decimal fractions of the total weight  kg! per tow of increasing species
groups from the Gulf of Thailand. Data taken from Saila and Erzini
�987!, Table 1, p. 602. Also shown are the results of two multivariate
trend tests using these data.

Loligo spp. All othersYear

I Matrix

-13.67

55.67

64.33

� 13.67

K Transpose
21

Eigenvalues
74.34 45.66

Cl test staustic. 6.977. Assuming no trend, the probabihty that the test statistic of a random sample exceeds
the above value is 0.031.

CE test statistic: 490.000. Assuming no irend, the probability that the test statistic of a random sample
exceeds the above value is 0.019

groups  Saurida spp., Loligo spp., crabs, shrimps, Sepia spp., and miscellaneous
fish! indicated a positive trend when comparing the relative abundance values
between the last and first observal.ion period. In this case, the results of the
analysis seemed less ambiguous. Both tests were significant at the 0.05 level,
and the CE test was significant at the 0.01 level.

Table 5 illustrates the results obl.ained with three species groups  cod,
haddock, and pollock! from the northwestern Atlantic region during the period
1967-1975. These three species exhibited declining trends as measured by the
difference between the last and first observation period. In this case, both tests
showed that the probability of a significant difference was between 0.05
and 0.10.

1966

1967

1968

1969

1970

1971

1972

1973

0.06

0.08

0.11

0.11

0.09

0.17

0.22

0. 19

0.59

0.69

0.69

0.69

0.69

0.66

0.60

0.60
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Table 3. Decimal fractions of the total weight  kg! per tow of six species groups
from the Gulf of Thailand. Data taken from Saila �992!, Table 1. Also
shown are the results from two multivariate trend tests  covariance
inversion [CI] and covariance eigenvalue [CE]! using these data.

Year Leiognathidae Carangidae Nemipterus spp. Sciaenidae Mullidae Rays

K Transpose
� 7 � 13

Eigenvalues
44.277 3.2869.25523.56276.911106. 708

CI test statistic: 9. 007. Assunung no trend, the probability that the test statistic of a random sample exceeds
the above value is 0.173
CE test statistic 628.000. Assuming no trend, the probabiluy that the test stanstic of a random sample
exceeds the above value is 0.054

Data for two species  golden redfish and silver hake! showed positive trends
during the same observation period as measured by the same criteria indicated
above. Results of statistical tests for multivariate trend are illustrated in Table 6.
The results shown in this table are almost identical to those shown in the
previous table.

Discussion

This limited application of the CI and CE tests to the tropical multispecies trawl
survey data suggests t.hat it may be possible to detect. statistically significant

1966
1967
1968
1969
1970
1971
1972

0. 153
0.045
0.136
0 107
0.105
0.045
0. 077

43.333
22.667
� 6.000
8.667
0.000

0.076
0 079
0.094
0.090
0.093
0 059
0 061

22.667
44.333

-25.000
15.667
18.333

0 117
0. 103
0.071
0 092
0.089
0.110
0.075

I Matrix
� 6.000

-25.000
44. 333
-3.000

5.000

0.020
0 040
0.025
0.006
0.015
0 009
0 011

8.667
15.667
� 3.000
44. 333
23.000

0.045
0.085
0.069
0.060
0.039
0.041
0.030

0.000
18. 333
5.000

23.000
44.333

0.074
0.042
0 021
0.029
0. 029
0.020
0. 019

15 667
10.000
24.000
18.667
22.000
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Table 4. Decimal fractions of the total weight  kg! per tow of six species groups
from the Gulf of Thailand. Data taken from Saila �992!, Table 1. Also
shown are results of two multivariate trend tests  covariance inversion
[CI] and covarience eigenvalue [CE]! using these data.

Misc.

Year Saurida spp. Loligo spp. Crabs Shrimp Sepia spp. fish

1966 0.041 0.061

1967 0.039 0.080

1968 0.051 0. 100

1969 0.052 0. 113

1970 0.068 0.088

1971 0.046 0.166

1972 0.053 0.225

K Transpose
18 9 211717

Eigenvalues
21.852 2.983 1. 801 0. 132198.506 35.060

CI test statistic: 14.325. Assuming no trend, the probability that the test statisnc of a random sample
exceeds the above value is 0.026.
CE test stanstic: 1545.000. Assuming no trend, the probability that the test statisnc of a random sample
exceeds the above value is 0.008.

44.333

21.000

29.333

8.333

27.667

29.000

21.000

44.333

34.667

17. 667

32.333

39.000

0.007 0.002

0.005 0.001

0.007 0.001

0.008 0.001

0.014 0.002

0.017 0.004

0.026 0.003

I Matrix

29.333 8.333

34.667 17.667

43.333 31.667

31.667 39.667

43.333 33.667

40.667 25.667

0.021

0.016

0.020

0.023

0.027

0.034

0.045

27.667

32.333

43.333

33.667

44.333

39.000

0.094

0. 108

0. 131

0. 144

0.156

0.185

0. 206

29.000

39.000

40.667

25.667

39.000

44.333
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Table 5. Decimal fractions of the total weight  kg! per tow for three species from
the northwest Atlantic region. Data taken from Saila and Erzini �987!,
Table 5. Also shown are results of two multivariate trend tests  covariance
inversion [CI] and covariance eigenvalue [CE]! using these data.

Atlantic cod PollockHaddockYear

I Matrix

� 36.000

90.000

� 39.000

40.667

-39.000

87.333

92.000

� 36.000

40.667

K Transpose
� 20

Eigenvalues
54.999 47.425166.909

CI test statistic. 6.988. Assuming no trend, the probability that the test staristic of a random sample exceeds
the above value is 0.0656.
CE test staustic. 289.000. Assuming no trend, the probability that the test statistic of a random sample
exceeds the above value is 0 077.

1967

1968

1969

1970

1971

1972

1973

1974

1975

0. 18

0.17

0.20

0.22

0.24

0.28

0.32

0.19

0.16

0.33

0.20

0. 17

0. 17

0. 12

0.10

0.16

0.08

0.16

0.05

0.07

0 19

0.05

0. 11

0.11

0.11

0.12

0.04
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Table 6. Decimal fractions of the total weight  kg! per tow for two species from
the northwest Atlantic region. Data taken from Saila and Erzini �987!,
Table 5. Also shown are results of two multivariate trend tests  covariance

inversion [CI] and covariance eigenvalue [CE[! using these data.

Silver hakeGolden redfishYear

I" Matrix

3.333

89.000

89.000

3.333

K Transpose
19

Eigenvalues
85.66792.333

CI rest stansnc: 4.829. Assumtng no trend, the probability that the test statistic of a random sample exceeds
the above value is 0.089.
CE test statisnc: 442.000. Assumtng no trend, the probabtlity that the test statistic of a random sample
exceeds the above value is 0.084.

trends from relatively short time series of data of less than 10 years duration.
Also there is some indication that the relative increase in fast-growing, opportu-
nistic organisms may be a more sensitive indicator of early changes in the
assemblages than the declines of the major species groups. It is suggested that
the rate of increase of the opportunistic species  such as squids, shrimp, and
cuttlefish! may be higher than the rates of decline of the larger and longer-lived
species.

Using data from temperate latitudes, no detectable difference appears in
multivariate trend results between decreasing versus increasing species or

1967

1968

1969

1970

1971

1972

1973

1974

1975

0.34

0.47

0.36

0.47

0.41

0.36

0.28

0.49

0.49

0. 10

0.09

0.08

0.09

0. 12

0. 15

0. 13

0. 12

0.15
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Abstract

A multispecies model was constructed of the eight primary offshore roundfish
and flatfish stocks found in the New England region. The objective of this
multispecies modeling study was to investigate rebuilding strategies, harvesting
approaches, and effort reduction scenarios for this complex of stocks under
conditions of variable recruitment and uncertainty in the estimation of stock
sizes. Biological performance measures such as cal.ch, spawning stock biomass
 SSB!, catch per unit effort  CPUE!, and adult biomass, along with economic
performance measures such as revenue, consumer surplus, income, net ben-
efits, and total gross value, were estimated.

Results suggest that important gains in SSB, CPUE, revenue, consumer
surplus, and net economic benefits are possible, but would require major
reductions in effort and some short-term losses in catch. Large increases in
CPUE on the order of 3 to 5 times current values would occur, especially for
flatfish and haddock. Additional revenues of approximately U.S. $10 to $15
million per year would accrue after several years with overall reductions in
effort on this complex of stocks. Changes in stock age-structure that would
accompany effort reductions also would generate addit.ional revenues and net
benefits because of the interaction of fish size, price, and increased biomass.
Optimal stock rebuilding strategies were investigated and found to differ mark-
edly from current exploitation patterns.

Proceedings of the International Symposium on Management Strategies for Exploited Fish Populations,
Alaska Sea Grant College Program, AK-SG-93-02, 1993.
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Introduction

Figure l. Eastern United States showing the New England Regton, with Georges Bank and the
continental shelf.

Georges Bank and bordering regions comprise a very diverse, dynamic, and
productive ecosystem found off the eastern coast of the United States and
Canada  Figure 1!. High primary production coupled with near constant mix-
ing and recirculation of surrounding waters ensures a seasonally sufficient
supply of nutrients to drive the dynamics of this important fish production
system  Cohen et al. 1982!. Historically, a large biomass of demersal and
pelagic fishes was present in the area, but overfishing by large foreign fleets
during the late 1960s and early to mid-1970s caused major declines in these
once prominent commercial resources  Clark and Brown 1977!. More recently,
pelagic resources such as Atlantic herring and Atlantic mackerel have recovered
due to light fishing, but important groundfish resources, overexploited in the
late 1970s and early 1980s by the USA fleet, remain chronically overfished at
present  Anthony 1990; NEFSC 1991a!.

Depletion of groundfish resources in the region has followed the classic
pattern for open access. Otter trawl effort on groundfish from the U.S. domestic
fleet increased steadily from the mid-1970s to the mid-1980s and stabilized at
relatively high levels, while CPUE declined dramatically during this period
 Figure 2!. Actual effort probably continued to increase in the late 1980s due to
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Figure 2. Trawl effort in thousands of days and CPUEin metric tons per day fished  dark line!
for 1976-1990,

technological improvements in the fishing fleet and increased effort from other
gears such as gillnets, but these increases remain unquantified  NEFSC 1991a!.
Groundfish landings declined dramatically until the mid-1970s, increased
somewhat during the late 1970s and early 1980s, and have declined steadily
since then  Figure 3!. Research survey indices suggest the same dramatic
patterns of decline  Figure 3!. Landings of groundfish have been dominated by
cod in recent times, although several flatfish stocks and Georges Bank haddock
comprised a large percentage of landings in the 1960s and early 1970s
 Figure 4!.

Recent discussions about managing the groundfish fishery in this region
have centered on reductions in days-at-sea as a means for reducing fishing
effort, and therefore mortality. Edwards and Murawski �993! estimated that
maximizing the net economic value of this fishery would require a 50-70%
reduction in fishing effort. The objective of this study was to examine methods
and scenarios for stock rebuilding by controlling fishing effort. The impacts of
changes in effort were measured on biological criteria such as catch, spawning
stock biomass  SSB!, catch per unit effort  CPUE!, and adult biomass, and on
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Figure 3. Trends in landings  thousands mt! and research vessel survey abundance indices

 kg/tow!  heavier line! for 1963-1991 for the eight primary groundfish: Georges Bank
<od, Georges Bank yellowtail flounder, Georges Bank haddock, Georges Bank winter
flounder, Witch flounder, American plaice, Gulf of Maine cod, and Southern New
England yellowtail flounder.

economic performance measures such as revenue, consumer surplus, income,
net. economic benefits, and total gross value.

Model Description

The groundfish fishery for the eight primary stocks found off the New England
coast  Georges Bank cod, Gulf of Maine cod, Georges Bank yellowtail flounder,
Southern New England yellowtail flounder, Georges Bank haddock, Georges
Bank winter flounder, Gulf of Maine witch flounder, and Gulf of Maine Ameri-
can plaice! was modeled to measure the changes in various biological and
economic performance measures that would occur with changes in fishing
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Figure W. Percent of total landings by stock for 1963-1991 for the eight primary groundfish:
Genrges Bank cod  gbcd!, Georges Bank haddock Cgbhd!, Gulf of Maine cod irgmcd!,
Southern Nt~v England yeHowtail flounder isnevt'>, Georges Bank ye?lowta'r1 flounder
 gbyt!, American plaice  gmap!, witch flounder  gmwtj, and Georges Bank winter
flounder  gbwn!.

effort from current levels. The approach emphasizes the technological nature of
this multispecies fishery. Interspecific interactions among the species in this
study are thought to be much less important than fishery interactions. Trophic
linkages among the roundfish and flatfish modeled are relatively weak  Bow-
man and Michaels 1984; Michaels et al. 1986!. The pelagic system found in the
region has a diverse set of predatory interactions that was not modeled in this
study  Overholtz et al. 1991!. Finally, the effort reductions were assumed to be
perfectly enacted; the behavior of fishermen was not modeled.

The model is age-structured, incorporates measurement error in the estirna-
tion of age-specific stock sizes, has stock-specific stock recruitment functions
with error, and utilizes species-specific price models. Model outputs were
based on 500 Monte Carlo simulations of the system over a 20-year time
horizon. Overall, the results can he characterized as strategic, since model
outputs are averages of 500 runs. Characterizing the general behavior of the
system was the goal of this approach.
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Basic Model

The basic model was similar to many common age-structured fishery popula-
tion dynamics models  Walters 1969; Sissenwine 1977! and generalized to a
multispecies system. The control variable of interest was fishing effort  i.e., days
fished! applied to each stock via:

�!

where N is the number of fish at the beginning of year y and Z is the total
instantaneous mortality rate during year y  e.g., the sum of F, and the instanta-
neous natural mortality rate M!.

The Baranov catch equation was used to estimate annual yields as:

NF
C = ' ' [l.- e ' j

Z
�!

where C is the annual yield.
Fish were assumed to recruit to the fishery at age 2, except for witch

flounder, which were assumed to recruit at age 4. Growth and partial recruit-
ment were assumed to follow patterns from recent assessments  NEFSC 1991b,
1992!. Initial stock sizes were taken from recent Virtual Population Analyses
 VPAs!  NEFSC 1991b, 1992! using ADAPT as a tuning method  Conser and
Powers 1990!, except for American plaice, Georges Bank winter flounder, and
witch flounder, whose initial stock sizes were estimated with a modified
DeLury model using the method developed by Collie and Sissenwine �983!.

where i indexes the stock, F,. is the stock-specific fishing mortality rate, q,. is the
stock-specific catchability coefficient, and f is effort in total days fished.
Catchability coefficients were estimated from standardized effort series  NEFSC
1991a! using linear regression. All Rzs for the model fits were greater than 0.85,
and all catchability coefficients were significant  P < 0.01!. F was estimated
from Virtual Population Analysis  VPA!  Gulland and Boerema 1973! or modi-
fied DeLury models  Collie and Sissenwine 1983! for each stock. Since total
effort  i.e., days fished! was the control variable in the model, it was appor-
tioned to each stock-area based on mean historic percentages of effort by region
during 1976-1990. The percentage of effort by stock region has varied little
over this time period, approximately + 5%  NEFSC 1991a!.

Age-specific survival was calculated from a negative exponential:
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Stock Size Error

Variance estimates of stock size, based on an ADAPT framework  Conser and
Powers 1990! for Georges Bank and Gulf of Maine groundfish stocks, indicate
that a reasonable range for coefficients of variation  CVs! of age-specific stock
sizes would be 20-50%  NEFSC 1991b, 1992!. A value of 30% was used to
simulate measurement error on individual annual stock size estimates by gener-
ating normally distributed N�,1! variates and using them as multipliers of the
beginning year stock size for each age group. The multiphers were constrained
to a 2 standard deviations; higher and lower values were excluded because they
would lie outside a region of reasonable precision for these stocks.

Recruitment Submodel

The recruitment process was modeled using an equation discussed by
Devanney et al. �977! and Saila and Lorda  unpublished manuscript! that
seems to be a useful stock-recruitment  SR! function. The general formulation
for the model was:

R =aSSBb -""'E

where R, is the annual stock-specific recruitment, SSB,. is spawning stock
biomass, E is a normally distributed random variable with a mean of 0 and
constant variance, and a, b, e are stock-specific parameters.

Recruitment for each stock was estimated by fitting the three-parameter SR
model in a three-stage process developed by the authors. First, each series of
data was examined with time-series procedures to check for auto correlation
 Box and Jenkins 1976!. With one exception, none of the series had significant
lags, due in part to the relatively few data points for each stock. Next, each SR
model was parameterized. The b parameters were assumed to equal 1.0 for
roundfish and 0.7 for flatfish, values that forced the SR model to be dome-
shaped  Ricker 1975! and asymptotic  Beverton and Holt 1957!, respectively.
The a and c parameters then were estimated  Table 1! with a nonlinear fitting
procedure  SAS 1990!. Finally, the important part of the recruitment submodel
was to include an SR error term that was assumed to be a lognormally distrib-
uted �,Sz! random variable, where Sz is a constant species-specific variance.
The procedure used for estimating the parameters of the error terms was to
utilize the residual variance from the SR model fits in a white noise process
 Sissenwine et al. 1988!.
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Table 1. Parameters used in the stock-recruitment relationships used in the
multispecies model of East Coast groundfish for Georges Bank  GB!,
the Gulf of Maine  GOM!, and Southern New England  SNE! stocks.

c Variance NSpecies

GB cod

GOM cod

GB yellowtail flounder
SNE yellowtail flounder
GB haddock

GB winter flounder

GOM witch flounder

GOM American plaice

0.64 1.0 � 0.01 0.65 10

0.53 1.0 � 0.03 1.50 7

3 94 0.7 � 0 02 1.05 17

3.33 0.7 � 0.03 1.24 17

0 22 1.0 � 0 01 1.62 18

1.26 0. 7 � 0.04 0.48 7

1.43 0. 7 � 0.03 1. 14 8

3.02 0. 7 � 0.02 0.66 7

Price Submodel

Time series models of landing prices of the six groundfish species were speci-
fied as follows:

P�= a+ bL+ cW�. + dT �!

where P,. is the price  $/Ib! of the jth size of the ith species; L is total landings
 million lb! of all species of groundfish in the regional market; W, is the
representative weight  lb! of a fish in the jth market category of the ith species;
T is time period � in 1972, 2 in 1973, etc.!; and a, b, c, d are parameters.

The price models were fit using multiple linear regression on market data
during the years 1972-1990  White 1987!. Nominal prices were adjusted to
constant 1990 dollars using the Gross Domestic Product implicit price deflator.

Specification of total groundfish landings is consistent with earlier work by
Bockstael �976!, which set the standard for groundfish demand analysis, and
by Gates �974! and Wang and Chou �987!, who examined the effects of fish
size on prices. Unlike earlier work, however, other determinants of prices that
are found in structural models were not explicitly specified. Given the empha-
sis on forecasting prices, we felt it impossible to also forecast values for
regressors such as groundfish imports, size of the consumer population and
therr income, preferences for seafood, and prices of substitutes. Instead, time
period was specified as an instrument for the net influence of all factors which
were correlated with time during 1972-1990.
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Table 2. Parameters used in the price models for the six species in the multispecies
model of East Coast groundfish, where a is the intercept, Iz is a total
landings parameter, c is a size parameter, and d is a time indicator
parameter.

P Rz
Species

0.0001 0.666

0.0001 0. 706

0.0001 0.866

0.0001 0.874

0.0001 0.791

0.0001 0.840

0.0109 26,89

0.0261 24.03

0.0193 86.36

0.0519 136.79

0.0688 42.96

0.0491 68. 19

Cod'

Yellowtail

Haddock

Winter fld.

Witch fld.

Amer. plaice

� 0.00095

� 0.00159

� 0.00243

� 0.00237

� 0.00359

� 0.00136

0.0309

0.2237

0. 1090

0. 1882

0.4719

0.2125

0.596

0.501

0.937

0.732

0.612

0.274

' An additional size parameter for the square of fish size  e, where e = -0.00135! was necessary for
modeling cod since larger  ish are actually sold at consistently lower prices than small- and medium-sized
fish.

All models were significant at the 0.0001 level, had Rz > 0.67  Table 2!, and
had parameter estimates that were significant at the 0.01 level, except for
intercepts in the American plaice and witch flounder models, which were
significant at the 0.10 level.

Revenue was the product of price forecasts and simulated landings. Con-
sumer surplus was estimated by integrating demand between forecasted prices
and price intercepts. Total gross benefits in the landings market were the sum of
revenues and consumers' surpluses. Cost calculations were based on prelimi-
nary data on average CPUE. Income was the difference between revenues and
costs. Net benefits were the sum of consumers' surplus and income. Because
inflation already was removed from the 1972-1990 prices, all results were
discounted at the low, real 4% rate when calculating present values.

Two cautions are necessary. First, the price models were estimated from total
market data, but the simulations project landings for only about 85oio of the
market. Therefore, price forecasts were somewhat overestimated. Most of the
resulting bias on revenues washed out, however, when scenarios were com-
pared. Second, due to the preliminary nature of the cost data and the incom-
plete knowledge of total vessel activity  e.g., harvest of other species during a
year, opportunity to switch to other fisheries if effort on groundfish is reduced!,
the income and total net benefits calculations serve only as rough, first order
approximations.
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Table 3. Present value  billions of dollars! of income, consumer surplus net
benefits, revenue, and total gross value for incremental changes in effort
of 10'%%d over the range +30/o to � 70%%d for the period 1991-2010. The
reference point is zero, representing current conditions, 45,000 days of
effort.

Total gross
Net benefits Revenue value

Effort change
'%%d Income

Consumer

surplus

Systematic Reductions in Effort
Biological

Yields for all eight stocks declined, sometimes sharply, for several years follow-
ing significant cuts in effort compared to the status quo strategy of maintaining
the current level of fishing effort, but generally increased within 3 to 5 years
after the initial cut  Figure 5!. Catches of Georges Bank haddock, for example,
declined initially, but increased steadily after 3 or 4 years under effort cuts of
30'%%d and 50'/o  Figure 5!. CVs of catch, although generally high, were consider-
ably lower for the reduced effort scenarios  Figure 5!.

Following reductions in effort, spawning stock biomass  SSB! generally
increased steadily for several years, then increased more slowly. SSB for South-
ern New England yellowtail flounder, for example, nearly doubled after 15
years when compared to the status quo  Figure 6!. Similarly, CVs of SSB were
always smaller for the reduced effort scenario  Figure 6!.

CPUE for reduced effort scenarios always was larger, and adult biomass,
measured arbitrarily as 4+ biomass, always was considerably larger following

30

20

10 0
� 10

� 20

� 30

� 40

� 50

� 60

� 70

0.225

0.231

0.237

0.242

0.246

0.251

0.254

0.256

0. 255

0.249

0.235

0.568

0.584

0.599

0.613

0. 624

0.631

0.630

0.617

0.588

0. 534

0.446

0. 793

0.814

0.835

0.855

0.871

0.882

0.884

0.873

0.842

0.782

0.681

2. 250

2.308

2.365

2.419

2.469

2. 512

2. 544

2.558

2.545

2.488

2.350

2.818

2.892

2.964

3.032

3,094

3. 143

3. 174

3.175

3. 133

3.021

2.796



Overholtz et al. ~ Rebuilding New England Groundfish518

Catch ooo's mt

10

8
E
cn
0 4
0
0 2

1991 1 994 1 997 2000 2003

Year

CV of Catch

200

150

O "0!

50

0
1 991 1 994 1 997 2000 2003

Year
Figure 5. Catch of Georges Bank haddock  thousands mt! under four levels of constant effort:

+20%  black!, status quo  right cross check!, � 30%  dotted!, and � 50%  left cross
check!; and coefficient of variation  CV! of catch for the same set of effort scenarios
for 1991-2005.
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Figure 6. Spawning stock biomass  thousands mt1 of Southern New England yeUowtail flounder

under four levels of effort: +20%  black!, status quo  right cross check1, -30%  dotted!,
and -50%  left cross check!; and coefficient of variation  CV1 of SSB for the same set
nf effort scenarios for 1991-2005.
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Figure 8. Annual revenue  millions of dollars!, standardized
against current conditions � line! under four levels of
effort: +20%  small squares!, status quo  straight hne!,
-30%  starred line!, and � 50%  targe squares! for
1991-2010.
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Figure 9. Present value  billions of dollars! of total gross value  TGV!,
revenue  REV1, net benefits  NETB!, consumer surplus  CS!, and
income �NCOME! for changes in effort of 10% over the range
+30% to � 70% for the period 1991-201 0. The reference point is
0% representing current conditions, 95,000 days of effort.
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Figure 10. Optimal effort trajectories  percentage change from status quo effort
level! for three harvest strategies and a 10-year planning horizon from
stochastic dynamic programming results. The cod strategy is based on a
goal of maintaining cod spawning stock biomass at current levels; the
haddock strategy has a goal of a 25% increase in SSB; the yellowtail
strategy has a goal of increasing SSB by 50%.
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Figure 11. Haddock spawning stock biomass  thousands mt! under four effort
strategies: current conditions  black!, cod  right cross check!, haddock
 dotted!, and yellowtail flounder  left cross check'!, from stochastic
dynamic programming results for 1992-2001
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Figure 12. Annual revenue for rebuilding strategies  millions of dollars! standardized against
current conditions  zero line! for  cod-plus line, haddock-star line, and yellowtad
flounder-dark squares! for 1991-2000.

reductions in effort. CPUE for witch flounder, for example, nearly doubled with
a 30% decrease in effort and more than doubled with a 50% decrease
 Figure 7!. Adult biomass also increased, reflecting more and larger fish in the
age distribution  Figure 7!.

Economic

The revenue and benefits streams from the groundfish fishery, following a
reduction in effort, were much different from those under current conditions.
When compared to the status quo, total annual revenue, for example, declined
in the first several years following effort reduction, became positive 3 to 5 years
from initial conditions, and leveled out at a net increase of $10 to $15 million
per year thereafter  Figure 8!. In contrast, increasing effort  e.g., +20%! caused
revenue to decline relative to the status quo. Cumulative revenue became
positive after about 10 years for both reduced effort scenarios  Figure 8!.

Values for the economic performance measures peaked in the � 30% to � 60%
range of effort reduction  Figure 9, Table 3!. In particular, the present value of
net economic benefits peaked at roughly � 30%, and at this level of effort, the
present value of net benefits was $29 million greater than under the status quo.
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Rebuilding strategies

Effort trajectories for the three stock rebuilding strategies were all dramatically
different than the status quo, but were similar to each other in that all estimated
an initial drop in effort of 50'/o dunng the first 6 years  Figure 10!. However, in
year 7, the strategies differed: under a cod strategy, effort would increase in
1998 and level off rapidly during 1999-2000; under a haddock strategy, effort
would remain at � 500/o in 1997 and gradually increase until 2000; under a
yellowtail strategy, effort would also remain at � 50'%%d in 1997, but would
increase much more slowly to 2000  Figure 10!.

In general, the results of applying the single-species strategies to the ground-
fish model were much better than the status quo.

For example, haddock SSB increased substantially under each of the re-
building strategies compared to the current situation  Figure 11!. Haddock SSB
declined under both the cod and haddock strategies in the later years of the
time horizon, but it decreased more slowly under the yellowtail strategy  Figure
11!. In comparison to the status quo, revenues suffered a large decline initially,
then increased steadily and crossed status quo in 1995  Figure 12!. After 1995,
revenues remained positive, relative to current conditions.

Discussion

Simulation results suggest that significant gains in groundfish catch, SSB,
CPUE, and adult biomass are possible with reductions in effort of 30-60'Yo.
After initial short-tertn losses, catches improved dramatically for all eight
groundfish stocks, and total catches were up to 20,000 tons larger, depending
on the extent of effort reductions. Adult biomass improved measurably with
more and larger fish being stockpiled into older age groups than under current
conditions, and CPUE increased greatly, especially for flatfish.

Although limited by available cost data, reducing effort by 10-40'/o appeared
to increase net economic benefits, here estimated to range from $16-$29
million in net present value after 20 years. Revenues increased relative to status
quo after 3 to 5 years of substantial effort reductions. Short-term losses in
economic performance measures were offset by long-term gains, judging from
the present value calculations. Incomes were larger, landing prices declined,
and more fish were landed. Overall, the simulation results suggest that large
reductions in fishing effort which allow the groundfish stocks to recover have
the potential for increasing net economic benefits.

We feel that the results from this modeling exercise might be conservative
for several reasons. First, our model covers only a segment of the total ground-
fish fishery; therefore, we probably are underestimating potential benefits. In
addition, Edwards and Murawski �993! estimated that benefits on the order of
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$150 million per year are possible under effort reductions of 70 /o on the entire
groundfish system under a long-term planning horizon. Second, our assump-
tion of stationarity in the recruitment process for each stock may have an
impact on our predictions of future benefits. Recruitment for most of these
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Abstract
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One of the fundamental tasks of fishery managers is to identify fisheries that
require conservation and management and then determine an appropriate
management strategy to ensure attainment of biological and economic objec-
tives. Usually, the biologically oriented strategy is based on multiplication of an
exploitation rate and a biomass estimate to obtain a quota. Alternative ap-
proaches include managing the harvest with season or gear restrictions. The
desired end result is the same: that the harvest of the managed species does not
exceed l.he level which increases the risk that the stock will be unable to
maintain a desired minimum biomass. Most management strategies are de-
signed for a single species. Little attention is paid to the rnultispecies nature of
fishery resources and the effects of one fishery upon another, which has
resulted in failure to maximize harvest potential from the ecosystem as a whole.
In the Gulf of Alaska, most groundfish species already are fully utilized. Flatfish
remain the greatest resource for future fishery development. A multispecies
management strategy is examined to determine whether an increase in the Gulf
of Alaska flatfish harvest is possible given the current focus on single species
management, and whether an alternative strategy exists that would allow for
greater harvests of underutilized species. Our analysis indicates that only
minimal increases in biological yield are possible under the current manage-
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ment strategy. Significant increases in Alaska flatfish harvest are possible only
with increases in allowable levels of halibut bycatch.

Introduction

Figure 1. Map of Alaska showing groundfish management areas.

In the Alaskan groundfish fisheries, resources historically have been managed
using a single species approach. Figure I shows the Gulf of Alaska and Bering
Sea/Aleutian Islands management areas. Twenty-three individual species or
species groups periodically are assessed, and biomass estimates are provided for
use in analysis and management of the stocks in this region. In turn, scientists
rely on these estimates when performing a variety of population dynamics
investigations, including the determination of stock-recruitment relationships
and potential effects on biological yield based on a range of exploitation
scenarios. This information is t.ranslated annually to managers as they develop
management strategies for the various fisheries.

Single species management has evolved as the primary method of manage-
ment in Alaskan fisheries. Quotas specified for a single species in a designated
area are used routinely by both state and federal managers. This approach finds
favor among managers for its inherent simplicity. Attention ts focused on just



Management of Exploited Fish ~ Alaska Sea Grant 1993 531

the single species; few, if any, multispecies or ecosystem variables are examined
as part of routine analysis. A single annual quota is established based on some
indication of biomass size  either a point estimate or a measure of relative
abundance!. Catch is monito;ed during the year and when the quota is
reached, the directed fishery for that species is closed. Following closure,
regulations require that incidental catches of the managed species be discarded.

Beginning with implementation of the Magnuson Fishery Conservation and
Management Act  MFCMA! of 1976, bycatch management began with regula-
tions requiring all foreign and domestic groundfish fishing vessels to discard
their incidental catches of halibut, crab, and salmon. A detailed history of
bycatch management in Alaskan fisheries is presented elsewhere  Blackburn
and Davis 1992!. The rationale behind this regulation was that by taking away
the provision to retain these species, foreign fishermen would attempt to avoid
their capt.ure. In the beginning there were no overall limits to bycatch. Manag-
ers were not then interested in the quantities of bycatch and its effect on fish
populations and on domestic fisheries. This philosophy toward management
soon began to change.

In 1981 the U.S. Secretary of Commerce approved the Groundfish Fishery
Management Plan for the Bering Sea and Aleutian Islands  North Pacific Fishery
Management Council [NPFMC] 1981!. This plan was unique in that while it
described a quota-setting procedure for individual species, their management
was based on the premise that the Bering Sea was a closed system with limited
species interchange between the Bering Sea and fish populations of the North
Pacific. The multispecies characteristics of the Bering Sea groundfish fishery
were explicitly recognized  Laevastu and Favorite 1979!. The concept of com-
mercial fisheries removing a complex of species from the Bering Sea was
evaluated with long-term management implications discussed  Laevastu and
Favorite 1979; Laevastu and Larkins 1981!. Another feature of this plan was
that optimum yield was specified as a range encompassing all groundfish
species rather than issuing point estimates for each species individually. All
other fishery management plans at this time specified individual optimum yield
levels for each species. They contained no guidance for managing the ground-
fish complex as a whole. This Bering Sea plan provided the National Marine
Fisheries Service  NMFS! with considerable flexibility in developing methods
for addressing fishery problems. Unfortunately, the plan's regulatory flexibility
became its most noted attribute, and the underlying biological concepts soon
lost public attention.

In 1985, the NPFMC modernized its Gulf of Alaska plan by adopting a
bycatch framework that placed limits on halibut mortality occurring in the
domestic groundfish fishery. A mathematical model utilizing linked spread-
sheets was developed for use in predicting the ability to achieve single species
groundfish quotas while operating under a bycatch constraint  Davis 1986a, b!.
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Subsequently, this modeling approach was expanded to include other inciden-
tally caught species and applied to the Bering Sea and Aleutian Islands area
 Smith 1986; Funk 1992!. One major result from presentation and use of these
models during the annual quota/bycatch limit-setting process was that they
highlighted the fact that the Gulf and Bering Sea groundfish fisheries are truly
multispecies activities, regardless of the gear used. Only in rare situations  e.g.,
the winter pollock roe fishery! was the catch predominately composed of a
single species. As allocative issues have become more common in recent years
and bycatch concerns have expanded in the groundfish fishery, the
multispecies aspect of fisheries has been reinforced.

The Problem

With most traditional Gulf of Alaska groundfish species fully utilized, the
flatfish species, particularly arrowtooth flounder, look like promising candi-
dates if future resource development is to occur  Table 1!. The biomass of
arrowtooth is so great it dominates the groundfish complex  Table 2!. Arrow-
tooth comprises W4% of the exploitable biomass of groundfish in the Gulf of
Alaska  Figure 2!. This compares to 1510, 13 fo, and 12'/o for pollock, rockfish,
and shallow water flatfish, respectively.

Over the last several years, significant progress has been made in research to
determine the potential marketability of arrowtooth flounder. Problems with
softening of the flesh when cooked have largely been solved with the develop-
ment of enzyme inhibitors. Preliminary results from experiments using arrow-
tooth flounder for surimi production have been encouraging. It is clear that
many in Alaska see the development of this resource as the major fishery
opportunity for the 1990s. However, the current management regime, with its
focus on single species, will not allow any significant harvest of this resource.

This paper reflects a part of the ongoing fisheries management research
being conducted by the authors. The specific objective was to determine
whether a multispecies management strategy can be shown to produce oppor-
tunities for greater harvest of arrowtooth flounder while maintaining the cur-
rent yield of other, more valuable species. The focus of the analysis will be
limited to the Gulf of Alaska groundfish complex, but application of this
approach also could yield useful insight into the management of the Bering Sea
and Aleutian Islands area .

We know from observer reports that arrowtooth flounder and other flatfish
are captured in almost every bottom trawl fishery, regardless of target species.
Given that more than $'I million is being invested in arrowtooth flounder and
other species of flatfish, the question must be asked, "Can arrowtooth flounder
be accessed under the current management regime or under multispecies
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Table 1. Gulf of Alaska groundfish allowable biological catch  ABC!, 1992 and
1993; 1992 quotas; and 1992 catch through August 23, 1992  in metric
tons!.

1992 1993' 1992 1992

ABC ABC Quota CatchSpecies

656,604 641,580 289,066 212,795TOTALS

' 1993 ABCs are rounded to nearest 10.
" Catch data source: NMFS Weekly Processor Reports
' Deepwater flatfish means rex sole, Dover sole, and Greenland turbot.
Shallow water flatfish means rock sole, yellowfm sole, butter sole, starry flounder, and other flatfish not
specifically defined.

management?" The objective of this analysis was to provide information on
whether a multispecies strategy utilizing bottom trawl gear would allow for
potential increases in flatfish yield. An economic analysis that examines the
relative tradeoff between the proposed multispecies strategy and the current
management plan also was conducted.

Methods and Assumptions

To predict bycatch under the existing management regime, a simulation model
based on interconnected catch and bycatch accounting spreadsheets was con-

Pollock

Pacific cod

Deepwater flatfish'
Shallow water flatfishd
Flathead sole

Arrowtooth flounder

Sablefish

Slope rockfish  other!
Pacific Ocean perch
Shortraker/rougheye
Pelagic shelf rockfish
Demersal shelf rockfish

Thornyhead rockfish
Other species

99,400

63,500

39,280

50,480

48,280

303,880

20,800

14,060

5,730

1,960

6,886

550

1,798

na

67,400

56,700

45,530

50,480

49,450

321,290

20,800

14,060

4,720

1,960

6,890

800

1,500

na

87,400

63,500

19,740

11,740

10,000

25,000

20,800

14,060

5,200

1,960

6,886

550

1,798

20,432

65,590

69,178

7,208

4,699

1,603

12,280

19,208

5,192

5,828

1,988

2,294

459

1,527

15,742
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Table 2. Exploitable biomass, 1993 ABC, and estimated abundance and trends
of groundfish  in metric tons!.

Exploitable
biomass

1993
ABC' Abundance, trendsSpecies

' 1993 ABCs are rounded to nearest 10.

structed which simulates the prosecution of selected target fisheries over the
year. The most recent description of this model can be found in Queirolo et al.
�989! and is further described in Funk �992, in preparation!. The simulation
model predicted bycatch amounts in various groundfish fisheries, based on a
set of assumptions about bycatch rates and the distribution of effort in various
fisheries. By imposing constraints on the target fisheries, the effects of the
constraints on bycatch and target species catch can be evaluated. The model
was used to provide estimates on the amount of arrowtooth flounder quota that
may be taken in a directed bottom trawl fishery while still remaining under the
1992 halibut mortality limit specified for trawl gear. The model was used to
examine what other groundfish species quota would be underutilized,
achieved, or exceeded.

Model-runs were conducted using the following sources of data and as-
sumptions:

Pollock

Pacific cod

Deepwater flatfish
Shallow water flatfish

Flathead sole

Arrowtooth flounder

Sablefish

Slope rockfish  other!
Pacific Ocean perch
Shortraker/rougheye
Pelagic shelf rockfish
Demersal shelf rockfish

Thomyhead rockfish
Other species

633,000

324,000

227,656

261,724

247,247

1,889,922

179,000

230,480

94,308

72,960

76,501

48,366

21,411

na

67,400

56,700

45,530

50,480

49,450

321,290

20,800

14,060

4,720

1,960

6,890

800

1,500

na

Medium, stable
Moderately high,
High, stable
High, stable
High, stable
High, stable
High, decreasing
Low, unknown
Low, increasing slightly
Low, unknown

Relative abundance

Depressed, stable
Depressed, increasing
Quota = 5'/n of the sum
of all quotas
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Figure 2. Proportion of exploitable biomass of arrowtooth flounder and other major species
groups in the Gulf of Alaska .

1. Groundfish quotas and their distribution are those approved by the NPFMC
for 1992  Table 1!.

2. Objective was to increase harvest of flatfish species in the Gulf of Alaska
while not exceeding the halibut mortality Iimtt and other groundfish species
quotas  i.e., the constraints placed upon the model were halibut bycatch and
existing quotas for groundfish!. Halibut prohibited species catch limits for
1992 were: trawl � 2,000 t mortality; longline � 750 t mortality; pot � exempt.

3. Bycatch rate data were obtained from the NMFS Observer Program for 1990
and 1991. It was assumed that the halibut bycatch rate observed in the shallow
water flatfish fisheries would equal that rate in a directed arrowtooth flounder
fishery over the course of the year  Table 3a!.

4. Assumptions used for estimating halibut mortality were those formally
approved by NMFS for purposes of managing the 1992 Gulf of Alaska ground-
fish fishery  Table 3b!.

5. Assumpttons used to assign shares of quotas to particular gear types  e.g.,
bottom trawl vs. pelagic trawl, etc.! were obtained through a review of recent
catch data  Table 4!.
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Table 3a. Halibut mortahty rates for domestic gear types averaged for 1992.

RateGear

Trawl

Longline
Pot

65/.

16'/o

12'/o

 Example: 65'/o of all halibut incidentally caught
by trawl gear are assumed to be dead.!

Table 3b. Gulf of Alaska halibut bycatch rates by gear type averaged for the year.

RateGear

 Example: When targeting on deepwater flatfish with a trawl,
2.5'/o of the total catch is composed of Pacific halibut.!

Source: NMPS Observer Program 1990-1991.

6. Assumptions used to determine the multispecies composite found in a
directed flatfish fishery were obtained by analysis of NMFS observer data
 Table 5!.

The following multispecies alternatives which targeted the shallow water
flatfish complex were used in the model-runs. The alternatives differed only in
the constraints placed upon the modeled fishery:

Multispecies Alternative 1: Target on flatfish complex while maintaining cur-
rent harvest levels of other valuable species within the trawl bycatch limit for
halibut �,000 t mortality!.

Bottom trawl

Pelagic trawl
Cod longline
Sable fish longline
Deepwater flatfish trawl
Cod pot

2.7'/o

0.01o/o

10.0'/o

8.0'/o

2. 5'/o

2.5'/o
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Table 0. Historical groundfish harvests by gear type in the Gulf of Alaska.

Domestic gear shares
Bottom trawl Longline Pelagic trawl PotTarget species

' Includes afl flatfish catches.
Source: NMFS Weekly Production Reports, 1991-1992.

Table 5. Species mix observed in Gulf of Alaska bottom trawl fisheries.

Catch

Flatfish SablefishPacific codTarget species Pollock

0'%%d

O'Yo

O'Yo

Pollock

Pacific cod

Flatfish

5'/o

10'/o

65'/o

5o/o

70'Yo

15Yo

90'Yo

20'Yo

20'Yo

Source: NMFS Observer Program, 1990-199 I

Mttltispecies Alternative 2: Target on flatfish until an allowable biological
catch of flatfish species  ABCI! is reached. Determine how much pollock and
cod were harvested as part of the flatfish fishery. At this point, allow the
directed cod fishery to occur until its quota is reached. Estimate the amount of
pollock quota remaining; allow for a directed pelagic trawl fishery on pollock
 assuming normal distribution between spring and fall seasons!.

' Allowable biological catch: Lacking other biological justification, ABC is defined as the maximum
sustainable yield exploitauon rate multiplied by the size of the biomass for the relevant period. The ABC is
used by Alaskan managers as a biological reference point when determimng fishing quotas

Pollock

Pacific cod

Arrowtooth flounder'

Sablefish

Roc kfish

11'%%d

87'%%d

99'%%d

20o%%d

95o%%d

0'/o

7'/o

1'/o

80'%%d

5'/o

89'/o

1o/o

0'/o

0'/o

0'/o

0'%%d

5'/o

O'Yo

0'/o

O'Yo



Davis & Baldwin ~ Multispecies Management and Flatf'rsh538

Table 6. Results of model-run 1, using 1992 catch-to-date data  through
September 27, 1992!.

Ex-vessel

value  $!Catch  t! $hSpecies

' Includes flathead sole.
Includes shortraker/rougheye and Pactfic ocean perch.

Source: Ex-vessel pnces in domestic fisheries from NMFS Office of Pacific Marine Fisheries Commission.

Results

Tables 6, 8, and 9 present the results of the various modeled alternatives.
Examination of actual 1992 catch levels  through September 27, 1992! utiliz-
ing the model projected that bottom trawl groundfish catch-to-date has re-
sulted in 112,441 t being caught, requiring 1,978 t of halibut mortality
 Table 6!. This groundfish harvest is valued at a minimum of $60 million
 Table 6!. The species mix represented by the 1992 catch Is the result of
fishermen directing their efforts toward the more valuable species consisting of
pollock, Pacific cod, Pacific Ocean perch, sablefish, and slope rockfish. The
1992 fishery was modeled to provide a basis for comparing status quo with the
alternatives.

Analysis of NMFS observer data collected from the Gulf of Alaska shallow
water flatfish fishery shows that for every metric ton of target catch, the
incidental catch of groundfish taken in this multispecies fishery occurs in the
ratios shown in Table 7.

Results of the Multispecies Alternative 1 are shown in Table 8. It is estimated
that a bottom trawl fishery targeting on the shallow water flatfish/arrowtooth

Pollock

Pacific cod

Deepwater flatfish
Shallow water flatfish'

Arrowtooth flounder

Sablefish

Slope rockfish
Pelagic rockfish
Thornyhead rockfish

TOTAL

7,254

61,448

6,855

5 995

12,207

2,602

12,365

2,219

1,491

112,441

$396.82

595.24

220.46

220.46

220.46

2,182.55

595.24

595.24

595.24

$60,226,607

$2,878,590
36,576,430

1,511,253

1,321,658

2,691,155

5,679,006

7,360,167

1,320,842

887,506
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Table 7. Observed proportion of groundfish species taken in a shallow water
flatfish and deepwater flatfish fishery.

Target: Shallow water flatfish � t!

Pollock

Pacific cod

Deepwater flatfish
Sablefish

Roc kfish

Arrowtooth flounder

0.08 t

0.09 t
0.08 t Halibut bycatch rate: 2.9%
0.06 t

0.12 t

0.16 t.

Target: Deepwater flatfish � t!

Pollock

Pacific cod

Shallow water flatfish

Sablefish

Rockfish

Arrowtooth flounder

0.08 t

0.09 t.
0.32 t Halibut bycatch rate: 6.5'k
0.11 t.

0.25 t.

0.05 t.

Source NMPS Observer Program, 1990-1991

flounder complex would produce about 24,000 t of groundfish valued at $8.3
million. Allowing the model to add the remaining bottom trawl harvests of
other species resulted in a yield of 111,527 t worth $60 million at the ex-vessel
level. The model predicted that this species mix could be achieved within the
current halibut limit.

Table 9 presents model results from analysis of Multispecies Alternative 2,
where there were no halibut bycatch constraints placed upon the fishery. Under
this alternative, the primary constraint was the acceptable biological catch
 ABC! limit currently being assigned to the shallow water flatfish complex. The
model-run estimates that the bottom trawl fishery could harvest 79,500 t of
groundfish v hile target1ng the flatfish complex. Adding the remaining bottom
trawl fisheries would produce a total yield of 155,898 t with a minimum value
of $70 million.
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Table 8. Results of model-run 2; multispecies alternative 1. Target species are
shallow water flatfish and arrowtooth flounder.

Ex-vessel

value  $!Catch  t! $/tSpecies

Allowing the model to add a directed pollock, Pacific cod, and remaining
traditional bottom trawl species would result in the following yields:

Ex-vessel

value  $!Catch  t! $/ISpecies

' Includes flathead sole.
b Includes shortralcer/rougheye and Pacific Ocean perch.

Pollock

Pacific cod

Deepwater flatfish
Shallow water flatfish'

Arrowtooth flounder

Sablefish

Slope rockfish"
TOTAL

Pollock

Pacific cod

Deepwater flatfish
Shallow water flatfish'

Arrowtooth flounder

Sablefish

Slope rockfish
Pelagic rockfish
Thornyhead rockfish

TO1AL

1,196

1,346

1,196

14,952

2,392

897

1,794

23,773

7,254

61,448

1,196

14,952

8,000

2,602

12,365

2,219

1,491

111,527

$396.83

595.24

220.46

220.46

220.46

2,182.55

595.24

$396.83

595.24

220.46

220.46

220.46

2,182.55

595.24

595.24

595.24

$474,606

801,196

263,670

3,296,318

527,340

1,957,751

1,067,864

$8,388,745

$2,878,590
36,576,430

263,670

3,296,318

1,763,680

5,679,006

7,360,167

1,320,842

887,506

$60,026,209
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Table 9. Results of model-run 3; multispecies alternative 2. Target species are
shallow water flatfish and arrowtooth flounder.

Ex-vessel

value  $!$/tCatch  t!Species

Allowing the model to add a directed pollock, Pacific cod, and slope rockfish
fishery up to their respective quotas would produce a year-end yield of:

Ex-vessel

value  $!$/'ICatch  t!Species

' Includes flathead sole.
s Includes shorrraker/rougheye and Pacific Ocean perch.

Pollock

Pacific cod

Deepwater flatfish
Shallow water flatfish'

Arrowtooth flounder

Sablefish

Slope rockfish
TOTAL

Pollock

Pacific cod

Deepwater flatfish
Shallow water flatfish'

Arrowtooth flounder

Sablefish

Slope rockfish
Pelagic rockfish
Thornyhead rockfish

TOTAL

4,000

4,500

4,000

50,000

8,000

3,000

6,000

79,500

7,254

61,448

1,196

50,000

17,323

2,602

12,365

2,219

1,491

155,898

$396.83

595.24

220.46

220.46

220.46

2,182.55

595.24

$396.83

595.24

220.46

220.46

220.46

2,182.55

595.24

595.24

595.24

$1,587,312
2,678,589

881,840

11,023,000
1,763,680
6,547,662
3,571,452

$28,053,535

$2,878,590
36,576,430

263,670

11,023,000
3,819,029
5,679,006
7,360,167
1,320,842

887,506

$69,808,240
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Discussion

Reviewing the results of the three model-runs indicates that in terms of biologi-
cal yield, there is no significant difference between the status quo bottom trawl
yield and the yield projected using Multispecies Alternative 1. However, such a
strategy did produce a 249% increase in shallow water harvest, with a corre-
sponding drop of 350%%d in arrowtooth flounder catch. As all of these species
command approximately the same average ex-vessel price under current mar-
ket conditions, the change in harvest strategy did not improve the overall
economic return.

1n regard to the objective of increasing utilization of arrowtooth flounder
resources, it is clear that with the current halibut bycatch limit imposed on the
bottom trawl fishery, the resource currently is unavailable to commercial fisher-
men.

Removing the halibut bycatch constraint and allowing the fishery to target
on the shallow water flatfish complex to the extent of its acceptable biological
catch limit produced significant increases in shallow water flatfish  +734'/o! and
arrowtooth flounder  +42%! harvests while experiencing a reduction in
deepwater flatfish catch   � 83'/o!. Overall, the ex-vessel value increased nearly
$10 million, or about 15'/a. However, in managing the system as a complex, the
additional cost of increased halibut mortality cannot be ignored. The model
predicts that this fishery would require an additional 600 t of halibut  mortal-
ity! valued at $1.74 million to succeed.

Our analysis indicates that possible gains can be achieved using a
multispecies management strategy for harvesting shallow water flatfish species.
However, under current bycatch management measures, no significant change
in the overall groundfish yield can be expected. Analysis of NMFS observer data
reveals that only small quantities of pollock and Pacific cod would be harvested
in the flatfish fishery. Directed fisheries for pollock, Pacific cod, sablefish, and
rockfish would be necessary to achieve those optimum yield levels.

Conclusion

Our analysis indicates that given current halibut bycatch limits and fishing
technology, only minimal increases in the biological and economic yield of
shallow water flatfish can be gained using a multispecies management strategy.
We conclude that greater increases are possible only if the halibut bycatch limit
is increased or removed in favor of other alternative bycatch management
measures. Even then, the harvests of arrowtooth flounder fall well below its
exploitable biomass level.
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Commercial fishermen traditionally have focused on stocks of relatively high
value. As stocks become fully utilized and new opportunities arise to meet
increases in demand, fishermen and managers must evaluate which combina-
tion of species harvests will yield the greatest benefit..
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tradeoffs involved and suggests changes that might have to take place to justify
making more  or less! use of any given stock.
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egy was applied to determine what gains, if any, could be realized with that
approach. Further, a determination was made of the maximum flatfish and
arrowtooth flounder geld possible given flatfish biological constraints. It was
shown that without a change in the halibut bycatch limit, the arrowtooth
flounder resource will be unavailable to fishermen. Possible technological
improvements in fishing methods could allow for greater harvests while main-
taining low bycatch levels. The outcome of this analysis should prove useful to
managers and to the fishing industry as they consider future investment into
the exploitation of the arrowtooth flounder resource.
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Successful Species Introductions in the
African Lakes: Assessment, Uncertainties,
and Strategies for Fishery Management
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Abstract

Proceedtngs of the International Sympostum on Management Strategies for Fxplotted Fish Populations,
Alaska Sea Grant College Program, AK-SG-93-02, 1993.

The tropical African freshwater lakes contain the most productive and success-
ful fisheries for introduced species in the world: Production to biomass ratios
are among the highest recorded for wild fish. The economic value of these
resources, which yield annually almost a million tonnes of high-quality protein,
is of profound significance in the development of the region. This paper focuses
on the management of two major introduced species, the freshwater sardine,
kapenta, in Lake Kariba, and Nile perch in Lake Victoria.

Potent.ial sustainable annual yields for sardine, endemic to Lake Tanganyika
and introduced to Lake Kivu and the man-made lakes Kariba, Cahora Bassa,
and Itezhi-tezhi, could exceed 400,000 tonnes per annum. Upper limits to
fishing elfort may be imposed by increased volatility of the pelagic system.
Assessment of these almost continuously recruiting fish with high P/B ratios is
difficult using conventional methods. We used several approximate and surplus
production methods, suggesting that in Kariba the current annual industrial
catch of around 30,000 tonnes, 3 times endemic fish yields, could be increased
cautiously, enabling an extension of equity to locally owned fishing coopera-
tives.

In Lake Victoria, the adverse impact on endemic biodiversity has overshad-
owed the creation of an enormous fishery resource for introduced Nile perch.
Sustainable yield may be in excess of 300,000 tonnes per annum, which may be
further increased by fisheries for the introduced Nile tilapia and an endemic
pelagic zooplanktivorous cyprinid. Lake Victoria fisheries have been enhanced
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at least threefold by introductions. Although our assessment of Nile perch using
both surplus production and yield per recruit methods is hampered by lack of
reliable data, our results, which are robust against the assumptions we were
forced to make, suggest that fishing pressure already may be too high.

In both fisheries, introduction was followed by a shift in life history charac-
ters, changes in the ecosystem, and enhancement of yields which would have
been impossible to predict in sufficient detail to delineate fishery management
policies. In each case, a rapid expansion of effort accompanied or soon followed
the population explosion. Fishery catch per unit effort  CPUE! data was ac-
quired before the ecosystem had fully adjusted to the new regime and while
fishing gear rapidly evolved. Conservative and adaptive management policies
should therefore be adopted in the face of this uncertainty.

Introduction

The management of freshwater fisheries for introduced species carries burdens
additional to the unrelenting uncertainty attached to the normal tasks of
assessment. These problems derive directly from the unpredictable and poten-
tially volatile ecology of alien species emplaced among an established endemic
fish community  Townsend 1991; Crowl et al. 1992!. Estimation of sustainable
yields and stock biomass, and the management of fishing effort for a fishery
based on an introduced species, can therefore be a difficult assignment.

For example, a successfully introduced species that undergoes a rapid popu-
lation explosion may not have stabilized before exploitation commences. Con-
sequently, the population may still be increasing while suffering fishing mortal-
ity, and may never attain carrying capacity. This causes problems for the use of
many catch-effort and depletion models. Moreover, in common with most new
fisheries, additional problems are caused by the expansion of the fishery itself.
The evolution of gear and fishing vessels generally increases fishing power as
fishermen try to maximize their catch in the new regime and as new fishermen
are attracted into the fishery. Consequently, during this period CPUE may not
track changes in stock biomass precisely due to difficulties in calibrating effort.
Furthermore, beyond the expansion phase, community composition may be
unstable as niches and habitats adjust to the ecological rules of risk and food
availability  Gilliam and Fraser 1987!. The genetic constitution of the intro-
duced species may shift  Carvalho and Hauser, in press!, further reducing the
predictability of the new system.

We can contrast the reasons justifying species introductions in the devel-
oped and developing worlds. In the developed world, species often are intro-
duced to freshwater bodies in attempts to create sport fisheries. Stock levels and
fishing efl'ort are monitored carefully and efficiently through creel surveys and
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Methods Used for Assessments

We have used a range of methods to attempt assessments of the fisheries for
introduced species.

Using catch and effort data, we adopted a non-equilibrium surplus produc-
tion approach using Walter's graphical method  Walter 1986! and statistical
fitting using Catch Effort Data Analysis  CEDA!  Anonymous 1992!. Walter' s
graphical method, making no assumptions about the general form of the
population model, indicates the rough position of the long-term sustainable
yield curve on a catch/effort plot. CEDA is a system for analyzing non-equilib-

are regulated to ensure the sustainability of t.he resource, even to the extent of
conducting put-and-take fisheries where the leisure economics are robust
enough to support the associated hatchery industry  Pawson 1991!.

The situation is radically different in Africa. In most African countries,
protein, cash, and foreign exchange are scarce commodities. The introduction
of selected fish species to natural lakes, and especially to man-made lakes and
reservoirs, has been heavily proselytized by aid agencies for many decades. The
vaunted benefits have been the production of high-quality fish protein to
alleviate desperate poverty and hunger.

The benefits of species introductions in Africa have not been limited to the
provision of food. They have been justified on grounds of converting trash fish
into a more valuable resource  e.g., Nile perch! and filling an empty niche in
the ecosystem  e.g., sardine!. In socioeconomic terms, a successful fishery can
earn much needed foreign exchange, provide employment within the fishery
and fishery-related activities, and increase standards of living.

In this paper we explore the issues and management strategies for intro-
duced species by examining case studies in two African lakes: freshwater
sardine in Lake Kariba and Nile perch in Lake Victoria. In these lakes, both the
introduced fish and the lacustrine environments were chosen to provide eco-
logical contrast, so that we may attempt to extract common features of the
problems of managing such resources. First, we describe the environments, the
historical bases of the introductions, and the development of the fisheries and
their current ecological and economic status. Second, we attempt assessments
for the two case studies, then discuss management implications. Because of the
nature of the data, a wide range of approximate methods was employed. The
assessments are not intended to be prescriptive; rather, they explore the uncer-
tainties and the implications for management policy. The features of the two
fisheries are compared and contrasted in the discussion and finally, in a broader
context, we put forward general management recommendations for introduced
species in Africa.
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rium catch and effort data. It comprises six population dynamics models,
including the Schaefer and the Fox production models used here, Three obser-
vation error models  Least Squares, Gamma, and Log! can be employed using a
set of maximum likelihood nonlinear estimation routines that fit and bootstrap
the parameter estimates: K  carrying capacity!, q  catchability!, and r  intrinsic
growth rate!. Graphical and statistical diagnostics show how well the model fits
the data  Anonymous 1992!.

In addition, the following approximate methods of tnaximum sustainable
yield estimation were used. These methods do not require a time series of catch
and effort data, but do need biomass estimates. Biomass was taken from
independent surveys or from CEDA fits. In each case, we investigated the
sensitivity of these methods to the uncertainty in biomass.

Gulland's formula  Gulland 1971!
Cadima 1  Troadec 1977!
Cadima 2  Troadec 1977!
Beddington and Cooke �983!

0.5MB

0.5 Y+ MB!

0.5ZB

graphically determined, using B
growth and M

Pauly �982! 2 3B W-o2
where M = natural mortality; B = virgin biomass; B = current biomass; Y =
current yield; Z = total mortality; W =  W � W ����!/2. The first three
methods are detailed in Sparre et al. �989!.

In addition, standard equilibrium yield-per-recruit analysis  Beverton and
Holt 1957! has been employed for Nile perch.

Sardines in Lake Kariba

The man-made Lake Kariba, some 5,000 kmz of water bordered by Zimbabwe
to the south and Zambia to the north, was formed in 1958 by damming the
Zambezi River at Kariba for hydroelectric purposes  Figure 1!. The lake has an
average depth of 30 m  maximum 120 m!, but over the 30 years there has been
7 m variation with rainfall  Marshall 1992!. The creation of fisheries, which the
indigenous Katonga people were supposed to pursue after forcible removal
from their traditional hunting and farming grounds in the Zambezi valley, was a
subsidiary aim from the outset  Balon 1974!. Although artisanal net and trap
fisheries operated around the shoreline for benthic and littoral cichlids, catfish,
and cyprinids, no species in the riverine fauna was likely to fill the pelagic niche
effectively Uackson 1960, 1961; Marshall 1992!. Prior to impoundment, some
woodland areas were felled to facilitate putative trawl fisheries, but the poten-
tial for creating large-scale fisheries from the endemic fauna was vastly oversold
 Balon 1974!.
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Figure l. Left: Map of southern Africa showing location of lakes mentioned in the text.
Vi = Victoria, Kb = Kariba, Ky = Kyoga, Ki = Kivu, T = Tanganyika, M = Malawi,
CB= Cahorra Bassa, Th= Turkana, W= Mweru, Z= Itezhi tezhi. Upper right: Lake
Victoria, broken lines are international boundaries; dotted lines are depth contours.
Lower right: Lake Kariba, dotted line is international boundary.  Adapted from
Mtsambiwa 1989; Craig 1991; Witte et al. 19923
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There was an early, large expansion of catches as nutrients in the new lake
generated high primary production, but this was followed by reduction in
yields and a long period of change in species composition  Kenmuir 1984!. The
almost empty pelagic zone invited an introduction to occupy the silvery
zooplanktivore niche filled by indigenous but volatile cyprinid species in Lakes
Malawi and Victoria and the more stable clupeids  Pellonulinae! in Lakes
Tanganyika and Mweru. Limnothrissa miodon and Stolothrissa tanganicae are
endemic to Lake Tanganyika, where they form the basis of substantial artisanal
fisheries in Zambia, Zaire, and Tanganyika, and a semi-commercial fishery in
Burundi at the north end of that lake. A previous introduction of Tanganyika
clupeids in Lake Kivu in 1958-60 had created a thriving artisanal fishery, and
an introduction to Kariba was recommended by Jackson �961!.

Subsequent to an early abortive attempt in 1963, around 360,000 juvenile
sardines were airlifted from Lake Tanganyika in 1967 and 1968 to a site on the
Zambian shore of Lake Kariba  Bell-Cross and Bell-Cross 1971!. Within two
years the fish had successfully invaded Lake Kariba. One of the first indications
was the discovery that the stomachs of tiger fish, Hydrocynus forskhalii, caught
in the annual angling competition were full of the tiny lake sardines  Kenmuir
1971!. Only Limnothrissa miodon, the more inshore of the two Lake Tanganyika
species, has been identified from Kariba.

Like other clupeids, the sardines spend the day near the bottom in a refuge
among the limbs of the famous Kariba drowned trees, and rise 20 m to the
surface at night  Begg 1976!, where they feed on zooplankton and some phy-
toplankton  Begg 1974!. Larvae 25 days old occur in 1 m of water along the
shoreline, while larger and older juveniles are found in progressively deeper
water until they recruit to the fishery at about 120 days old in water 15 m deep
 Mtsambiwa 1989!. Spawning occurs from September to March  Cochrane
1978!, but there is a peak after the input of nutrients from runoff and wind-
generated mixing in the rainy, hot summer season from December to February
 Begg 1970!. The extended spawning and recruitment renders assessment using
length-based methods intractable  P. Chifamba, personal communication!.

Commercial fishing for the sardines began in 1969, soon after the discovery
of the success of the introduction  Balon 1971!. Initially, fishermen experi-
mented with purse seines, trawls, and lift nets operated at night with light
attraction  Langerman 1979!. This latter technique proved the most successful:
Since 1974 it has evolved into a precisely timed and skilled operation with
10 m diameter lift nets. Through the 1980s, vessels have been progessively
fitted with halogen lamps, sonar, radios, and power-operated winches
 Chifamba 1991!.

Catches of about 500 tonnes in 1974 increased almost linearly to around
8,000 tonnes in 1980, growing to around 30,000 tonnes in 1990  Marshall
1992; Figure 2!. Seasonally, catches peak in August and in some years, in ApriV
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Figure 2. Total catch of freshwater sardine, Limnothrtssa miodon, in Lake Kariba, 1979-1989.
 Data from Marshall 1992!.

May  Marshall 1988b!. Landings and the number of vessels fishing are recorded
reasonably accurately, and in common with many commercial fisheries,
monthly returns are a condition of the license.

The fish are rapidly sun-dried on racks around the lakeshore, bagged, and
marketed throughout Zimbabwe and Zambia. A significant portion are ex-
ported and purchased by international aid organizations for relief food. No
detailed economic appraisal of the fishery has yet been published, but at an
estimated price of $1 per kilo wet weight landed  M.Z. Mtsambiwa, personal
communication!, the annual value of the sardine fishery must exceed $30
million. The cumulative value of the sardine fishery revenue to date is roughly
estimated at $250 million.

Assessment of the sardine fishery

In 1982, a fit of the Fox  Fox 1970! equilibrium surplus production model gave
an MSY of around 8,000 tonnes  Marshall 1982!, a value long since exceeded
and clearly far too low. In 1989 the best fit to the entire data set was around
25,000 tonnes, but the 1980-89 data gave no convincing MSY. Chifamba
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Figure 3. A Walter plot for Limnothrissa miodon in Lake Katfba using effort figures adjusted
for increasing fishing power of the vessels. Up arrows indicate catches below long-
term average sustainable yields; down arrows indicate catches above long-term
average sustainable yields  Walter I 986!. There is no clear indication of MSY.

�991! demonstrated that significant increases in fishing power had occurred in
the fishery over a 10-year period, resulting from improved gear technology and
experience. We conducted our assessments with four rates, 0'/o, 1.25%, 2.5',
and 3.75'/o linear increase per year in fishing power over the last 10 years,
spanning Chifamba's best estimate of 2.5% per annum.

Of the more recent non-equilibrium methods, the almost linear Walter plot
 Figure 3! gives little clue as to MSY. CEDA was tuned to produce current
biomass values in the range of the 1989 and 1992 acoustic survey estimates of
around 30,000 tonnes of adults  T. Lindrem, personal communication!. The
CEDA fit was obtained omitting the early years: A fall in CPUE at this time may
not have been entirely due to stock depletion assumed by surplus production
and DeLury fishery models. In the mid 1970s the lake received a large pulse of
nutrients from the dramatic decline of the mats of the floating fern, Salvinia,
whose explosive growth during the first decade of the new lake from 1962 to
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Table 1. Results of CEDA non-equilibrium surplus production model analysis
for Lake Kariba sardines and Lake Victoria Nile perch from a variety of
fits of the models, giving estimated B, r, the population growth
parameter, MSY, and the minimum, maximum and median of these
estimates.

Error Initial %%d increase in
Model model ro ortion fishin ower B rn MSY

Lake Kariba sardines
Fox Log I 0.00'/o
Fox Log I 1.25'%%d
Fox Log I 2.50o/o

5 /o Lower Confidence Level
95'Yo Upper Confidence Level

Log I 3.75'%%dFox

1. 10 28,366
1. 11 32, 134
1. 11 40, 118

70,158
78,788
97,886

Minimum =
Median =
Maximum =

Error Initial Years
Model model ro ortion omitted B in r MSY

Nile perch
Fox L.Sq.
Fox L.Sq.

5'/o Lower
95o/ Upper

Fox L.Sq.
Schaefer Log

1. 10 538,204
I 77 687 675
1.94 1,112,332

802,334
1,299,877
2,252,566

Minimum =
Median =
Maximum =

Results in bold are the hest fus to the data and include bootstrapped 5% and 95Vo confidence hmits. CEDA
offers three observation error models, Least Squares  L.sq.!, Gamma, and Log, which use a set of maximum
likelihood nonlinear routines to fit and bootstrap the parameter estimates. They were chosen on the basis of
the diagnostic residual plots. lniual proportion refers to ihe proportion ol the virgin biotnass present when
the fishery starts, and fishing power increase refers to the per annum ad!ustment for increased fishing
power over the last 10 yeats  Chifamba 1991!. Yeats omitted concern the period oi rapid growth of the Nile
perch population

�954!
Schaefer
Fox
Fox
Fox
Fox

L.Sq.
L.Sq.
L. Sq.
Gamma
Log

0.1
0.01

Confidence Level
Confidence Level

0.001
0.01

0.1
0.01
0.01
0.01
0.01

1983
1979-83
1979-83
1979-83
1979-83

97,886
82,793
74,784
35,247

523,117
70,158

1,079.943
1 164 105

802,334
2,252,566
1,030,614
1,410,25]

1,234,415
1,365,339
1,405,914
1,687,012
1,587,304

1.11 40,118
1.11 33,838
1. 11 30,430
0.00
2.41
1. 10 28,366

1. 70 674,233
1.61 690,376
1.10
1.82
1.77 673,553
1.94 684,974

1.74 538,204
1.77 889,700
1.77 915,455
1.79 1,112,332
1.83 1,033,852
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Table 2. Comparison of approximate assessments of MSY  tonnes per annum!
and the increase in yield consequent on the introductions, using a range
of different methods for Lake Victoria Nile perch and Lake Kariba
sardine.

Sardine Nile perch
Median Minimum Maximum Best Median Minimum MaximumBest

Gulland
Cadima 1
Cadima 2

93,480 98,486 87,698 122,358 174,616 194,982 152,479 253,052
52,750
77,500

257,500
357,500

Beddington
and Cooke 33,653 35,455

92,209 97,147
30,343 40,118

31,571 44,049 93,128 103,990 81,322 134,961
Pauly
CEDA

120,694 155,082 173,170 135,422 224,744
65,716 690,376 687,675 538,204 1,112,332

86,505
28,366

Median 65,125 65,125 65,125 71,608 216,058 204,989 255,276 226,241

ME-expected
ME-excess

15,000
18,000

106,590
393,410

Methods are Gulland �970!, 0.5MB; Cadima 1  Troadec 1977!, 0. 5 y + MB!; Cadima 2  Troadec 1977!,
0.5ZB; Pauly, 2.3B�W~t", where 8�= virgin biomass, 8 = current stock biomass, y = current yield,
M= natural mortality rate, Z = toial mortahty rate, W = mean weight increment dunng reproductive life.
ME-expected is the fish yield predicted from the morphoedaphic plot in Figure 7; ME-excess is the
increase in yield above the line in Figure 7 For B, estimates from CEDA were used; for B, estimates in
text were used. Approximate methods are given in Sparre et al. �989!; Beddington and Cooke �983!

1971 attracted much attention from conservationists  Balon 1974!. Many fish
groups increased in abundance during this period, only to return to normal
levels by the early 1980s  Marshall 1992!.

The best fit was obtained using the Fox production model, the Log error
model, and a fishing power increase of 2.5'yo per year  Table 1!, giving an MSY
around the size of the current catch. Fits using other models gave absurd
results. B�and MSY changed linearly with the rate of fishing power increase,
but r was insensitive at around 1.1. We bootstrapped the best estimates:
Confidence limits are an order of magnitude for B and r, indicating that the fit
is not very robust.

For the approximate methods requiring an estimate of B, the minimum,
maximum, and median of the CEDA estimates were used. The results are
compared with those from CEDA in Table 2. MSY estimates lie between 31,000
and 120,000 tonnes, but virtually all are considerably higher than the CEDA
value of 30,000 tonnes. We prefer the latter because the approximate methods
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Management of the sardine fishery

The broad range of MSY estimates produced above underscores the uncertain-
ties and difficulties involved in trying to assess and manage this introduced
species. Although the catch and effort data is relatively good, the risks of
adopting an inaccurate assessment demands that a qualitative approach be
incorporated in any management strategy.

The main management method in Lake Kariba is the restriction of effort by
limiting the number of licenses. In Zimbabwe the ownership of 51 fishing
companies purchasing 204 licenses  Chifamba 1991! is mostly in private
hands, and this is a sensitive political issue in Zimbabwe, if not in Zambia,
where only about 67 vessels operate. A confident assessment of the sustainable
yield from the sardine fishery is now essential because of political pressure to
extend licenses to locally owned cooperatives in order to alter the distribution
of equity. This is imperative in light of the evident success of the first two or

are based on equilibrium expectations. Our conclusion, therefore, is that the
current fishery lies only slightly below MSY level.

However, if we are incorrect in assuming that CPUE has tracked stock
biomass, we have a significant risk that current catch is constderably less than
MSY level. Unfortunately, age-based assessment to try to confirm this will not
be possible until the results of otolith readings from a current project become
available.

There are two reasons why catch effort methods of assessment could be
misleading. First, the schooling habit of the sardines caught by light attraction
could, in common with other fisheries for shoaling species, hold up CPUE even
if stocks were declining  Csirke 1988!.

Second, annual catch and effort data has been used to assess a stock that
recruits over 10 months of the year and whose mean age at capture is little over
6 months. Data partitioned over shorter time intervals would likely be more
accurate.

As well as our assessment, the ecological basis of the sardine stock urges
caution in allowing a substantial increase in fishing effort. As in most man-
made lakes, the hydraulic retention time of Kariba is very short �-3 years! and
most of the nutrient input to the lake is from river flow and runoff during the
rainy season  Coche 1974!. Marshall �982, 1988a! has demonstrated strong
correlations between sardine CPUE and river flow. The sensitivity of the system
to nutnent input is evidenced by greater zooplankton in the river estuaries and
the western inflow of the Zambezi  Masundire 1989!. If mortality from exploi-
tation were increased, the volatility of recruitment and growth in relation to this
nutrient input also could increase, and it is possible that, even at current effort
levels, the fishery could enter a dangerous regime where collapse is more likely.
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three municipally owned cooperatives in visibly extending wealth to the local
community through building shops and schools  M.Z. Mtsambiwa, personal
communication!.

Some areas around the lake and littoral zones within 1,000 m of the shore
are closed to fishing operations  Mayabe 1987; M.Z. Mtsambiwa, personal
communication!, the fishery being policed most actively on the Zimbabwean
shore in the easternmost basin. Circumvention ot thts regulation is small
because vessels are necessarily conspicuous by virtue of their fish-attracting
lights at night.

Although there are indications that the fishery is below MSY, all of these
factors urge for caution in any expansion of effort. A small increase in hcenses,
well within the likely safety limits, would provide an opportunity for probing
adaptive management  Hilborn and Walters 1992! without overshooting MSY
into a regime where dangers of collapse are exacerbated  Pitcher and Hart 1982!.

Nile Perch in Lake Victoria

Lake Victorta, straddling the equator and bordered by Kenya, Uganda, and
Tanzania in East Africa  Figure I!, is the setnng for the most infamous introduc-
tion of an alien fish species in the world. While the Nile perch, Lates niloticus,
has gamed notoriety as a voracious predator and destroyer of a diverse and
umque ecosystem  Barel et al. 1985; Barel et al. 1991; Witte et al. 1992!, the
alternative perspective on its introduction is the creation of a large, very
successful fishery and the establishment of an overseas export market which in
1991 earned Kenya $20 million  Reynolds and Greboval 1988; Greboval 1990!
and has an estimated accumulative net gain of $380 million  Reynolds et al.
1994!. The history of the introduction and consequent explosion are well-
documented  Achieng 1990; Anonymous 1988; Craig 1991; Fryer 1960;
Garrod 1960, 1961; Ogutu-Ohwayo 1990!. The current fishery consists of
introduced Nile perch, introduced Nile tilapia, Oreochromis niloticus, and native
zooplanktivorous pelagic cyprinid, Rastrineobola argentea  Figure 4!. Tradi-
tional fish catches, typically comprising a wide range of tilapias, catfish, and
haplochromtnes, have declined throughout the century and are now very small
 Fryer and Iles 1972; Jackson 1971; Mann 1970; Garrod 1960; Graham 1929;
Ogutu-Ohwayo 1990; Ssentongo and Dampha 1991; Ssentongo and Orach-
Mecha 1991; Ssentongo 1992!.

Assessment of the Nile perch fishery

The information to make an assessment is poor: The fisheries data originates
from three different countries, the catch data is derived from sub-samples, and
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Figure 4. Annual catchin Lake Victoria, 1968-1990, from data assembled by FAO  Ssentongo
and Dampha 1991; Ssentongo 1992; Ssentongo and Orach-Meza 1992!, with 1990
figures estimated by the authors. Circles = total catch, squares = Nile perch, diamonds
= Nile tilapia, inverted triangle = Rastrineobola argentea.

effort data is sparse and usually undifferentiated. Despite the paucity and lack
of consistency in the data, a reconstructed data series  Pitcher and Bundy 1994!
was employed to make an assessment using approximate methods. Parameter
values were taken from the literature; that is, M = 0.3; Z = 1.1  Ligvoet and
Mkumbo 1990!; L = 205 cm; K= 0.19/year  Asila and Ogari 1987!;
W = 0.000006xTL '  Ligvoet et al. 1988!. Unfortunately, there are few recent
realistic independent current biomass estimates. Using the swept area method
with an escapement factor of 0.5  Pauly 1984; Sparre et al. 1989!, 1987 trawl
surveys produced an estimated biomass of 321,540 tonnes in waters shallower
than 40 m  Ligvoet and Mkumbo 1990!. Since the fishery actually takes more
fish annually than this from the same depth range, this is clearly an underesti-
mate. Half the lake is deeper than 40 m. so the extrapolated biomass might be
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Figure 5. A Walter plot for Lates niloticus in Lake Victoria using catch and effort data referenced
in the text. There is no clear indication of MSY, although the curve is leveling off in
the most recent years. Details as in Figure 3; broken line indicates possible sustainable
yield curve.

650,000 tonnes assuming the same density throughout. This value is used in
the approximate estimations of sustainable yields and to tune the results from
CEDA.

The results from the catch-effort, yield-per-recruit, and approximate meth-
ods were inconsistent at first sight. A Walter plot  Figure 5! indicates that MSY
has not yet been reached: All the points lie to the left side of the curve, and it is
not possible to decide where MSY might lie; a guess would be over 350,000
tonnes with an optimum effort in the region of 20,000 to 25,000 boats.

A range of CEDA estimates were produced. By altering the proportion of the
stock at the start of fishing to the virgin biomass �.1-0.001!, the non-equilib-
rium method successfully tracked the explosion in Nile perch biomass. We also
investigated the production model, the error model, and the data points in-
cluded in the analysis. The results were insensitive to the initial proportion of
virgin biomass within the range and largely insensitive to the exclusion of the
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years 1979-1983, the explosive phase of the fishery. Table 1 shows the mini-
mum, maximum, and median of the CEDA results. The MSY estimates are all
a ove 500,000 tonnes, most in the range of 600,000 to 900 000
on e resi ua iagnostic plots and the consistency of the results, the best. fit
was produced b the Fp c y t e ox model and least squares error model. We chose 0.01
as the most likely size of the initial proportion. Boot t d f'ds rappe con i ence limits
o t is fit are again ve wi~f' g ry 'de, and we urge caution in their interpretation.

MSY estimates roms from the approximate methods, using a range of CEDA virgin
biomass results, are given in Table 2. Values vary from 81,322 tonnes
 Beddington and Cooke! to 397,807 tonnes  Pauly! with a median of 255,276
tonnes. These are all much lower than the CEDA results which, unlike the
equi i rium estimates, reflect the high biomass produced by fish with a high r,
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Management of the Nile perch fishery

We have no fully objective means of distinguishing among our various estimates
of MSY. CEDA, tuned to biomass data, fits the population explosion of Nile
perch very well, but gives high MSY estimates of around 600,000 tonnes. In
view of the significantly lower estimates produced by the approximate methods
which mostly lie below current catches, and the indications from the Y/R analy-
sis that fishing mortality is too high, we feel that it would be too risky to manage
the fishery on the basis of the CEDA results alone and would urge caution in
expanding effort further. In the absence of a more rigorous assessment in the
near future, the best policy would seem to be to improve the quality of the
fisheries data collection and standardize methodologies throughout the area.
Meanwhile, the fishery should be managed with caution, fishing effort reduced,
and juvenile mortality limited. The three species fishery should be opnmized.

Using a Beverton and Holt weight isopleth diagram  Beverton and Holt
1957!, records of the mean weights of Nile perch in historical catches were
used to estimate the approximate fishing mortality rate, F. The F values were
then transferred to a yield-per-recruit isopleth plot to indicate the current status
of the fishery  Pitcher and Bundy 1993; Figure 6!. The resulting assessment
plot must be taken as approximate because it is based on equilibrium assump-
tions, but clearly shows that the current fishing mortality is in excess of the
desirable management target zone. Furthermore, the current mesh size is
catching male fish at maturity and female fish before maturity. Optimum Y/R
would be obtained by increasing the age of first capture to 3-5 years.

Walter's and CEDA results could be biased because the CPUE data from the

early years derive from catches harvesting a rapidly expanding population,
probably with rather buoyant recruitment. The lundamental assumption of
CPUE mirroring stock depletion therefore may be compromised, although
increasing CPUE justifiably might be expected in an expanding population, so
the bias may not be too severe. However, omitting the earlier years from the
CEDA analysis produces similar results for a high r fish. An additional problem
is that, as with the Kariba sardine, the almost cont.inuous spawning means that
annually recorded catch and effort data may not be the appropriate partitioning
for the time series. Equally, the fundamental assumption of our Y/R analysis
may be flawed because the mean weights also were taken from an expanding
population and fishery. The length frequency methods used to derive growth
parameters are likely to be inappropriate for a continuously spawning species
such as the Nile perch  Ogutu-Ohwayo 1988!. However, the Nile perch value
of L�= 205 cm is supported by the record of the largest Nile perch measuring
200 cm  Okemwa 1980!. The approximate methods are all sensitive to the
accuracy of current or virgin biomass estimates.
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The critical problem in the management of the Nile perch fishery is lack of
resources. Neither finance or people have been available t.o fully and effectively
impletnent management policies. The fishery is so diverse and extensive, com-
prising many official and unofficial landing sites, that it requires a large number
of field officers to both regulate the fishery and collect fisheries data. In
addition, there is a lack of coherent international organization: Decisions have
to be reached by three different countries. There is a recent move toward lake-
wide management  FAO 1992!, but political decisions have yet to be imple-
mented. This move is essential for effective management of these valuable
fisheries.

Discussion

In both fisheries there are three sets of uncertainties that affect assessment and
management. First, unlike fisheries for endemic species, exploited introduced
species do not start from a stable ecological baseline. There was no way to
accurately predict ecolog>cal adjustments and explosion in stocks following the
introduction of either Nile perch or the sardine. This problem seriously impairs
our ability both to assess and to manage the fisheries. There are very profound
differences in the ecological impact of the two introduced species. The sardines
have altered the zooplankton composition and possibly other aspects of the
Lake Kariba ecosystem, but the lake was man-made, so there ts little ethical
disapprobation to set against the fishery benefits of the introduction. In con-
trast, the clamor surrounding the loss of biodiversity consequent on the preda-
tory Nile perch introduction has almost drowned out a hearing for the benefits
brought by the new Lake Victoria fishery.

Second, the natural fish yields expected from lakes in a region may be
estimated using various forms of the morphoedaphic index  Ryder 1965, 1982;
Henderson et al. 1973!. Figure 7 is a rnorphoedaphic plot of African lakes with
Lake Victoria and Lake Kariba shown before and after the species introductions.
Both lakes are below the expected line prior to the introductions. For both
lakes, the very great increase in fish yields is evident. The intersection of the
line fitted to all lakes is used in Table 2 to give a rough value of expected
maximum yields in the absence of the introductions. In both cases the current
fishery provides 2 to 3 times as much fish. However, there was no likelihood of
predicting this enhancement in fish yields before the introduction.

Third, genetic changes affecting the life history characteristics of both spe-
cies almost certainly have occurred since introduction. The smaller size at
maturity in the sardines may be a response to the smaller food spectrum in
man-made lakes on the Zambezi, as such changes are not evident in sardines
introduced to the natural rift valley Lake Kivu  Marshall 1993!. Nile perch from
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Figure 7. Plot of production against mean depth for a group of African water bodies showing
enhancedfish production  open squares! throughintroduced species in Lake Victoria
and Lake Kariba  adapted from Fryer and lies 1972!. Closed and open squares
represent production figures before and after sardine introductio~, respectively, if
mean depth of Lake Kariba is taken as 30 m  Marshall 19921.

at least two provenances were introduced to Lake Victoria, and the 17-year
delay in the Nile perch population explosion may reflect a genetic rearrange-
ment producing a form with a very high r.

A fourth uncertainty in assessment arises from the artisanal nature of the
Nile perch fishery. This is a multispecies, multigear fishery with dispersed
landing sites, non-standardized fishing gear and part-time and seasonal fisher-
men who are indifferent to fisheries legislation. Fisheries data tends to be
limited and unreliable. Sampling of all landing sites is not possible; therefore,
total catch and effort is extrapolated from the sub-sample. Field staff often are
poorly paid and poorly educated, with little incentive to produce accurate
information  R. Ogutu-Ohwayo, personal communication!. The resource is
shared and scientific methodology varies between riparian states, while limited
resources constrain research surveys and personnel.
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In the face of all these problems, in both of our case studies, traditional as-
sessment methods are found lacking in certainty. The best we could do has
been to use a wide range of approximate methods to try to assess the past trajec-
tory and current status of the fisheries. The difficulties in assembling viable data
and applying the methodology are underlined by the uncertainty attached to
estimates in both fisheries. We feel that the safest conclusions, however, are to
assume that the Kariba kapenta fishery is slightly underexploited, while the
Lake Victoria Nile perch fishery is probably overexploited.

Furthermore, it is not possible at this stage to forecast precisely the future
volatility of the two fisheries to increased levels of effort. In Lake Kariba, with
its short retention time, the critical factor for the planktivorous sardine recruit-
ment at higher levels of exploitation will be the gearing between changes in
nutrient input during the rainy season. The exploration of this relationship
should be of the highest priority for future research. On the other hand, the
Nile perch, a predator with a wide food spectrum, should be resilient against
increases in fishing provided exploitation of immature fish is controlled. But
the Nile perch could be sensitive to further changes in the Lake Victoria
ecosystem, such as reduced oxygen levels or littoral expansion of the water
hyacinth population.

The commercial kapenta fishery on Lake Kariba is relatively easy to control,
with a small number of well-organized ports and conspicuous licensed fishing
vessels. In contrast, in Lake Victoria the vast area of the artisanal Nile perch
fishery defies serious management. More recent developments, with Nile perch
fishermen contracted to processing companies, ease this situation, but contin-
ued catches of juvenile Nile perch call for more effective control of small mesh
inshore nets directed at Rastrtneobola argentea and the Nile tilapia.

In addition to creating important new food resources and engendering large
direct economic benefits, both fisheries have significantly enhanced their local
economic infrastructure. The benefits of the Nile perch are perhaps more
widespread in the community than the Kariba sardines at present.

In the face of the dire nutritional and economic consequences of collapse,
cautious management strategies are recommended for both fisheries. For sar-
dines, small increases in effort should be allowed as probes to the system, an
adaptive management strategy  Hilborn and Walters 1990!. For Nile perch,
effort should be reduced and catches of immature fish minimized. There is
concern that overcapitalization of the post-harvesting sector around Lake
Victoria could push the Nile perch fishery toward stock collapse  FAO 1992!.
The virtually unregulated fishery in Lake Victoria highlights the need for
greater resources to be devoted to management.

Fish consumption per capita has been maintained at 9 kg per annum in East
Africa in the face of a doubling of the human population since 1973  J. Tarbit,
personal communication!. This is a direct consequence of species introductions
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carried out in the 1960s. The opprobrium attached to the undesirable ecologi-
cal consequences of some introductions needs to be balanced with this enor-
mously valuable achievement.

Should further introductions be carried out? In the face of the anticipated
population pressures of the early part of the next century, any method of
enhancing protein production and the economic base of Africa will merit
serious scrutiny. Consideration of the preservation of biodiversity alone will be
unlikely to stop species introductions where fisheries could be created. Both
the Nile perch and the freshwater sardine undoubtedly will be candidates for
future introductions.

The freshwater sardine made its way down the River Zambezi to the man-
made Lake Cahora Bassa in Mozambique, although there is no fishery at
present due to civil unrest. In 1992 the sardine has been introduced to the man-
made Lake Itezhi-tezhi on the River Kafue in Zambia. In the East African
region, sardines already sustain catches exceeding 200,000 tonnes per year, and
estimated optimal yields could double that figure. In the next century, hun-
dreds of large man-made water bodies in Africa could become impressive
sardine farms.

In natural lakes, the situation ts more complex. Introduction of the sardines
to Lake Malawi has been mooted, ostensibly to replace the inefficient endemic
planktivore, the cyprinid usipa, which was thought not to exploit the full
production potential of chironomid lake flies  Turner 1982!. The accuracy of
this analysis has not been proven  Tweddle and Lewis 1990!, and there exists a
thriving but poorly documented fishery for 50,000-100,000 tonnes per year of
usipa  Lewis and Tweddle 1990!. Therefore, the outcry at the original sugges-
tion has been supported  Eccles 1985; McKaye et al. 1985!, because an indig-
enous fish already provides a viable fishery. The loss of this fishery therefore
may be costed and set against the uncertain benefits of a fishery for the
introduced sardine, using the methods of ecological economics  Costanza
1992!.

Further introductions of the predatory Nile perch would gather few sup-
porters. A large population increase after introduction to Lake Kyoga was
unsustained due to uncontrolled fishing and other ecological factors. This lake
is not directly comparable to Lake Victoria, however. Although any attempt to
introduce the species into a natural lake currently would be met with resis-
tance, a case could be made for its introduction to a man-made water body. The
natural example of Lake Tanganyika shows that three endemic species of Nile
perch can live alongside two endemic species of sardine. In the future, larger
man-made water bodies might benefit from introduction of both sardines and
the perch.

Where species are introduced, for short-lived species we would recommend
that fishing should not commence until the ecosystem has achieved some sort
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Utility of Structural Time Series Models
and the Kalman Filter for Predicting

Consequences of Fishery Actions
Jerome J. Pella

National Marine Fisheries Service, Auke Bay Laboratory
juneau, Alaska

Abstract

Introduction

A fundamental concern in year-to-year recommendations of total allowable
catch  TAG! by commercial fisheries is the physical condition of the stock:
present biomass, expected production of biomass durtng the next year, and
expected biomass at year-end under the chosen harvest. Some idea of the

Proceedings of the International Symposium on .'management Strategies lor Exploited Fish Populations,
Alaska Sea Grant College Program, AK-SG-93-02, 1993.

Biomass dynamics models can be used to assess physical magnitude and
potential production by a fish stock if adequate time series of abundance
measurements and catches are available. Fitting biomass dynamics models to
these time series requires recognition of the presence of both process and
measurement errors. The Kalman filter, combined with state space models of
biomass dynamics, provides an analytical basis for such fitting. Once param-
eters are estimated, the filter can be used to estimate the current physical
condition of the stock: biomass, expected production of' biomass during the
next year, and biomass at year-end under a chosen harvest. Further, smoothing
techniques can be used to revise estimates of biomass from the beginning of
observation to include information to the present. Two models of biomass
dynamics are used to illustrate the methodology: Schnute's �991! measure-
ment error model for catch per unit effort  CPUE! time series and the Pella-
Tomlinson stock production model.
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potential annual production by the stock also is useful for referencing short-
term decisions to long-term goals.

This study focuses on assessing the physical condition of a stock when a
management agency has available a time series of previous catches and mea-
sures of stock biomass. Simple models of biomass dynamics are used to illus-
trate assessment of current stock condition and to forecast future condition.

Early attempts to model biomass dynamics of exploited fish populations
 Schaefer 1954, 1957; Pella and Tomlinson 1969; Fox 1970; Schnute 1977!
began with deterministic equations to describe expected variation in b>omass
over time under idealized, average environmental conditions. Schnute �991!
noted that the first consideration in such early modeling was a deterministic
form appropriate for available data, and the second was that some accommoda-
tion be made for its lack of fit to measurements of realized biomass dynamics.
Commonly, error terms were appended to the deterministic models in ways to
make the estimation of parameters of interest tractable. Generally, little concern
about error representation was given to the time series nature of biomass and its
measurement, and estimating unknown parameters was emphasized instead of
assessing physical stock condition.

Stochastic components of biomass dynamics models should be given at least
as much attention as expected relationships under average environment. Biom-
ass dynamics are a consequence of recruitment., growth, and mortality pro-
cesses. Stock and recruitment plots show that random disturbances probably
dominate any expected dynamic relationship of this process. Rates of growth
and mortality of individuals certainly vary among years, but presumably their
effects on biomass dynamics are more predictable than is that of recruitment.

Furthermore, indices of biomass from research surveys or fishery catch rates
are subject to bias and measurement error. Bias may be difficult to detect and
correct; nonetheless, the presumption hereafter will be that indices of biomass
are standardized so as to remove bias. Measurement error is unavoidable and

can be substantial when information is derived from research surveys or limited
coverage of fishery catch rates. Therefore, when estimating the physical condi-
tion of the stock, some adjustment of observed estimates or indices of biomass
is necessary to recognize probable measurement error in any disagreement
between observed values and those from the biomass dynamics model.

The model of biomass dynamics also provides estimates of physical condi-
tion of the stock when all parameter values are specified, but these estimates of
stock condition are subject to unknown process errors. To arrive at a consensus
of stock condition, the observed estimates or indices ofbiomass and those from
the model of biomass dynamics must be weighed for their precision. The
weighing to be described is based on simple probability models of the process
and measurement disturbances, with parameter values also specified.
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Some or all parameter values of the biomass dynamics model and distur-
bance models usually are unknown. Before estimates of stock condition can be
computed from the models, all these parameter values must be specified as esti-
mates obtained from �! the time series of observed biomass or biomass indices
and �! any auxiliary information available. The statistical tool described herein
by which to estimate the parameters and to evaluate stock condition conditional
on those estimates is the Kalman filter  Kalman 1960; Kalman and Bucy 1961!.
The analyst who employs the Kalman filter to evaluate stock condition must
consider the estimates of unknown parameters and measures of their precision
in specifying parameter values, but the important art by which the analyst
chooses the parameter values is beyond the scope of this study.

This expository study describes recent developments in fisheries modeling
 Berck and Johns 1985; Mendelssohn 1988; Schnute 1991; Sullivan 1992! with
greater emphasis on the statistical aspects of biomass dynamics and their
measurement. State space models and the Kalman filter were chosen for this
research because of past successes of their combined use in economics, man-
agement science, engineering, and biology. The Kalman filter originated among
engineers, and only recently has been placed in a statistical context  e.g.,
Meinhold and Singpurwalla 1983; Diderrich 1985! more easily understood by
the general scientific community. Practical aspects of the state space and
Kalman filter theories are outlined in the first two sections to encourage their
use in fisheries. Then, two applications to modeling dynamics and measure-
ment of biomass are described: �! a stock in approximate equilibrium with a
fishery throughout an observation period as described by Schnute �991!; and
�! a stock for which biomass varies in response to differences between catches
and biomass production, the latter being functionally related to stock biomass
as described by Pella and Tomlinson �969!.

Primer on State Space Models and the Kalman Filter
Concepts and notation of general stat.e space models and the Kalman filter are
needed to describe the specific applications. Harvey �990! describes the
Kalman filter and state space form of time series models to which the filter is
applied in analysis; his views and notation are adopted in this study. In regard to
notanon, bold capital letters refer to matrices, bold lower case letters refer to
vectors, and regular typeface is used for scalars. Equations recorded from
Harvey �990! to the following text that have been corrected for notational in-
consistencies or typographical errors are followed by an asterisk. References to
sections of Harvey �990! are included to aid the reader in referring to his text.

The state space form of a multivariate N-dimensional time series, y,, relates
this observable vector series to an m-dimensional state vector, a� through the
measurement equation
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y, = Zu, +d, +p� t = 1,2,...,T

where Z, is an Nxm matrix of coefficients of the expected linear relationship
between the state vector, a,, and the observation vector, y,; d, is an Nxl vector
representing an additive deterministic component of the observation vector
that is unrelated to the state vector; and E, is an Nxl vector of serially
uncorrelated, random measurement errors with mean zero and NxN covariance
matrix Hr

Ordinarily, the elements of a, are not observable, but they are known to be
generated by a Markov process,

�!u, = Ta,, +c, + R,q� t = 1,2,...,T

where T, is the mxm state transition matrix of coefficients of the expected linear
relationship between the state vectors of successive times; c, is an mxl vector
representing an additive deterministic component of the state vector, a,, unre-
lated to the preceding state vector, a< >' R~ is an mxg matrix that allows for a
natural representation of transition disturbances when individual components
of this error are identified in q,; and q, is a gxl vector of serially uncorrelated
random process disturbances with tnean zero and gxg covariance matrix Qr
 Transition disturbances could be redefined as a simple additive error vector
with covariance matrix R,Q,R,', but this representation would make less clear
the transition disturbance structure if one or more components of the state
vector contained disturbances composed of more than a single identifiable
source. If each component of the state vector contains a single disturbance
source, R, is the identity matrix.!

Equation �! is called the transition equation. The process �! may be station-
ary or nonstationary. The system matrices Z,, d,, and H, of the measurement
equation and T�c�R�and Q, of the transition equation are assumed to be non-
stochastic, although they may change with time in a predetermined way.

Two final assumptions complete the state space model:  I! The initial state
vector, ao, has a mean of ao and covariance matrix Pp', and �! The random
disturbances a, and g, are uncorrelated with each other in all time periods and
are uncorrelated with the initial state Sp. The basic description of the state
space model can be found in Harvey �990, section 3.1!.

If a model of biomass dynamics of a stock can be put into state space form,
the Kalman filter can be applied to the observations available up to time t to
provide an estimator of the state vector, a,, at time t. This computation requires
that the initial state specified by ao and Pp be known, together with the system
matrices of the measurement and transition equations. In our applications,
although we do not know some of these parameters, the Kalman filter remains
useful because it opens the way by which to estimate them.
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P,,=E u,,� a,, a,,� a,,

With a, t and P,, given, the optimal predictor of a, is the mean of the
conditional distribution of tx, given the information available at time t � I,

= Ta,,+c, �!

and the covariance matrix of the prediction error is

P,~, � � T,P,,T,'+ R,Q,R'� �!

Equations �! and �! are the prediction equations of the Kalman filter.
After the new observation y, becomes available, the previously predicted

state of the system, a,~, n is updated to the mean of the conditional distribution
of Ot, given the information at time t,

a, = a,~,,+P~,,Z,F, �!

and the covariance matrix of estimation error changes to

�!

where

If the measurement and process errors and initial state are normally distrib-
uted, the Kalman filter allows one to calculate the likelihood function of the
observations via prediction error decomposition. Given a guess of the param-
eters, one-step ahead forecasts of the expected values of the measurements at all
times preceding the present can be computed. The prediction errors of these
forecasts  i.e., the differences between the observed and forecast measure-
ments! are functions of the unknown parameters and are themselves normally
distributed; their covariance matrix is also a function of the unknown param-
eters. Maximum likelihood estimates of unknown parameters can be obtained
by numerical search of the likelihood surface for their maximizing values.

The Kalman filter consists of prediction equations and updating equations.
Before a new observation of the time series arrives, a prediction is made of the
new state and of the incoming observation. After arrival, the new observation is
used to update the pre~tously forecast state. To begin, denote by a,, the
optimal estimator of the state I,, based on observations up to and including y, t.
Let Pt r be the mxm covariance matrix of the estimation error, so
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F, = Z,P,i,,Z', + H� f = 1,..., T

Equations �! and �! are the update equations ol' the Kalman filter, and
combined with the prediction equations �! and �!, they comprise the recur-
sive algorithm called the Kalrnan filter. This form of the Kalman filter is based
on an assumption that disturbances and initial state vector are normally distrib-
uted; if so, the conditional distributions of the state vector before and after
arrival of y, are themselves normal with means and covariance matrices pro-
duced by equations �! through �!. The description of the general form of the
Kalman filter can be found in Harvey �990, section 3.2.1!

Filtering produces the expected value of the state vector, a,, given the
informanon available at time t. If information later than time t is available as

well, more precise estimates of the state vector at time t are obtained by an
algorithmic process called smoothing, which produces the expected value of
the state vector at time t given the information available at time T > t. Fixed-
interval smoothing provides the full set of smoothed estimates, a,~T, t = 1,2,...,T.
The recursive smoothing algorithm begins with the final quantities, ar and PT,
of the filter equations and operates backward in time. Harvey �990, section
3.6.2! summarizes fixed-interval smoothing by the following equations:

at~r = a, + P, a�,~T  9!

and

ter t t t+lilr t+ lit �0!

where

�1!

The process is begun using ar ~ T = ar and PT ~ T = PT. This smoothing requires
that T,, at lit Pt l ~t a,, and P, computed during Kalman filtering be stored for
all t so that they can be used in  9! to �1!.

The Kalman filter requires knowledge of the initial state as either ap and Pp or
al lp and Pl lp to begin the prediction and update process. Then, for any time t,
the Kalman filter produces the optimal forecast  before arrival of the new obser-
vation! and optimal estimate  after arrival of said observation! of the state, at.

When all T observations of a time series of length T are available and
processed, the filter and smoothing algorithms provide estimates of all past
states based on information to the present, the optimal estimator of the current
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t=2

If measurement and process errors and the initial state have multivariate
normal distributions, the conditional distnbutions of the y, also are multivari-
ate normal with means of Z,ath i + d< and with covariance matrices, F,, given by
 8!. The support function  logarithm of the likelihood function! can therefore
be written as

NT 1r
lnL y;g! = � ln�z! � � gin F, � � QV,'F, V,  I3!

2 2 t=l 2 t=i

where u, = y, � Z,a,h, � d, is the vector of one-step ahead prediction error at
time t. Equation �3! is called the prediction error decomposition form of the
likelihood function.

Derivatives of the support function with respect to components of ly are
useful for developing fast and accurate numerical algorithms for finding the
maximum likelihood estimates of the unknown parameters. These derivatives,
also called scores, can be computed analytically by the following equation:

state, ar, and the oPtimal forecasts of the next states ar�, ar,2,..., ar,x, when
forecasts of the states to time T+K are desired. The one-step ahead forecast of
ar,i is used to define the likelihood function.

The likelihood function is proportional to the probability density function of
the observed measurements and views the measurements as fixed once they
have been taken, but views the n unknown parameters of the Kalman filter, Ly, as
variables  Harvey 1990, section 3.4!. This function is useful for estimating un-
known parameters; alternative values for the parameters can be judged for their
plausibility within the underlying process by which the observed measurements
presumably were generated. A standard method of estimation is to choose those
values for the parameters that make the value of the likelihood function of the
observed measurements largest. The expression p ytly,, y2,..., y,,! denotes the
conditional probability density function of y, given the preceding observations
y,, y2,..., y, i, and it. is used to write the joint density function of the statistically
dependent observations to time t as
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] r 1 BF 1 BF rtotv

2 t= i dl// dl// t=i c/l/f tel/I.1 1 1 �5!

i j = 1,2,...,rL

If the expectation of the second part of this expression is difficult to determine,
dropping the expectation operator provides an expression which is asymptoti-
cally equivalent  Harvey 1990, section 3.0.5!.

The opportunity to reduce the number of unknown parameters in the search
for the maximum likelihood estimate of lit, which is afforded by a univariate
time series  N = I!, deserves additional discussion of this special case. The
univariate series requires a slight change in the filtering equations, because the
NxN matrices F, and H, are scalars, so

f, = z,P,i,,z',+h, �6*!

The univariate model usually can be reparametrized to Lp' =  lire', 0'o!', where
I 2Ill* contains n � 1 of the parameters and tTo is one of the disturbance variances

of the model  Harvey 1990, section 3.2. 1!.
In order to reparameterize in this manner, the original measurement and

process error variances, h, and Q,, must be redefinable as proportional by a
common scalar cro to Var E,! and Var q,!, respectively, over all time. If the2

redefinition is possible, let h, = Var e,!/o'tt and Q, = Var rl,!/cro. Also, if in place
2' 2

of P,, P, h, and f,, scaled versions P,*, P, ~ t,*, and f,* defined by

e tI � 1P

tt � 1 2
0

and f,* = � ',=f
0'o

P,
P

~2
o

are used in the Kalman filter prediction and updating equations, then the obser-
2vations can be processed independently of the constant, tTo. That is, regardless

To evaluate the score vector, the NxN matrices of derivatives BF/By,. and the
Nxl vectors of derivatives Bv,/Bi/r,  i = I,...,n and t = I,...,T! must be computed.
These derivatives may be evaluated analyi.ically by n sets of recursions to be
performed in parallel with the Kalman filter  Harvey 1990, section 3.W.6!.
Starting values for the derivatives depend on starting values for the Kalman
filter itself. If starting values of the Kalman fill.er do not depend on sir, the
starting values of the derivatives equal zero; otherwise, the starting values of the
derivatives need to be determined.

An asymptotic covariance matrix for maximum likelihood estimates of sir can
be obtained by inverting the information matrix I ly!, where
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of the value of ego, this scaling constant is canceled from the Kalman filter pre-2

diction and updating equations so the forecast errors, v,, are independent of its
value. The hkelihood function, when v ritten in terms of the forecast errors  v,!
and the forecast variances  f,!, factors into an expression that can be maximized

2 2explicitly for 0'o, so the conditional maximum likelihood estimate of 0'o for
given values of the remaining parameters  ly*! can be computed explicitly.

For example, suppose the state vector is one-dimensional and that the
process and measurement error variances are time-invariant and equal to 0'p2

and 0', respectively. Then if 0'o is set equal to 0', the redefinition of h, and ~,2 2. 2

is h, = I and q, tTp /O' . The conditional maximum likelihood estimate of tT2 2

for any choice of the remaining parameters  p*! is shown by Harvey �990,
section 3.4! to be

1rV,

T r=rf,
�7!

One must specify the initial condition for the state vector  mean and covari-
ance matrix! needed to begin the filter computations, as discussed in the
following. If genuine prior informatton is available for the initial condition, it
can be used. Otherwise, standard practice consists of three approaches:  I! The
unconditional distribution of the state vector for stationary processes is used as
the initial state if this distribution can be determined; or �! a diffuse or
noninformative prior distribution of the initial state vector is used if eithe~ the
process is nonstationary or the unconditional distribution of the state vector for
a stationary process cannot be determined; or �! the initial state is considered
as an unknown constant to be estimated together with remaining parameters of
the model. Schnute �991! used the unconditional distribution in modeling
lingcod dynamics. However, in fisheries applications, time-series observations
may not begin until after the unconditional distribution of biomass dynamics of
a presumably stationary production process has been disturbed by unmoni-
tored fishing. Furthermore, biomass dynamics may not even be stationary
within the historical observation period, if at all. Viewing the initial state as a
constant to be estimated adds parameters to the estimation problem, thereby
enlarging the difficulty of finding the maximum likelihood estimate by nonlin-
ear search routines. Therefore, the diffuse prior approach is adopted here
because it is more general about the beginning of observation and requires
fewer parameters to be estimated.

Diffuse prior distributions of the initial state for the univariate time series in
this document imply proper prior distributions  prior distributions for the state
vector which integrate to one! forward from a point tn the time series which
depends on the dimension  m! of the state vector, tx,. Computations begin with
a and P, both derived analytically by setting Po or P] ~ o equal to xi and letting



Pella ~ Ttme Series Models, Kalman Filter, and Fisheries580

K ~ ~. These limits are found directly from the update equations for at and Pi
if m = 1. Harvey �990, section 3.3.4! sketches a proof for time invariant
univariate time series models  those models for whtch the system scalars or
matrices z,, d,, h�T,, c,, R,, and Q, are independent of time and need no
subscript! that using a diffuse prior is equivalent to deriving a proper prior from
the first m observations when m > 2, provided the model meets the condition of
observability  Harvey 1990, section 3.3.1!,

Ranlc[z', T'z',..., T'! z'] = m �8!

m � t �  
y, =zT' a + � z P T"'!Rq,+e,, t= 1,...,m � l. �9*!

!=0

These equations and that for y can be written in matrix form as

�0!y=Xa +u

where y =  y,,y~,...,y�!'; u is the mxl vector of linear sums of disturbances in
parentheses in �9!; and X is the mxm matrix with transpose

�1*!

The matrix X is nonsingular, so equation �0! can be rewritten as

a =X 'y � X 'u. �2*!

If the process and measurement errors are nortnally distributed, Harvey �990!
points to the consequences that, conditional on y,, yz,...,y, the vector a is
normally distributed with mean

a =X'y �3!

and covariance matrix

P =X'VX' �4!

The result is more general than the proof, which depends on d, of �! and c, of
�! being time-invariant null scalar and vector, respectively, and the transition
matrix, T, being nonsingular. However, the proof in this form will be useful
later in an application.

The first m � 1 measurement equations  I! can be written in terms of a by
successively solving the transition equation �! for a, in terms of a�> and then
substituting the previous solution for a�, in terms of a for t = m � 1 to 1. The
result produces
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where V is the covariance matrix of the disturbance vector u in �0!. With or
without normality, a is the estimator obtained from the Kalman filter with a
diffuse prior  i.e., that obtained by letting x ~ ~ in the initial covariance matrix
Po � � KI!.

Extended Kalman filter

When the observations in the measurement equation are not linearly related to
the state vector, or the state vector of the transition equation is no longer a
linear function of the state vector at the preceding time, then the simple Kalman
filter no longer applies. Such models are called functionally nonlinear, and only
approximate filters, including the extended Kalman filter, are available for
analysis of such measurements.

The functionally nonlinear state space model corresponding to  I! and �! is

y, = z, a,!+c,

and a, = t, a,,! + R, a,,!q,
�5!

z, a,! = z, a,~,,!+Z, a, � a�,!
t, a,,! =- t, a,,!+ T, a,, � a,,!

R, a,,! =- R,
�6*!

where

where z, a,! and t, a,,! are Nx1 and mx1 vectors, respectively, whose elements
are no longer necessarily linear functions of the state vector. R, c,,! is mxg and
may depend nonlinearly on the state vector as well. Even if the disturbances e,,
and rl, are normally distributed, an optimal filter with properties of the Kalman
filter rarely can be found. Instead, an approximate filter is obtained by lineariz-
ing the model and applying a modification of the simple Kalman filter. The
nonlinear functions z, a,! and t, tx, r! are assumed to be smooth so that they
can be expanded in Taylor series about conditional means, a,~, > and a, >.  The
circumflex on the symbols of the approximate filter simply distinguishes them
from corresponding symbols of the usual Kalman filter.! If such approximation
is reasonable, the resulting linearized expressions are
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When the linear approximations are substituted into the functionally non-
linear model equation �5! with a,~, t and a, treated as known, the resulting
approximation of the original model becomes

y, =Za,+d,+8,

a, =- Ta,,+c,+R,q,
�8!

where

d, = z, a�,! � Z,a,~,, �9!

and

c, = t, a,,! � Ta,, �0!

The conditional means a, and a,~, t are obtained frotn the Kalman filte~
applied to �8! above, except that the state prediction equation is the  possibly!
nonlinear function

a,~,, � � t, a,,! �1!

and the state updating equation is

�2!

The variables c, and d, never are actually evaluated in the Kalman comput.a-
tions. The extended Kalman filter is described by Harvey �990, section 3.7.2!.

Descriptions of the general Kalman filter, it.s implementation, and its exten-
sion to functionally nonlinear models are sufficiently complete for use in two
applications of biomass dynamics modeling which follow.

Application 1: Schnute measurement error model for
catch per unit effort  CPUE! time series

In illustrating the importance of noise in modeling fishery dynamics, Schnute
�991! described biomass dynamics of a lingcod, Ophiodon elongates, stock by
the state transition equation  his notation is modified to be consistent with
ours!,

�3!Q, = sQ,, +r+F/,

where tx, is an uncorrupted index of the stock biomass in year t; r is a constant
representing long-term level of annual recruitment biomass; s is a constant
representing the resultant of annual total survival and body growth; and tl, is
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the state transition equation  process! error in year t, assumed to be normal
with mean zero and standard deviation o . The measurement equation definedP
by Schnute �991! is

�4!P, =c,+8,

where y, is the observed index of biomass in year t, and e, ts the measurement
error in year t, assumed to be normal with mean zero and standard deviation cs .
The process and measurement errors are assumed to be serially uncorrelated,
uncorrelated with each other at all times, and uncorrelated with the initial state.

Schnute �991! used the unconditional distribution of biomass as the initial
state, so ao = r/� � s! and po vp / I s ! He also developed from normal
theory, sets of recursions corresponding to one-step-ahead forecasts of observa-
tions and updated estimates of the uncorrupted index of biomass, together with
corresponding variances. The same values for forecasts and updates and their
variances are produced by equations �! to  8! with T, = s, c, = r, Z, = I, R,= 1,
Qp Op H~ � � G, and ao and po as defined above. The recursive forms of
Schnute �991! can be obtained by rewriting equations �! to  8! to go directly
from a,, to a, or a,~, t to a, >~,  Harvey 1990, section 3.2.1!.

Schnute �991! fit �3! and �4! by maximum likelihood to a 33-year CPUE
time series for lingcod in British Columbia.  Data from Appendix D of Schnute
[1991] are plotted here [Figure 1]!. Parameter estimates were as follows:
r = 94, s = 0,71, 0'> � � 49, and cr = 64. The estimate of s was in fair
agreement with an estimate equaling 0.88 of the same parameter from size
composition information and is much higher than a corresponding estimate of
0,38  = 0.33 x 1.14! inferred here from the previous analysis of a tagging
experiment  Schnute et al. 1989!  estimated survival rate of numbers of fish by
tagging v as 0.33! and a multiplier accounting for body growth  Schnute 1991!
 growth multiplier was 1.14!. In explaining low apparent survival based on
tagging, as compared to that inferred from CPUE and size composition infor-
mation, Schnute et al. �989! suggest that emigration of tagged lingcod from
the fishing area may have occurred, and they also note that recruitment to the
fishing area may include immigration from surrounding lingcod habitat as well
as growth of individuals into the exploited stock.

Recruitment is of special concern in the study ol' fishery dynamics, so
estimates of lingcod recruitment indices over the span of observation would be
of interest. The attempt to estimate recruitment indices will further illustrate
use of state space models with the Kalman filter and the importance of ancillary
information regarding parameters in fitting data. Inspection of the time series of
abundance indices  Figure I! shows much variation superimposed on an
apparent underlying long-term oscillation v ith values increasing slightly to the
late 1960s, decreasing to the late 1970s, increasing to near the end of observa-
tion, but ending in another decline. Schnute �991! treats recruitment as a
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Figure 1. Left, observed lingcod catch per effort  tj! and smoothed estimates of the recruitment
index for s = 0.17  +!, s = 0.38 �1, and s = 0.88  CI1. Right, observed lingcod
catch per effort �! and: smoothed estimates of the biomass index for s = 0.17 �tr!,
s = 0.38  o1, and s = 0.88 �!

0't � SlXt t+Q2 t+pi

 Xz, =Gz, t+gq,
�5!

random process with constant average value, r, and combines recruitment
variation about this level in the process error term, r?,; he specifically notes that
the assumption regarding recruitment may be unrealistic. Under this assump-
tion, recruitment is expected to return quickly to the level r after a disturbance,
Does the lingcod CPUE series contain information about recruitments?

To obtain estimates of recruitment indices from the abundance measures of
the lingcod stock, a modification of �3! is necessary. Specifically, an index of
recruitments must be considered a state variable in addition to the original state
variable of index of biomass. A simple random walk in the level of recruitment
will serve as the model of the recruitment process; recruitment in any year
equals recruitment of the preceding year plus a white noise  serially
uncorrelated random variables that have constant mean and variance! distur-
bance with mean of zero. Harvey �990! uses the random walk to approximate
processes which move up and down over time, but without a steady movement
up or down, The state space model of lingcod dynamics with recruitment
separately identified is
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where a>, is the uncorrupted biomass index at time t; ez, is the uncorrupted
recruitment index at time t; and rl,, and rlz, are independent normal random
variables, each serially uncorrelated among years, with means of zero and
standard deviations, cr�and cr�, respectively.

The measurement equation is the same as that at �4!, but with a,, in place
of ar The Kalman filter equations �! to  8! are used with

s 1 0'
T,=; Q,=

0 1 0

0
R, =I2', Z, =� 0!;

tT�' �6!

H, = 0'; eI, = 0; and c, = 0.

The initial state for beginning the Kalman filter is obtained from �3! and �4!
for the diffuse prior and results in

0'�,
and Pz =

0'

CT

o�'+ 0�'+  s'+ 1!a�' �7!
yz

a2=

y,� sy,

The model comprising �4! through �7! was fit in various ways to the
lingcod CPUE time series. Variation in the abundance indices rs attributed to
process error, either a or 0'�, rather than measurement error, 0', by an
unconstrained fitting to the CPUE time series. These maximum likelihood
estimates of the unknown parameters are as follows: s = 0.17, 0' = 0, 0'p � � 79,
and cr�= 21. Variation in the abundance indices is attributed to process error,
o', and measurement error, 0', rather than recruitment variatron, cr�, when s is
fixed at the value of 0.88 from size structure data of lingcod. Maximum
hkelihood estimates for the remaining parameters change to cr = 67, 0'z �� 44,
and 0�= 0. Finally, variation in the abundance indices is attnbuted to all three
sources when s is fixed at the value of 0.38 from the tagging experiment;
maximum likelihood estimates for the remaining parameters change to values
intermediate to those of the preceding fittings: 6' = 53, 0'> = 59, and cr�= 14.
A likelihood ratio test  Harvey 1990, section 5. 1.2! indicates the decrease in the
support function value when s = 0.88 is inconsistent with the observed abun-
dance indices when compared to the support function value at the uncon-
strained estimate  prob < 0.05!; when s = 0.38, no inconsistency is indicated
 prob = 0.5!. The information matrices for all fittings have small determinants
near zero, so precision of estimates is not reported because of doubtful validity
of asymptotic variances produced by inverting these matrices.

Including recruitment variation as well as measurement error m the model
describing the CPUE time series allows for a range of interpretations of under-
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lying dynamics. Smoothed estimates of uncorrupted biomass and recruitment
indices computed from  9! through �1! with the three sets of parameter values
reported above  Figure 1! graphically describe this range. Annual resultant of
total survival and body growth in the fishing area could be low  s is small! and
recruitment high and trending, if losses to stock biomass include not only
mortality but also substantial emigration, and if gains to stock biomass include
not only growth recruitment but also immigration. Such an interpretation of
biomass dynamics from the CPUE time series would be consistent. with the
outcome of the tagging experiment. On the other hand, if i.he resultant of
survival and growth is as high  s is large! as indicated by size composition data,
annual recruitment is low and essentially constant.

Application 2: Pella-Tomlinson stock production model

A discrete version of the differential equation form of the generalized stock
production model  Pella and Tomlinson 1969!, using Fletcher's �978! recom-
mended parameterization, is

a, = t, tx,,!+q, �8!

where

n

t, u,,!=u,,+yC. ' ' � yC ' ' � C, �9!

and a, is the unobserved biomass of the exploited portion of the stock  hereaf-
ter called the stock for brevity! at the end of year t  cto is the unobserved
biomass at the beginning of the time series of abundance measurements!; C, is
the known, nonrandom catch during year t; C� is the maximum deterministic
annual biomass production of the stock; cr is the maximum deterministic
biomass of the stock; n is a skewness parameter controlling the point u,

OP[
between zero and cr�at which annual biomass production equals C�; y'is a
numerical constant depending on n as

nein � n

n � 1
�0!

and tl, is the process error during year t  errors are independent among years
and normally distributed with mean of zero and standard deviation of cs�!.

Indices of the stock biomass, y,, available for some span of years during the
fishery, are related to stock biomass by

y, = ilo,', + 8,
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t, o;,,! = t, a,,!+ T, n,, � a.,! �2!

where

+ y'C�yC.�
Q Q

�3!
a =a -    �  

Substituting the right hand side of �2! for t, tz, I! in �8!, the approximating
linear model corresponding to the general extended Kalrnan equations at �8!
IS

p, = ~O' +8  and

� � n!yC��
tX

�4!

The conditional means, �  and a ~  I are calculated by applying the usual
Kalman filter to �4!, but the state prediction equation from �1! is modified to

a .  � 'a,j,, � � a,, +yC � '' � yC � C  �S!

whereas the state updating equation from �2! is

,,+ �,rl,f, [,� ila�,j �6!

where

f, � iLp,j,,+0 �7!

In order to process the observations yn t = 1,2,...,T, with the Kalman filter,
values are required for mean and variance of the initial biomass distrtbution,
parameters of the generalized stock production model  C, a, X, n!, and
either measurement  o' ! and process variances  cr�! or their ratio  I  = o� la' !,2 2 2 2

where iL is the constant relating the indices to stock biomass. When the indices
are standardized catch rates by the fishery, 1 is called the catchability coeffi-
cient. The indices are subject to random, independent, normal errors, c,, with
mean of zero and standard deviation of a .

The model is approximated by expanding t, a, I! in a Taylor series about the
conditional mean biomass at time t � 1, a  I as in �6!,
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Given values for these unknown parameters, the Kalman filter produces the
one-step-ahead forecast statistics, f, and v,, by which the support function �3!
can be evaluated. The support function can be evaluated for sets of values of
these parameters chosen by a search algorithm in order to find the maximizing
values. Initial values for the parameters are required to begin the search.

Although other approaches for knowledge of initial biomass could be devel-
oped, a simple, appealing choice is to let a, lo be arbitrary and the uncertainty
in this value be large  quantified by letting p, lo ~ ~!. In the limit as pt lo ~ ~,
the state updating equation

�8!

produces a = y>/1. Also, the updated vartance

p

+P�+0�
�9!

2
approaches 0'�/iL as p,~o

Reasonable starting values for the parameters of the stock production model
possibly may be obtained by use of earlier methods of fitting  Pella and
Tomlinson 1969; Fox 1971; Rivard and Bledsoe 1978!, or else trial and error
values can be attempted. Starting values for the measurement and process error
variances or their ratio must be non-negative. A computer routine based on the
steepest-ascent algorithm has been developed to search for the maximum
likelihood estimates of unknown parameters for fixed value of n.

As an illustration, the Kalman filter based on the Schaefer model  i.e., the
generalized stock production model with n = 2! has been applied to the catches
and standardized catch rates of yellowfin tuna, Thunnus albacares, in the eastern
tropical Pacific Ocean from 1934 to 1967  see Table 6 of Pella and Tomlinson
[1969I!. The usual results from a stock production analysis are the estimates of
the unknown parameters. The present fitting  search was continued until sum
of squared derivatives of the support function were driven near zero! indicates
C to be 193 million pounds, which agrees well with previous estimates
 Table 1!. Hov.ever, the Kalman filter estimate of the asymptotic biomass of the
stock is manyfold greater at 1,415 million pounds than previous evaluations
using the same data  Table 1!. The present estimates of C and tz imply that
the exploitation rate at the optimum stock biomass is about 27'/o per annum.
Previous evaluations of the corresponding value of exploitation rate have
ranged upward from around 130%. Clearly, the point estimates of C and ez
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Table 1. Comparison of estimates of skewness coefficient  n!; maximum biomass
 tz�!, catchability coefficient Q!; optimum stock biomass'  tx, t!,
maximum annual sustainable catch  C !, and optimum percent
exploitation rate  u,�t! for the generalized stock production model
applied to catches and catch rates of the yellowfin tuna fishery of the
eastern tropical Pacific Ocean.  Biomass values tz, a�,, and C are in
millions of pounds, k is in boat-day ', exploitation rate is in percent of
optimum biomass, and n is dimensionless.!

Reference opt max opt

2.0 295,5 3.8x10-5 147,8 195,0 132

1.4 26.7 4.5x10-4 11.5 182.6 1591
Schaefer �957!'

Pella and

Tomlinson �969!

2.10 142,7 8.1x10-5 72.7 192.6 265

2.08 144,8 8.01x10-5 73,7 192,4 262
Fox �971!

Rivard and

Bledsoe �978!

2.0 1415.4 7.65x10-' 707.7 192.9 27Pella  this paper!

Computed from the relationship: a, = n ' " a
b u,, = C~a,, x 100%.
' Data of 1934-1955 were used

resulting from Kalman filtering are more consistent with exploitation rates for
other fisheries that depend on wild stocks.

The estimates of process and measurement error imply that virtually all
noise in the fit to the yellowfin data is due to process error �'p � � 32,775;

= 46!. In fact, examination of the support function and its derivatives at the2

reported parameter estimates shows that even greater values for the likelihood
function can be obtained by letting 0' approach zero more closely. That the2

Inter-American Tropical Tuna Commission devoted much research effort to
collect and maintain the database covering most of the catch and fishing effort
by the fleet during the era makes the computed estimates nearly plausible.
However, measurement error may be underestimated by the methodology.
Measures of precision of parameter estimates are not provided, because the
determinant of the information matrix is near zero and validity of asymptotic
variances produced by inversion of this matrix would be questionable.
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The Kalrnan filter with parameters assumed equal to values estimated pro-
vides forecasts, updated estimates, and smoothed estimates of biomass together
with their conditional precision  Figure 2!. Smoothed estimates are not visibly
different from updated estimates, because measurement error is estimated as
nearly absent; such would not be true if measurement error were estimated to
be large. Smoothed estimates use all information of the time series and indicate
a long and irregular decline of yellowfin tuna biomass.

Conclusion

Biomass dynamics models have been applied to stock assessments since the
1950s. Various methods have been used to fit these models to catches and

abundance measurements of the exploited stock, but use of the Kalman filter
 Berck and Johns 1985; Mendelssohn 1988; Schnute 1991; Sullivan 1992! or
related structural time series and state space methods  Criddle and Havenner
1991! have been uncommon.

Use of the Kalman filter to fit biomass dynamics models leads one naturally
to consider sources of discrepancies between observed and fitted measurements
of abundance: measurement and process error. Evidence here from fitting
information for yellowfin tuna of the eastern tropical Pacific Ocean supports
Schnute's �991! conjecture that parameter estimates may become more cred-
ible when the two types of error are treated as entities in the statistical method
of fitting. However, if the time series are short like those examined here, cleanly
disentangling process from measurement error may not be possible. In both
applications examined, variations in the time series of CPUE were explained by
the unconstrained maximum likelihood method as due to process errors   tYp or
O�was large! rather than measurement errors  cr was small!. These estimates
of parameters representing degree of variability of disturbances may be biased
because measurement error probably is present in both cases. As a remedy for
the bias, a minimal value for 0' might be determined from intra-annual
variation of sampling units of the abundance-measures database, and the
Kalman analysis then could be conditioned on the estimated value.

Asymptotic methods for evaluation of precision of parameter estimates often
may be inapplicable in biomass dynamics modeling. In both applications, the
information matrix effectively was singular. Evaluation of sampling distribu-
tions of estimators, for model parameters or for unconditional sampling distri-
butions of state vectors, probably is better accomplished by either parametric
bootstrapping or nonparametric bootstrapping of residuals from one-step-
ahead forecasts  e.g., see Efron and Tibshirani 1986!.

Available information here by which to assess the dynamics included only
time series of annual catches and a single measure of annual biomass of the
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Figure 2. Forecast  a!, and updated or smoothed �! estimates of yellowfin tuna biomass in
the eastern tropical Pacific Ocean and their conditional standard errors  SE!  forecast
SE  CD and updated or smoothed SE  OJ!, 1934-1967.

exploited stock. However, the methodology easily extends to situations with
several available annual abundance measurements  y of the measurement equa-
tion ts vector-valued!. For example, information from fishery catch rates can be
included with that from research surveys in fitting the Pella-Tomlinson model,
or an index of recruitment biomass can be combined with another for biomass
of the exploited stock in fitting the extension of Schnute's measurement error
model for CPUE time series.

The normality assumption regarding underlying unobserved states and
measurement errors can be restrictive. If so, transformation of the original
observations may suffice to meet this requirement. On the other hand, Harvey
�990! notes that when the normality assumption is dropped, the Kalman filter
retains the optimum property of minimum mean square error estimator of the
states among the class of linear estimators, but he also outlines a generalization
to provide optimal updating and forecasting when disturbances are not distributed
normally. These filtering and smoothing expressions are difficult to solve
analytically, but numerical approaches are being explored  Carlin et al. 19921.
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Abstract

Traditional methods of population projection have made two manifestly false
assumptions: �! that vital rates are constant in time, and �! that they are
known with certainty. The first assumption can be removed by using a Monte
Carlo approach that treats stochastic temporal fluctuation of vital parameters
and estimates population decline risks and recovery chances. While this ap-
proach handles an important source of uncertainty, it cannot be used to address
another significant source of uncertainty, measurement error. Since measure-
ment error in fisheries management often can be 50 /o or more of the measure-
ment magnitude, the standard practice of treating values as if they were known
with certainty can result in grossly misleading conclusions. Possibility theory  a
generalization of interval analysis! together with the existing methodology
yields a risk analysis of population growth that reflects both measurement error
and temporal variability in the vital rates and abundance measures. This analy-
sis should be more useful in planning management strategies because it charac-
terizes the reliability of the predictions made.

Introduction

Designing successful strategies for fishery management depends in great part
on the ability to accurately forecast population growth under proposed regula-
tions or actions. Such forecasts can be made with a variety of mathematical
methods. The most common of these are based on age-structured models of
population dynamics, although stock-recruitment relationships modeling den-

Proceedings of the Imemannnal Sympostum on Management Strategies for Exploited Fish Populattons,
Alaska Sea Grant College Program, AK-SG-93-02, 1993.
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sity dependence and, lately, phenomenological models analyzed by time series
methods also are widely used. Whatever mathematical approach is adopted, all
quantitative methods encounter a variety of uncertainties in the modeling
process. Although a numerical estimate is of limited practical use unless accom-
panied by some knowledge of its precision, fisheries projections often are made
without concern for the impact of uncertainties on the reliability of the result.
Some of the many sources of these uncertainties are outlined below. The
purpose of this paper is to describe two complementary approaches for dealing
with the two most important of them.

Measurement error occurs when inevitably imperfect observations are made
of natural phenomena  see Palmer 1930; Taylor 1982; Edwards and Hamson
1989!. Measurement error includes simple mistakes, systematic error of the
measurement protocol, personal errors induced by the investigator such as
number preferences, and errors assignable to particular causes arising from
factors not under experimental control  Wilson 1952!. Stock assessments and
reproduction estimates are notoriously difficult to determine precisely. The
complex selectivities of gillnetting and electrofishing contribute to the uncer-
tainty of abundance estimates. Although measurement error generally can be
reduced in any particular case with intensified effort, the requisite sampling can
be prohibitively expensive.

Difficulty of parameter estimation  e.g., Walters 1985! also can lead to uncer-
tainty. For instance, an estimate of, say, P in a Ricker model of stock recruitment
will be unstable if based on data collected from a population in which a wide
range of abundances were not explored. If recruitment can be observed for
population abundances ranging from low to high levels, a much better estimate
of P can be obtained  Ginzburg et al. 1990!.

Temporal variability may be the most important source of uncertainty. Even if
one could obtain a reasonably precise estimate of a given parameter, the
existence of environmental stochasticity can cause the value of the parameter to
vary through time. Continual and sometimes extreme variation in all vital
parameters is induced by the chance effects of weather, fluctuations of other
species, and other factors of the environment  see Simberloff 1980!. For this
reason, any estimate made from data collected at a previous time may imper-
fectly represent a parameter's current value. This stochasticity induces what can
be called objective uncertainty, which is modeled with random variables and
which can be studied by empirical sampling strategies. Unlike measurement
error, which might be reduced with additional study, objective uncertainty is
not diminished in magnitude by investing further resources in sampling. It
represents the actual volatility of the natural world.

ignorance about the form of the model to be used also can be a significant source
of uncertainty in population projections. For instance, when using a stock-
recruitment inodel yields different conclusions compared to, say, an age-struc-
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tured or stage-structured model, it is difficult to know which model to believe.
There is an infinite number of possible models waiting to be defined and used.
It generally is impossible to be absolutely sure that any particular functional
form of a mathematical model is the correct one in a given case.

Neither exhaustive nor completely distinct, these categories illustrate the
daunting range of things that can go wrong when making population projec-
tions. One could continue to list sources of uncertainty or to refine the catego-
ries recognized here. Obviously, such an exercise could paralyze decision-
making and eventually would be futile. Nevertheless, I'orming useful forecasts
about fisheries requires that we be aware of the uncertainties that persist in the
mathematical models we create. Traditional analyses have assumed these uncer-
tainties to be negligible. Yet effective management decisions require an honest
accounting of the reliability of a population projection. Let us consider how
uncertainty could be propagated through the mathematical projection. I focus
on temporal variability and measurement error, which probably are the two
most important sources of uncertainty in fisheries models.

Treatment of Temporal Variability

Ecological risk analysis provides the essential conceptual tools to incorporate
stochasticity in the form of temporal variability into population projection
models  Ferson et al. 1989!. It translates uncertainty into a practical language
of risk that is useful in decision-making. The analysis uses a stochastic model of
population dynamics, which usually is realized with a Monte Carlo simulation.
This methodology permits estimation of the risks of population decline as well
as the prospects for population recovery or growth for natural and managed
stocks. There are now several examples of the application of ecological risk
analysis to fishery population projections  Saila et al. 1991; Ferson et al. 1991;
Fogarty et al. 1992; Lee and Hyman 1992!, and software is available for routine
use in fishery management  Ferson and Akpakaya 1988!. The approach has
allowed us to relax the most glaringly false of the traditional assumptions made
in population projections � that the vital parameters are fixed through time.

As an example of the treatment of temporal variability, consider an ecologi-
cal risk analysis used to assess the population recovery of bluegill, Lepomis
macrochirus, in a power plant cooling lake that had suffered heavy metal
pollution. Ferson et al. �991! describe the details of the analysis. The variation
in population abundance allowed us to make reasonably good estimates of the
density dependence parameters for this bluegill population assuming Ricker-
type density dependence, which Ricker �9'I5! suggested for this species. We
estimated the initial distribution observed in a polluted part of the lake, but
age-structured estimates of the natural vital rates for bluegill were made from
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Table 1. Life history parameters used in an ecological risk analysis, Lepomis
macrochirus  bluegill!.

Age Initial Fecundity Survival
 year!  bluegills/hectare!  eggs/female!  fraction each year!

Vital rates are normally distributed with coefficients of variation
Survival 0.643
Fecundity 0.529

Density dependence model is Ricker
a 0.0714
P 0.000001052

Sex ratio  fraction female! 0.586
Monte Carlo replications 100
Duration of simulation in years 10

census and reproducnon data collected in a part of the lake presumed to be
unaffected by pollution. The levels of temporal variation in these parameters
 measured by inter-annual coefficients of variation! also were estimated.
Table 1 summarizes the estimated parameters.

To assess the potential recovery of the population, the estimated natural vital
rates and their levels of variation were used to pro!ect the population age
structure of bluegill observed in impacted areas of the lake. We used the
demographic model given in the discrete-time expressions

N, = D XfN,!

N=gN,
iw0

where i indexes age, f,. and s,. are age-structured fecundity and survivorship, D is
the density dependence function, N, is the abundance in the ith age group, and

24,047

1,044
430

259
253
132

0

1,838
3,387
4,461

6,422
7,956

0.0714

0.37

0.37
0.37

0.37
0.0
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N is the total abundance of the population excluding the first age group.  It is
excluded from the total because it tends to vary in magnitude dramatically but
inconsequentially.! Abundances are measured in bluegills per hectare.

Density dependence was modeled with the Ricker functron  Ricker 1975!

D x! = o,x exp  � Px!

where a and P are function parameters. Using an empirical regression, this
function transforms the number of eggs per hectare to the number of zero-year-
old bluegill per hectare.

Fecundity f, and survivorship s,. were given by

f, = rf l+CVf+!

s,. = s,.�+CV,g!

where r is the sex ratio, f, s,, CV, and CV, are the mean age-structured
fecundities and sunrivorships and tIIe  pooled! coefficients of variat.ion for
fecundity and survivorship as given in Table 1, and +is a normally distributed
random number with zero mean and unit variance. A covariance structure for

the normal deviates used in the simulation may be specified. We used deviates
that had a perfect positive correlation for the various age classes within a time
step. If survivorship values fell below zero or above one, or if fecundities or
densities went below zero, they were truncated appropnately to zero or one.

Monte Carlo simulation of this demographic model over 10 years using 100
iterations yielded the recovery curve shown in Figure 1. This curve is com-
puted by cumulating  from above! the histogram of final population densities
observed at the end of the simulation. It gives the probability that the bluegill
populat.ion will be as high as or higher than a given abundance at the end of the
simulat.ion period. For instance, there is about a 10 %%d chance that bluegills will
reach a population density of 3,000 fish per hectare at the end of 10 years, but
a substantially lower probability that they will reach 0,000 fish per hectare in
the same t.ime frame. This risk-analytic description of bluegill recovery is a
useful encapsulation of the observed population dynamic patterns and levels of
stochasticity at this site  Ferson et al. 1989!.

A salient deficiency of this summary in Figure 1 is that no error bounds are
displayed. Without them, one cannot assess the confidence we should have in
t.he particular statements it makes about probabilities of reaching the recovery
levels. Unfortunately, it is not clear how one should estimate meaningful error
bounds around this curve. Normally, one might attempt to translate the
stochasticity in the input parameters into the desired error bounds. But in this
case, all the stochastic variation present in the system supposedly already has
been accounted for in the ecological risk analysis. In a sense, all of it has been
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used up in constructing the curve itself, and none should be left for establishing
error bounds on the curve. Kolmogorov-Smirnov confidence limits  Sokal and
Rohlf 1981, p. 721! could be computed for the curve. These limits are a
function of the number of iterations that were used in the simulation; as the
number goes up, the limits contract and eventually become indistinguishable.
However, it does not seem reasonable that simply computing more replicate
trajectories could erase all of our uncertainty about the curve. Indeed, other
sources of uncertainty that limit the reliability of the conclusion must be
addressed to estimate the desired bounds.

Treatment of Measurement Error

Measurement errors in empirical data often are ignored in quantitative analyses.
This practice assumes that measured parameters are known with perfect cer-
tainty, or that the error is small relative to the estimate's magnitude. However,

Figure 1. Probability that an impacted bluegill population will be larger than a particular
population density at the end of 10 years. The abundance displayed is the sum of all
individuals 1 year of age or older. At the beginning of the simulation, this value was
2,118 bluegillslhectare. The graph shows a 10'fo chance that it reaches 3,000 or
more at the end of 10 years.
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because population censuses can be difficult to conduct with precision, fishery
projections often have to be made using crudely estimated parameters. It is not
unusual in biology for measurement errors sometimes to approach the same
orders of magnitude as the estimated values themselves. In fact, after environ-
mental stochasticity, measurement error probably is the next most significant
source of uncertainty in projections of fishery abundance. Clearly, neglecting
the consequent uncertainty could lead to gross overestimation of the reliability
of the final result of the projection.

Unfortunately, the procedures that should be used to formally incorporate
measurement error into an ecological risk analysis are not obvious. One ap-
proach is to treat measurement error exactly as stochastic variation is treated.
Convolving together measurement error with stochastic variation in a Monte
Carlo simulation raises subtle questions because the two kinds of uncertainty
are different in character. For instance, it is reasonable to think that at a
moment in time, the number of fish in a pond is a particular number. The
number is not a random variable in the same sense that the vital rates were
random variables. In fact, the number is not varying at all; we simply are
ignorant of its precise value. It is not obvious that the best way to propagate this
ignorance through a projection is to use the same methods designed for
stochastic temporal variation.

The uncertainty arising from measurement error could be characterized as
subjective uncertainty because it describes our own ignorance. In principle,
this sort of uncertainty can be  and routinely is! reduced by further empirical
investment. For this reason, its breadth is not so much a fact about nature as a
reflection of our limitations in observing it. Since this kind of uncertainty is
reducible, while stochastic variation is intrinsic and cannot be reduced, the
practice of confounding them together in a Monte Carlo simulation seeins a
questionable strategy. Furtherinore  and more seriously!, stochastic fluctua-
tions will tend to partially cancel out one another over time, leading to a
relatively narrow prediction. This follows from the definition of stochastic
variation, and the Monte Carlo methods used in the analysis reflect this. It is by
no means clear, however, that it is appropriate to allow measurement errors to
cancel each other out in the same way. Indeed, if abundance estimates are
systematically biased, then probably the vital rates also will be biased in one
direction, yielding errors that are consistently propagated through the calcula-
tion of the population dynamics. Such errors should not cancel out one
another; thus, the same methodology should not be used for both environmen-
tal stochasticity and measurement error.

Modelers sometimes try to estimate upper and lower bounds on the result
by performing a worst/best case analysis. In this approach, they compute the
highest possible abundance by assuming the highest survival rate within the
range of measurement error together with the highest fecundity, and then
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estimate the lowest abundance by assuming the lowest fecundity and survival
within measurement error. However, when there are nonlinear phenomena
embedded in the projection model  such as the Ricker density dependence in
the bluegill sitnulation!, it becomes impossible to guess which kind of changes
will yield extremal results.

For complex models, it commonly is necessary to generalize the extreme
case approach to a full sensitivity analysis to propagate measurement error
through calculations. In a sensitivity analysis, the parameters are systematically
varied within the range of measurement error, and the calculations are repeated
to observe the effect of the changes on the final result. A sensitivity analysis is a
very general means of handling uncertainty and can be quite useful. However,
as Swartzman and Kaluzny �987! point out, if there are many uncertain
parameters, it becomes a cumbersome problem  requiring factorial effort! to
vary each parameter independently in a complete study. Furthermore, it is hard
to express the outcome quantitatively because it is impossible to compare the
changes to the sundry parameters. For instance, a change in fecundity of, say,
3yo generally will not be equivalent to a 3'/0 change in survivorship.

We are led to a conundrum: Ignoring measurement error is an untenable
strategy, but treating it as if it were environmental stochasticity also may be
inappropriate. In addition, exploring its effect in sensitivity analyses is likely to
be very cumbersome. An approach is needed that appropriately propagates
measurement error through the simulation and allows us to estimate a popula-
tion projection's reliability. I suggest that fuzzy arithmetic  Kaufmann and
Gupta 1985! could be used for this task.

Interval and Fuzzy Arithmetic

Interval arithmetic  or interval analysis [Moore 1966]! is used when the values
of numbers are not known precisely, but bounds on them can be established.
For instance, suppose A is a number somewhere between 2 and 3. We can say A
is in the interval [2,3]. Suppose likewise that B is a number in the interval [1,4].
Even though we do not know the exact values of A or B, we can still use them in
mathematical calculations. For example, the sum of A and B is in the interval
[3,7]. The difference A � B, on the other hand, is in [ � 2,2]. Although somewhat
more compact formulas may be written for the individual operations, the
following formula is general for addition, subtraction, multiplication, division,
minimization, and maximization operations on intervals. For two intervals
A=[a,,a2] and B=[b,,bz], and an operation ~ e [ +, �, x, �:, ~, v, ],

A B = [min a, b,,a, b,,a, b,,a, ob,!,
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max a, . b,, a, b,, a, . b,, a, b, ! j

0.5

0
0 6 8

Figure 2. Addition of two fuzzy numbers A and B. On the abscissa are the possible values of the
numbers; the ordinate measures the possibility, which ranges between 0 and 1 by
construction, that the number has a particular value. A is a number between 1 and
3 wi th the most possible value around 2. B's value is between 3 and 5 and is centered
around 4. Their sum is between 4 and 8, centered around 6. Note that the addition
of fuzzy numbers corresponds to the addition of intervals at each possibility level
from 0 to 1.

where division naturally assumes that the interval B does not contain zero,
Intervals have long been used to represent measurement error  Wilson 1952;
Taylor 1982!. Interval arithmetic therefore is a means to propagate the effect of
measurement errors through whatever calculations are made with empirical
data. However, in practice, this approach is not used very often in simulations,
one reason for which may be the coarseness of the resulting conclusions.

Fuzzy arithmetic is a refinement of interval arithmetic. It arises from recog-
nition of the paradox in suggesting that one cannot know a measured value
exactly, but allowing that one can know tight bounds on the measurement
exactly. Fuzzy numbers are a generalization of intervals in which the bounds
vary according to the level of confidence one has in the estimation. One can
think of a fuzzy number as a stack of nested intervals, each at a different level of
possibility ranging from zero to one. Figure 2 shows three fuzzy numbers. The
range of values for a fuzzy number is narrowest at its top where the level of
possibility is one. This level corresponds to the greatest optimism about the
breadth of uncertainty. This might be thought of as the range of values that are
identified as entirely possible. In contrast, just above the zero level is the range
of values that are just possible or only conceivable. The interval at this level of a
fuzzy number is the widest, and it constitutes the most conservative estimate of
the value. On this gradient between optimism and conservatism about uncer-
tainty, there are infinitely many levels with intermediate intervals representing
every tradeoff between precision and surety.
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Using Fuzzy Arithmetic within a
Monte Carlo Simulation

To illustrate the use of fuzzy arithmetic for propagating measurement error in
the ecological risk analysis of bluegill recovery, I arbitrarily assumed that
measurement error ranged from 0'/o to 4/o for each of the demographic rate
variables. I replaced the expressions for the age-specific fecundities f, in the
Monte Carlo simulation with triangular fuzzy numbers centered at the same
values. The nested intervals making up this fuzzy number were

By definition, a fuzzy number is convex  so that each horizontal cut results
in a single interval! and reaches one, if only at a single scalar number. In other
respects, there is great latitude in the shape it tnay have. For instance, a scalar
number is a degenerate fuzzy number in which the intervals at every level are
identical and infinitely narrow. Fuzzy numbers may be constructed as represen-
tations of one's subjective impressions about uncertainty, or as an objective
consensus of consistent empirical observations by different observers  Dubois
and Prade 1988!. In the absence of detailed information, it may be formed by
asking what the largest and smallest values the number could have and what
best value should be given if one and only one value could be used to describe
it. These three values describe a triangular fuzzy number that is a robust
description of the uncertainty  Kaufmann and Gupta 1985!.

Figure 2 depicts the addition of two fuzzy numbers. It is easy to see that the
operation corresponds to level-wise interval arithmetic. For any level of the
ordinate, the fuzzy numbers can be cut to yteld three intervals. The interval cut
from A + B will be the sum of the other two intervals as the operation was
defined above. The picture is similar for other mathematical operations. For
instance, multiplication on fuzzy numbers also can be decomposed to level-
wise interval multiplication. By design, the fuzzy-arithmetic result simulta-
neously expresses the best estimates and the bounding estimate on a calcula-
tion. What makes the arithmetic fuzzy in the sense of Zadeh �965! is that it is
performed simultaneously over a range of levels corresponding to different
subjective conceptions about the uncertamty of the numbers. More formally,
addition as well as the other arithmetic operations on fuzzy numbers can be
defined in terms of a max-min convolution analogous to the sum-product
convolution by which random number distributions are added together under
probability theory. Kaufmann and Gupta �985! give further details and the
proofs that this definition is equivalent to level-wise interval arithmetic.
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Figure 3. Fuzzy bounds on the chances for bluegill recovery. Dotted lines represent uncertainty
a>ising from an average 4% measurement error: dashed ltnes, 2%, solid line, without
measurement error. Only three levels from a continuous range of variation are
displayed.

where 5 tz! ranged linearly from 4% of f for cr = 0 to zero percent for tz= l. I
also replaced the age-specific survivorships s, with similarly constructed fuzzy
numbers. If possible survivorship values exceeded one, I cropped the fuzzy
number at one. Scalar addition and multiplication used in the simulation were
then elevated to fuzzy addition and fuzzy multiplication, as necessary.

The output of the resulting Monte Carlo simulation using fuzzy arithmetic is
a distribution of final population densities, each of which is a fuzzy number
rather than a real number, A fuzzy analog of the recovery curve depicted in
Figure I can be computed from this distribution >n a straightforward way.
Again we decompose the problem to a simpler task based on intervals, repeat.ed
for every possibility level between zero and one. For any given level, we can cut
the distribution of fuzzy numbers to get a distribution of intervals. An interval-
valued function generalizing the recovery curve can be computed as a pair of
upper and lower curves formed by cumulating from above histograms of the
respective upper and lower bounds of the intervals. Naturally, if the intervals
are narrow compared to the variation induced by stochasticity, these two curves
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Conclusions

Mathematical methods for projecting the abundance of biological populations
have been used extensively in management of fisheries and in ecological and
conservation studies generally. Current applications recognize the crucial im-
portance of stochasticity in making realistic projections in the face of variable
biological and environmental factors. Their predictions can be expressed in a
probabilistic language focusing on endpoints such as the risk that population
abundance declines to some level or the chance that it recovers from anthropo-

will be very similar, but if the intervals are very wide and stochastic variation
relatively minor, the curves may be quite different.

Figure 3 depicts the recovery chances for bluegill computed using fuzzy
arithmetic. The solid line represents the best estimate about the probability for
recovery  it is the same as in Figure I!. This figure characterizes both the
expected chance of recovery and the reliability of the estimate. For instance,
there is an approximately 10/o chance that the population will reach a size of
3,000 fish per hectare in the next 10 years. However, given measurement errors
of 0'/o in the vital parameters used in the model, this probability might be as
low as 5'/0 or as high as 20'/a. If we are more optimistic about the measurement
error and suppose it is only about 2', there is a commensurate contraction of
this range. Using fuzzy arithmetic within the Mont.e Carlo simulation has
transformed the recovery curve into a ridge which expresses the reliability of
the conclusions that may be drawn about the chances the population will reach
a given level. It effectively and simply combines stochasticity propagated by
Monte Carlo methods and measurement error propagated by fuzzy arithmetic.

As a result of the underlying properties of interval arithmetic  Neumaier
1990!, the bounds on a stationary or growing population projected with fuzzy
arithmetic widen steadily through calculations. One of the first questions
provoked by a systematic examination of the uncertainties in population pro-
jections is whether the results therefore might not be swamped by uncertainty.
For instance, it might be considered largely meaningless to report an expected
abundance of so many metric tons, if one must then admit that the estimate
might. be off by an order of magnitude. However, if a prediction is swamped by
its uncertainty, then it is decidedly important to be aware of this fact t.o avoid
fooling oneself into placing any credence in the prediction. For this reason
alone, it is essential that some kind of uncertainty analysis be carried out. If
nothing more, such an analysis should be conducted to see how much  or how
little! to trust the result. Indeed, the prospect that uncertainty could overwhelm
the specificity of the results is a strong reason to investigate the effect of
uncertainty rather than ignore it.
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genic dist.urbance in a given time. The methodologies for making these projec-
tions represent stochastic variation, but they routinely neglect measurement
error as a source of uncertainty.

Ignoring measurement error in making population projections is clearly
inappropriate and can lead to misleading or vacuous predictions. Confoundhng
measurement error with stochastic variation in a Monte Carlo simulation also is
unsatisfactory because the two forms of uncertainty project through calcula-
tions in different ways. Random fluctuations in vital rates through time are
expected to partially cancel out one another, whereas measurement error can-
not be assumed to behave this way. The effect of measurement error on the
reliability of a population projection can be assessed with a sensitivity study in
which parameters are tweaked and the projection repeated, but this approach is
cumbersome, and the results are difficult to summarize quantitatively. An
alternative approach uses fuzzy numbers which are a generalization of interval
numbers in which the bounds are specified according to a level of presumption
between 0 and 1. When abundance, vital rates, and other parameters of the
projection model are represented as fuzzy numbers, a Monte Carlo simulation
of the environmental stochasticity will yield a fuzzy analog of the risk-analytic
summary which incorporates both temporal variation and measurement error.

Parameter estimation difficulties and general ignorance about the best model
and level of abstraction to use also induce uncertainty in fishery population
projections. An ad hoc sensitivity study is as yet the only general tool available
for exploring the consequences of these forms of uncertainty.
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Optimal Control of Dynamic
Multispecies Fisheries
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University of Alaska Fairbanks, Fairbanks, Alaska

Abstract

Introduction

Fisheries managers are challenged to implement policies that will maximize
benefits to society while ensuring the long-term viability of fish stocks. This
task is comphcated by divergent opinion regarding the measurement and
distribution of benefits and by uncertainty about the nature of l'ish population
dynamics due in part to the ecological and technological interactions character-
istic of mixed species fisheries. The objective is often characterized as maximi-
zation of a criterion such as sustainable yield  MSY!; economic yield  MEY!; or
yield-per-recruit  P !. The maxima for these criteria are constrained by the
current condition and dynamics of the fish stocks and by existing harvest
capacity and other determinants of fishing effort.

Proceedings of the international Symposium on Management Strategies for Exploited Fish Populations,
Alaska Sea Grant College Program, AK-SG-93-02. 1993.

This paper develops a dynamic optimization model for a multiple species
fishery wil.h population dynamics described by a state space time series model.
The control model is solved for relationships which describe the value of fish
stocks and the interplay between stock abundance and harvesting. The benefits
of this approach are likely to be greatest in fisheries where important environ-
mental, ecological, and technological interactions are thought to exist and the
nature and form of these functions is uncertain. The procedure is illusl.rated
with a model of Pacific halibut, Hippoglossus stenolepis, and yellowfin sole,
Limanda aspera, in the Eastern Bering Sea.
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Direct and indirect controls on directed and incidental catches are the
principal policy tools available to managers for controlling the size and age-
distribution of individual stocks. Fishing removals are a function of fishing
effort and relative abundance when harvest limits are nonbinding. When
harvest limits are binding, the level of fishing removals ts chosen by the fishery
manager. Since catch limits are binding in most major commercial fisheries,
they will be treated here as control variables.  See OECD 1991 for a description
of the magnitude of the excess harvest capacity of member nations.!

Managers are restricted in their choice of catch limits by the relationships
governing the growth of populations; by the interactions among species and
between age classes  e.g. predation, competition, cannibalism!; and by techno-
logical interactions due to the imperfect selectivity of fishing gear. Two ap-
proaches are used to model these relationships and interactions: structural and
time series analysis. The structural approach to modeling begins with the
premise that the nature and form of causal dynamic relationships is known and
that model parameters can be estimated directly from observed data. The time
series approach considers the nature and form of interactions and dynamic
processes to be unknown, while maintaining that the behavior of the system is
correlated with itself through time and that the form and magnitude of these
correlations can be determined from the observed data if the processes that act
to generate the data are stationary.' Criddle and Havenner �991! introduced a
hybrid structuraVtime series model which approximates the  nonlinear! causal
relationships with a polynomial expansion and models unobservable dynamic
processes with a state space time series model.

The optimization model developed in this paper incorporates the approach
used by Criddle and Havenner �991! to model stock dynamics. Because the
structuraVtime series model of population dynamics is not well known, the
next section of this paper will summarize work originally reported in Criddle
and Havenner �991! and Criddle �991!. The structuraVtime series model is
extended to address the effect of environmental factors. A constrained dynamic
optimization is developed in the second section. The model is solved for
relationships which describe the interplay between stock abundance and har-
vesting and characterize optimal harvest rules. The final section reports an
application of the model to Pacific halibut and yellowfin sole in the Eastern
Bering Sea.

' For a time series to be stationary, the loint distributions of the processes governing x and y must be
independent of time. That is, the form of the important dynamic linkages does not vary depending on the
time period.
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A Structural/Time Series Approach to
Modeling of Population Dynamics

The diversity of models describing the dynamics of natural population seems to
indicate that the processes involved are unknown. In fact, the processes gov-
erning population dynamics are well known. The biomass of individual age
classes changes over time as a result of metabolic growth, predation and other
natural mortality, and harvesting. Growth and recruitment are tnfluenced by
environmental factors such as water temperature, ice cover, and primary pro-
ductivity. Except during periods of starvation, biomass strictly increases
through time as a function of growth, and declines as a function of predation,
harvesting, and natural mortality. The net impact of these processes is that the
biomass of each age class first increases, and then decreases over time. These
age-class specific dynamics of associations of species can be represented with a
vector difference equation

x, =Glx, �xt, r ".,x,," l+F y,, y,, y, l � h, h �!
or

x, = G i!+F  ~ ! � h,,
where

x, � =  x� t!x,, , "t!,, "x t,!," xt.!,,", x t!!
and

h, � =  h� t!,h "., t!�.,h"�, t!,ht",, t!,,".,h  t!!

and where x,. t! is the biomass of the jth age-class of the ith species in time
period t, G +! is a nonlinear function of lagged biomass, embodying the effects
of metabolic growth, predation, natural mortality, and recruitment, F o! is a
function  nonlinear! representing the effects of environment variables  y,!, and
the h,  t! are age-class and species specific fishing removals in time period t.
There are c, age-classes in each of the s species. Equation  I! states that the
biomass of each age-class of each species at any point in time depends on its
own past biomass, the biomass of other nonspecific age-classes, the biomass of
related species, past variation in environmental variables, and on the level of
fishing removals. Fishing removals sum directed and incidental catch.
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The difficulty in modeling populations is that while fishing removals are
observable, environmental factors are measurable, and current abundance or
biomass can be sampled, the forms of G +! and F +! are unknown. That is, the
mechanisms of growth, predation, cannibalism, natural mortality, and recruit-
ment are not directly observed. Moreover, the role of environmental factors in
determination of these unobserved processes also is unknown. There are two
approaches to formally treat G o! and F i!: They can be specified as known
functions of observable variables  structural modeling!, or they can be modeled
using procedures based on the stationarity of the primary series  time series
analysis!.

Structural models require prior specification of causal relationships and
dynamic linkages and provide forecasts that are conditional on the correctness
of the maintained specifications of G +! and F i! . Time series models provide
forecasts that are conditional on the assumed stationarity of the forecasted time
series, but do not require prior specification of the l'orm of dynamic linkages.
When causal relationships are unknown and dynamic linkages are important,
time series procedures can have advantages over the structural approach.

Criddle and Havenner �991! suggest approximating the unknown function
G +! with a lagged polynomial.

o  ~ !=p,+p,: +

where Pz, P,, and P2 are coefficient matrices to be estimated. The superscript T
will be used to denote matrix transposition. The function G +! can be approxi-
mated to any desired level of precision with a lagged polynomial of sufficiently
high degree of polynomial and sufficiently high order lag. The impacts of past
environmental factors on current biomass could be approximated by expanding
F +! in a parallel manner.

For example, a second order  quadratic! approximation of G +! with tl
significant lags and no significant environmental factors can be written as

Fora single spectesmodelwdthti= i, the polynomtalexpanstonof G a! is G x, >!: po+ ptx t+ p,x, +-"
i2'! where the P, are scalars
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t � 1

X, 2

Xt-3

t � 1

t-2

X, 3

1

Xt

x,=p,+p, x,, +Dp,
�!

t-q

where  , is the approximation error and D, is a diagonal matrix composed of
lagged values of x. In general, gt is a serially correlated nonlinear function of the
stochastic process P�and is itself stochastic. If omitted higher degree polyno-
mial terms are important, ordinary least squares estimates of the coefficient
matrices po, pn and p2 will be biased. Criddle �991! notes that a test on the
significance of Po is an approximate test on the significance of omitted higher
degree polynomial terms. If the elements of Po are not significantly different
from zero, the approximate model cannot be distinguished from the next
higher degree polynomial approximation on the basis of the information con-
tained in the data. Because there is no requirement that species  or age classes!
exhibit identical dynamics, one species' dynamics might be represented ad-
equately by a first order approximation, while the representation of another
species' dynamics might require second or higher order terms.

A drawback to this approach is that the number of coefficients to be
estimated in equation �! can be very large. In pract.ice, additional restrictions
may need to be imposed on the elements of the P, Other modeling approaches
also restrict the set of parameters to be estimated. These restrictions either are
imposed without prior testing, or are contingent on the results of hypothesis
testing, as here. For example, in age-structured models, it is frequently assumed
that the transition parameters are time invariant  see, for example, Getz and
Haight [1989]!. Similarly, many models impose prior restrictions on the time
lags to be included. Delay-difference models typically include the immediate
past lag of biomass and one distant lag of biomass as a proxy for recruitment,
while excluding all intervening lags, even though sexually mature individuals
may spawn repeatedly. Because of the complexity of ecological linkages in
multispecies  age-class! models, there is considerable uncertainty about the
potential importance of various lagged interactions and little grounds for prior
restrict>on of coefficients.

Criddle �991! employs a pretest algorithm developed in Wegge �978! to
select additional restrictions on the coefficients of the approximate structural
model  equation [3]!. The algorithm, constrained indirect least squares
 CIDLS!, sequentially pretests overidentifying restrictions. Although sequential
pretesting constrains the likelihood function, a Wald test is used to ensure that
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only those restrictions which do not lead to a significant increase in the value of
the concentrat.ed log likelihood are accepted.

Criddle and Havenner �991! respecify the relationships tn equation �! as a
system of three matrix equations:

�!

F, =Cz, +e�
�!

z�, = Az, +Be,, �!

where equation �! represents the first order dynamic processes in G +!, whilehigher order dynamic factors are modeled by equations �! and �!. The error E,
in equation �! includes effects due to the approximation error g, Irom equation�!, and effects due to omitted longer lags such as x, z,x, ~, ",x< q While
characterized by complex serial correlations, e, is a stattonary process. Since
even nonlinear stationary time series have linear state space representations, the
dynamic factors that are important in the residuals  e,! of equation �! can be
modeled using innovation form equations �! and �!.

Equations �! and �! can be solved for state variables 2, that represent
dynamic factors present in the e,. The latent state variables are unobservable,
but can be determined after the model parameters have been estimated. The
state variables are constructed to be minimum sufficient statistics for the past
realizations of ec The number of states can be less than, equal to, or greater than
the number of series modeled depending on the degree to which the series are
correlated and on the complexity of the underlying dynamics. Dynamics of the
state variables are described by equation �!, which is written as a first order
difference equation because it is possible to augment equations �! and �! to
first-order by defining states equal to the lag of other states. The matrices A and
B represent the intertemporal dynamic linkages between state vanables. The
deterministic component of system dynamics are embodied in A, while B is
analogous to the Kalman filter update matrix. Since the states extract all of the
information in the past, only serially uncorrelated innovations  e,! orthogonal
to the states remain. The solution to equations �! and �! is developed in Aoki
�990! and in Aoki and Havenner �991!.

Because the E, are correlated contemporaneously, ordinary least squares
estimates of the coefficient matrices Pz, P>, and Pz are inefficient. If it is
assumed that the e, are normally distributed, that is, e, -Ntp�h!, efficient
estimates can be obtained by using an iterative approach to solve for the error-
covariance matrix A and generalized least squares estimates of the coefficient
matrices Po, P,, and Pz. The error-covariance matrix A is unknown, but can be
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�'!

q, =Cz, +e� �'!

z�, = Az, +Be,, �!

where

X, P 0
, and the P. =

y, y, 0 0
x, =

Although the notation in equation �! is unaffected, the number of state
variables and dimension of the coefficient matrices may be changed. Because
the manner in which past environmental factors influence current biomass is
uncertain, it seems particularly appropriate to treat the effects of environmental
factors as latent processes.

expressed as a function of the coefficient matrices C and A, and the covariance
between z�, and er An estimate of A based on estimates of the coefficient
matrices can be used to obtain revised estimates of the coefficient matrices in
equation �!, which, in turn, can be used to obtain revised estimates of the
coefficient matrices in equations �! and �!, which can be used to obtain a
revised estimate of d,, etc. The entire system  equations [4], [5], and [6]! must
be solved iteratively.  See Criddle and Havenner 1991 or Dorfman and
Havenner 1991 for an alternative procedure.! With estimates of Po, P,, P>, A, B,
and C, and a set of initial conditions zo, equations �!, �!, and �! can be used
to generate forecasts of x�r

The role of environmental factors in determining the present condition of
the stocks was discussed in the introduction and represented in equation �!,
but ignored in the specification of equations �!, �!, and �!. Environmental
factors y, could enter equation �! as determinants of the form of G +j or as
separable effects modifying current biomass, F I!. Alternatively, the environ-
mental factors could be considered as contributors to the dynamic factors
present in the er This latter perspective suggests augmenting the vector e, with
the vector of environmental variables y, and usrng the state variables z, to
represent the dynamic effects of past environmental conditions. The augmented
approximate structuraVtime series model can be rewritten as:
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Optimal Control of Populations Described by
Structural/Time Series Models

The difficulty with managing fisheries can be attributed to the absence of a
clearly articulated and broadly accepted objective criteria, the need to make
decisions without cunent information about the condition of the stock, impre-
cise measurement of stock condition, and a very limited selection of policy
instruments. Furthermore, stock condition is influenced by many factors that
cannot be controlled by the policy instruments available to managers. In fact,
the influence of the principal management tool, controls on directed and
incidental catches, may be dwarfed by the impacts of environmental conditions
and trophic relationships. Finally, the impact of current management decisions
on stock condition rs delayed by lags in the implementation of policy  due in
part to nonfication requirements!, and by lags in the effect of policy due to
population dynamics.

It will be assumed here that fisheries managers are charged with rnaximiza-
tion of the total benefit derived from the fishery. They are constrained in the
maximization of total benefit at each point in time and through time by the
dynamic relationships governing the stocks and describing the impact of poli-
cies. If benefit is dependent on the magnitude of fishing removals and the
condition of the stocks, the constrained objective is

Max 9 = z J x�h,!,
~=0 1+ r

subject to

c, =Cz,+e�

z�, = Az, + Be,.

�!

Solution of this constrained dynamic optimization model is simplified if the
errors e, and innovations e, can be expressed in terms of the estimated coeffi-
cients Pz, Pn Pz, A, B, and C, and the choice variables.

The vector e, can be eliminated by combining equations �! and �!, to
obtain:

x, = P, + P,x,, + D�,,>P,x,, � h,, +Cz, +e,.  8!
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Dorfman and Havenner �991! suggest an approach for eliminanng the
current innovations e, from equations �! and  8!. First, backdate equation  8!
and solve for e,, in terms of the known coefficients, and past values of the
states and choice vanables:

et, =x,,� P,� P,xt z � D o»P,x<, �+h,,� CZ,,  8'!

Next, backdate equation �! and replace e, n yielding:

ZAZ«+B x«P«P«x«D«««P«x«+hCZ«! tt«I
Finally, replace the current states z, in equation  8'! with the expression on the
right side of equation �'!, and eliminate the current innovations e, by replacing
them with their expected value. The resulting equation is

, = P, + P,x,, + D���P... + CB x,, � P�� P... � D���P,x,!,
� h,, +CBh,, +C A � BC!z

The dynamic optimization can now be written as a deterministic control model:

I

Max Zt = g f x�h,!,
t«o 1+r

�!

subject to

x:  I CB!Pt«+  P«+ CB!x «+ D t ««P«x
CB P«x «+ D t «!P«x «! I««+ CBI« «+C A BC!Z

ZBxBPB P«x«+D«««P«x«!+Bh«+ ABC!Z« t6!
One technique for solving this dynamic optimization relies on respecifica-

tion of the objective function in Lagrangian form. The Lagrangian 4 is formed
by embedding equations  8"! and �"! into the objective function �!:
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x, �    � CB!P,

 � P +CB+D  , . !P!!x,  -
+CB P, + D  ,�,!P,!x,,
+h , � CBh  2

� C A � BC!z,,Max C = g f x�h,!

z, � Bx,, +BPo

+B p, + D��,!p,!x,,
� Bh,, �  A � BC!z

+CO,

� 1�, + B"C'1�, + B'co�,
c1h, t2!h, �0!

2, + P,'+ B'C'+ 2P,'D�,  !!iL� 
 

 P,'B c � +2P,'D���B"c 
�! �1!

dh = x, �    � CB!P, �  P, +CB+D��,!P !x,,

+CBPiX  2 + CB13xit � 2!P2

+h,, � CBh,, � C A BC!z�
�2!

The variables 2,, and co, are the Lagrange multipliers or co-states on the stock and
state dynamics equations, respectively. The Lagrange multipliers describe the
effect of changes in x, and z  on the value of the objective function. Since 1  and
co, map from quantity space into benefit space, they also are referred to as
shadow prices. The first order of necessary conditions for an optimal solution to
equation  9! require that the partial derivatives of the Lagrangian, with respect
to h�x,, xl ! co�and z�equal zero. The partial derivatives of equation  9! are:
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That is, the steady state harvest depends on the deterministic relationships
described by the second order approximate model  equation [0]! and a func-
tion that adjusts for recent deviations from the steady state stock.

Although the form of the benefit function 9 has not been specified, it can be
characterized as satisfying:

89� 89� 8'9� 8'9�
Bx, 'dh, ' dx, ' 8hz

and

8 9 8 9

dx,h, Bh,x,

That is, increases in abundance or catches will result in increases in the benefit
function. However, the incremental benefits derived from increases in abun-
dance or harvests decline as abundance and harvests increase. Increases in

abundance also result in increased benefits by reducing harvest costs.

Pacific Halibut and Yellowfin Sole in the Eastern
Bering Sea and Aleutian Islands

There are many potential interactions between the Pacific halibut and yellowfin
sole. Halibut and yellowfin sole may share common predators or prey. Halibut
may prey on juvenile yellowfin sole. Environmental conditions favorable to
halibut might be favorable or unfavorable to yellowfin sole. Since halibut are
harvested as bycatch in the yellowfin sole fishery, increases in yellowfin sole
abundance accompanied by increased catches of yellowfin sole might result in
increased bycatch of halibut leading to a decrease in halibut biomass.

Coefficient estimation was based on the 17 annual observations of catch and

biomass listed in Table 1. Estimated landings and biomass for management area
IV halibut are from Sullivan et al. �992!. Catches and recruited biomass

estimates for yellowfin sole are adapted from Wilderbuer �992!.
A first order linear approximate model was estimated using seemingly unre-

lated regression  SUR!. Because the intercept in the halibut equation was
significantly different from zero, while that of the yellowfin sole equation was
not, the model was respecified as a restricted quadratic approximate model,
and coefficients were reestimated. The estimated restricted approximate struc-
tural model is:
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Table 1. Biomass and landings of Pacific halibut and yellowfin sole in the Eastern
Bering Sea and Aleutian Islands.

CatchBiomass
Halibut Yellowfin sole

 million lbs!  million t!
Yellowfin sole

 million t!
Halibut

 million lbs!

Adapted from Sullivan et al. �992l and Wilderbuer �992! The values reported I'or the biomass of Pacific
hahbut represent estimates derived from International Pacific Halibut Commission population models.
Yellowfin sole biomass is denved from annual trawl surveys, except that the values for 1976, 1977, and
1978 are interpolauons of the 1975 and 1979 surveys using estimates from a cohort analysis based model.

-31.693 3.3393 0.1499
X,= + X, I

0.6135 0.0165 0.6%13

� 0.0383 0
+ X,,� h,,+8�

0 0

where the biomass vector x, is stacked; Pacific halibut, yellowfin sole. The
estimated structural residuals were used to solve for the states and coefficients

1975 23.09

1976 21.84

1977 21.40

1978 21.56

1979 22.01

1980 22.60

1981 25.40

1982 28.00

1983 30.46

1984 29.56

1985 30. 02

1986 29.96

1987 29.70

1988 27.39

1989 27.33

1990 26.03

1991 24.15

0.9725

1.2830

1.6505

1.8820

1.8665

1.8424

2. 3947

3.2753

3.9106

3.3203

2.2774

1.8664

2.4658

2.8546

2.8318

2.1838

2.3933

0.63

0. 72

1.22

1.35

1.37

0.71

1.20

1.44

4.43

3.18

4.44

5.92

7.17

4.80

5.09

5.70

6.27

0.06469

0.05622

0.05837

0. 13843

0.09902

0.08739

0.09730

0.09571

0. 10839

0. 15953

0.22711

0.20860

0. 18143

0.22316

0. 15317

0.08058

0.09614
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Table 2. Comparison of the performance of the restricted approximate and hybrid
structuraVtime series models of Pacific halibut and yellowfin sole biomass
in the Eastern Bering Sea and Aleutian Islands.

Hybrid structuraV
time series model

Restricted

approximate model
Yellowfin

sole
Pacific

halibut
Yellowfin

sole
Pacific

halibut

0.955 0.591 0.974 0.841
1.010 0.439 0.764 0.274
0.000 0.000 0.048 0.024
0.779 0.357 0.460 0.225

Root mean squared error

Average error

Mean absolute deviation

of the state space time series model. The state space time series representation
ofe, is:

� 0.5953 -0.0082
Z,+C,

-0.1614 -0.3339

0.5705 -0.8679 -0.5118 1.2719
z,t+

0.6699 0.3607 0.1169 -1.1627

Table 2 contrasts the performance of the restricted approximate and the
restricted approximate/time series models. The root mean squared errors of the
hybrid model were substantially smaller than those of the restricted approxi-
mate model �4% smaller for estimates of halibut biomass and 38% smaller for
estimates of yellowfin sole biomass!. Actual and estimated biomass are plotted
in Figure 1.

The Lagrangian function for this example is:
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Pacific Halibut
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sciusl esiimied
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1976 197S 1980 1982 1984 1986 19881990 1992
~ sctusl estimated

Figure I. Biomass of Pacific halibut and yellowfin sole in the Eastern Bering
Sea and Aleutian Islands.
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"" x, -21.61

""x, 1.88

3.64 � 0.60 "x,,
+0.04 'x,',

0.06 0.83 "x,,

1.00 � 0.44 "'xf z 0.012h' xf-2

+ 0.15 0.12 "x,, 0.002h'x,',f=o f=o

'h,, 0 30 � 075 'h,,

+ ~h,, 0.04 0. 18 "'h,,
� 0.29 0.27

� 0.26 0.08

� 0 51 1.27 h" x,,

0.12 � 1.16 "x,,
hal

x,0.74� 1.69

0.37
yis

f-2� 0.73

1.27 "'h,, 0.47
+g,�

� 1.16 '"'hf, 0.55

� 0.51

0. 12

The steady state stocks and harvests can be determined from the first order
conditions for the maximization of 4. These conditions can be reduced to a

system of four scalar equations:

= � 2.3392 0.0165 + 0.0765 "x
Qhaf Qhafb jyfsb ghaQ

= -0.1498 + 0.3586
gyfs ghafb jyfsb

� gN,
f=o

17.00

� 4.42

P.P2" x'

+ � 0.01 x, 2
� 0.45

� 0.03
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""'h = 2.3387"'x+ 0.1'}99rax � 0.0383""x' � 31.693

""h = 0.0165 'x � 0.3587'"x+ 0.6135

with four unknowns.

If the benefit function 9 is described by

t

 TR, � TC!,
t=0

0=pl x +f2 x � p~

" x = p4 + ps x,

'h = 2.3387""x+ 0.1099'ax � 0.0383"'x' � 31.693

'"h = 0.0165"'x � 0.3587"x+ 0.6135

where

p, � = 0.1107O�,

� 14980I~ 4 0 0 167Ott !
P, = � P, + TOtt f.67790

8�+0.7 7 o"z,

s Catches of Paciftc hahbut in the Eastern Bering Sea are a mtnor component of total catches offshore of
Alaska. Although substantial numbers of yelfowfin sole are harvested from the Eastern Bering Sea, it is a
low valued fish with numerous close substttutes.

where Pt is the price at which fish are sold, and 0, and 8, are the costs of fishing
effort, and prices and the cost of effort are exogenous,3 the first order condi-
tions for maximization of 9 are:
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P3 2 3392/ + 0.0 1 65fz + 8  3 1 68708]z

0.10998,z O. 1 l98$, � 0.3586$,

+0.01658�+8, + 0.61088�
+

282/ + 0 7 1 73Q

0. 1't98$,. � 0.3586$, + 8, + 0.6108821
28�+ 0.71738�

and

0. 1'f988�+ 0.0167Q�
28�+ 0.71738

Given expected prices and costs for effort, the solution can be obtained by
first solving for the steady state halibut biomass, using halibut biomass to
determine the steady state biomass of yellowfin sole, and using the steady state
biomass for both species to determine the steady state harvest levels.

Conclusion

The dynamic optimization model developed in this paper includes a discrete-
time model of population dynamics that closely tracks the past realizations of
biomass and is amenable to control. The model of population dynamics con-
sists of a representation of the deterministic relationship between past and
present biomass, and a state space time series representation of latent processes.
Since the true form of the deterministic relationship between past and present
biomass is unknown, a polynomial expansion is used to obtain a consistent
approximation of the true relationship. Statistical tests are used to ensure that
the higher order nonlinearities omitted from the model would not significantly
improve model fit to the past data. The approximate structural model can be
restricted further through tests on the significance of individual coefficients in
the approximate model. For simplicity, the approximate model was specified
with past biomass represented by a single lag. Additional lags could have been
specified. The role of biomass in more distant periods lags in the determination
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Simulations of fisheries management typically have incorporated short-term
recruitment fluctuation and assumed that variability in abundance is tempo-
rally uncorrelated. Actual abundance time series indicate the presence of
autocorrelated variability, or red noise. In this study, long-term changes in
abundance were modeled by incorporating red noise into a depensatory sur-
plus production model. A deterministic form of the model illustrated that the
movement from high to love equilibrium states observed for Georges Bank
haddock, Melartogrammus aeglefinus, can be explained by increased fishing and
depensatory predation. With the inclusion of red noise, increased fishing
reduces the level of environmental perturbation required to move the system to
its low equilibrium state, while increasing the amount of environmental amelio-
ration required to flip the system to its high equilibrium state. This illustrates
how fishing can hasten the collapse and prolong the recovery of a fishery. A
simulation model tuned to the dynamics of Pacific herring, Clupea pallast, in
Sitka Sound, Alaska, was used to compare harvest strategies. A constant escape-
ment strategy produced slightly higher yields than a constant harvest rate
strategy, although the standard deviations of yield were approximately twice as
large. Standard management strategies should be sufficient to respond to
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abrupt changes in population size; however, delays between assessment and
establishment of total allowable catch can severely impair management perfor-
mance and may lead to severe stock depletions.

Introduction

The theory of fisheries population dynamics originally was derived with deter-
ministic, single-species models  Beverton and Holt 1957; Schaefer 1957!. How-
ever, the large variability in catches and stock-recruitment relationships has
limited the uttlity of classical theory. The influence of environmental variability
on management strategies recently has been recognized. For example, maxi-
mum sustained yield, as defined by the North Pacific Fishery Management
Council, is an "average over a reasonable length of time of the largest catch
which can be taken continuously under current environmental conditions"
 North Pacific Fishery Management Council 1992!. Defining current environ-
mental conditions and their effect on the performance of harvesting strategies is
thus of considerable importance.

Much of the variability in abundance of many fish populations can be
attributed to recruitment: the entry of young fish into the exploitable popula-
tion. Recruitment is often correlated with some environmental variable, though
mechanistic linkages remain elusive. Recruitment fluctuations propagate into
fluctuations in total abundance, damped by population age structure. Simula-
tions of exploited populations often assume that variations in recruitment
and/or abundance are random and uncorrelated with t.ime. Beddington and
May �977! demonstrated that stocks harvested near the point of maximum
sustained yield are more likely to collapse when forced with random environ-
mental variability.

Many studies have modeled the variability as random, uncorrelated "white
noise," although time series of recruitment of marine fish olten show periodic
behavior  Cushing 1982; Koslow et al. 1987!. Koslow �989! demonstrated
that simulated populations forced with cyclic variability had increased variance
of yield and higher probability of low stock sizes as the period and amplitude of
an environmental cycle increased. In additton, sensitivity to environmental
cycles greatly increased as the cycles grew longer than the generation time of
the fish.

The nature of environmental variability has implications for optimal harvest-
ing strategies. Harvest strategies that have been widely applied to fish popula-
tions are constant escapement, constant harvest rate, and threshold policies.
The constant escapement policy seeks to maintain the stock at a target level by
harvesting all fish in excess of the target and by not harvesting if stock size is
below the target. The constant harvest rate policy removes a desired fraction of
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the stock each year. The threshold policy is intermediate between the constant
escapement and harvest rate policies. If abundance is below the threshold level,
there is no harvest; above the threshold, a constant harvest rate is applied
 Zheng et al. 1993!. Under the constant harvest rate strategy, a population
forced with periodic environmental variability produced lower yields and in-
creased variance, compared with the same population forced with random
variability  Hall et al. 1988!. If the random fluctuations are caused by a regular
but unknown environmental cycle, the optimal strategy is a constant harvest
rate  Koslow 1989!.

Optimal time-variant harvest strategies have been determined with dynamic
programming. If the underlying environmental cycle is known, escapement can
be adjusted in anticipation; the nature of the change depends on the manage-
ment objective  Parma 1990!. A risk-neutral manager changes the target stock
size in phase with the environmental cycle, amplifying changes in abundance.
The risk-averse manager adjusts the escapement target to dampen abundance
variation in a pattern that closely resembles a constant harvest rate policy
 Parma 1990!. Unless the correlation between fish abundance and the known
environmental factor is quite high  >0.8!, it may be better not to adjust the
target stock size in response to present or anticipated environmental conditions
 Walters 1989!.

Anoxic sediment cores and commercial fishing data have revealed that many
pelagic fish populations alternate abruptly between periods of high and low
abundance  Souiar and Isaacs 1974; Cushing 1982!. For example, the herring
population in southeast Alaska has had two cycles of high and low abundance
since 1929  Figure I!, and all declines and recoveries have been quite abrupt.
Steele and Henderson �984! hypothesized that such populations have a high
and low equilibrium abundance and that the transitions between equilibrium
states are caused by low-frequency environmental fluctuations. In Steele and
Henderson's model, the environmental forcing is modeled not as a simple cycle,
but as a continuous spectrum with variance decreasing with frequency  red
noise!. The variability of many oceanic properties approximates a red spec-
trum. For example, the variance of sea surface temperature anomalies in Sitka
Sound, Alaska, decreases almost linearly with frequency without significant
peaks at any frequencies  Figure 2!. Steele and Henderson demonstrated that a
simple population model, forced with red noise, will flip between high and low
equilibrium levels. They predicted that fishing would increase the frequency of
abundance flips, though this was not modeled explicitly.

The purpose of this study is to investigate the effect of harvesting on the
population dynamics of a multiple equilibrium model forced with red noise
and to seek optimal' harvesting strategies. First, we analyze the equilibrium
behavior of the population model with harvesting. With Monte Carlo simula-
tion, we investigate the dynamic behavior of a hypothetical population and one
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Figure L Top: Sea surface temperature in Sitka Sound, Alaska. Bottom: Pacific herring
abundance in southeast Alaska. Biomass was reconstructed with cohort analysis of
datafrom the reduction fishery  Vidar Wespestad, National Marine Fisheries Service,
Seattle, WA, personal communication!. The miles of spawn from aerial surveys of
Sitka Sound were scaled to the biomass data.
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Figure 2, Smoothed sample spectrum of monthly mean sea surface temperature anomalies in
Sitka Sound, Alaska, 1944-1990  Zebdi and Collie 1992!. The spectral units are
 'C
 x month.

with parameters similar to Pacific herring, Clupea pallasi. Finally, we compare
the results of the harvest policy analysis with results obtained with other
population models and differing assumptions about environmental variability.

Methods

AP P CP'
� =rP 1 ��
dt K D'+ P'

where r represents the intrinsic growth rate, K is the carrying capacity, C is a
consumption rate, and D relates to the prey  P! density at which predator
satiation occurs.

We used a logistic model with a Type III predation function  Holling 1965! to
model changes in abundance. Models of this type have been useful in describ-
ing the population dynamics of a variety of species, including the spruce
budworm  Ludwig et al. 1978! and Pacific salmon  Peterman 1977!. The
model is:
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To illustrate the qualitative properties of the model in dimensionless units,
we set r = D = 1, reducing the parameters to K and C. Equilibrium points exist
where the rate of production equals the rate of predation  Figure 3!. The
equilibria were found by setting the rate of change to zero and using a root-
finding algorithm  Mathcad 1989! to find values of P that satisfied the resulting
cubic equation. Triple-value solutions  three non-zero values of P that satisfy
the cubic equation [1] when the rate of change is zero! exist for some combina-
tions of parameters K and C. We mapped the C-K parameter space by solving
for the boundaries of the triple-valued region for a range of K values from 0 to
40  Figure 4!.

We included harvesting in equation �! by assuming that the rate of loss due
to fishing was proportional to density  P! with fishing mortality F:

dP P l P CP
dt K D'+ P' �!

Equation �! is the Schaefer �957! biomass dynamic model with depensatory
predation. The behavior of equation �! was investigated with an equilibrium
analysis similar to that for the model with no fishing.

10

6
U

0
4

302010

Population density

Figure 3. Production  broken line! and combined predation and fishing mortality
functions  solid lines! at three levels of ftshing mortality. Stable �! and
unstable  x! equilibria occur where the functions intersect.
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Figure q. The triangular regionsindicate combinations of K and C, where triple-value solutions
to equation �! exist for F = 0.0, 0.2, and 0.9.

The shift from high to low equilibrium levels was illustrated with data on
Georges Bank haddock, Melanogrammus aeglefinus, a heavily exploited demersal
fish species in the northwest Atlantic. The haddock fishery expanded with the
advent of distant water fleets, after which catches initially increased, but soon
declined to low levels and have not increased  Fogarty et al. 1992!. Equilibrium
yield curves were constructed by solving equation �! for equilibrium values,
P,�, over the range of fishing mortalities observed for Georges Bank haddock.
Equilibrium yield, Y,�, was defined as:

Y�= FP�F = �.0,0.01,...,0.66!. �!
Estimation of the parameters of equation �! is more difficult than for the

standard Schaefer model because of the extra parameters and the need for a
root finder to solve for equilibrium yield. We therefore produced a qualitative
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rather than a statistical fit of equation �! to the haddock yield data. The
intrinsic rate of growth, r, was estimated by fitting a surplus production model
to the earlier high catches with the method of Quinn et al. �98 I!:

ASP=rB 1 ��
B

K

where ASP is annual surplus production. ASP was calculated as

�!ASP, =Y,+B�,� B,

where B, is the biomass in year t. The carrying capacity K was chosen to give a
maximum yield similar to that observed for the haddock. The parameters of the
predation function, C and D, were chosen so that the upper and lower equilib-
rium curves intersect over the widest possible range of F.

Stochastic variations were added to the mean value Co in equation �!, and
calculated with the first-order autocorrelation function:

�!i P i-1+P~i

where v, is the variation, p is the first-order autocorrelation coefficient, E is a
random variable with a mean 0 and unit variance, and p is a coefficient that
scales the standard deviation of c. We computed stochastic variability with the
autocorrelation function instead of a truncated Fourier series  Steele and
Henderson 1980! because of ease of computation and direct comparison with
other simulations that have incorporated autocorrelated noise. There is a direct
link between the autocorrelation function and the sample spectrum  Box and
Jenkins 1976!. Time series with high autocorrelations have a red noise spec-
trum, a characteristic of marine variability. For the monthly SST data, plotted as
a spectrum in Figure 2, p = 0.77.

The effect of harvesting on population abundances was investigated by
numerically integrating equation �! with the fifth- and sixth-order Runge-
Kutta method  International Math and Statistics Library 1989!. The consump-
tion rate C varied stochastically each year according to equation �!. The other
model parameters were fixed at hypothetical levels: r = D = 1, K = 30, Co � � 0,
and p = 0.95. Management performance was simulated for two management
strategies: constant fishing mortality and constant escapement. It was assumed
that the manager had perfect information about population size. We conducted
1,000-year Monte Carlo simulations varying the autocorrelation coefficient,
fishing mortality, and escapement target. The performance measures were mean
yield and variance of yield.

Finally, the stochastic version of the population model was applied to the
Sitka Sound stock of Pacific herring  Figure I!. Sea surface temperature  SST!
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explained approximately 40'%%d of the recruitment variation of Sitka herring
 Zebdi and Collie 1994!. The rate of increase  r! was estimated with an
environment-dependent stock-recruitment model; K was scaled to match the
biomass estimates from 1956-1991. The first-order autocorrelation coefficient

of the random fluctuations was set to 0.6, which is in the range of values
calculated from time-series of SST data in the North Pacific  Davis 1976; Zebdi
and Collie 1994!. Fishing mortality, F, was assumed to be 0.2, an average value
during this period. The remaining parameters  Co, D, and p! were tuned to
obtain a simulated abundance pattern similar to that exhibited by Sitka Sound
herring.

We did not attempt a statistical fit of the model because of the difficulty of
obtaining unique estimates of all parameters  r, K F D Pp Co! and a limited
time series of biomass estimates. In a simpler biomass dynamic model, the
method of time-series fitting remains the best method of parameter estimation
 Hilborn and Walters 1992!. In this method, the model is used to predict the
entire time series, and the parameter estimates are chosen to minimize the sum
of squared deviations between the observed and predicted btomass. Because
the model is used to predict the time series, the change in biomass must be
defined explicitly without random error  the difference between the predicted
and observed values is attributed to observation error!. In our example, the
time variant, pseudo-random changes in C violate this assumption. Also, the
level of confounding between parameters in a simple biomass dynamic model
can be extensive  Hilborn and Walters 1992!; the addition of the parameters in
the depensatory mortality term further complicates estimation. Finally, a long
time series of biomass estimates is critical to parameter estimation because of
the direct comparison between the predicted and observed values; the time
series of herring biomass estimates is 36 years long, limiting the efficacy of the
time series method. For all of these reasons, we chose parameters that tuned the
model to the available herring biomass estimates.

Monte Carlo simulations were performed to compare the performance of
constant harvest rate, constant escapement, and threshold management strate-
gies. The threshold level used in simulations was 6.8 kt  thousand metric tons!,
which is the level used by the Alaska Department of Fish and Game to manage
Sitka Sound herring.

Results

The triple-value solutions to equation �! comprise high and low stable equilib-
ria and an intermediate unstable equilibrium  Figure 3!. For a given value of K,
one can increase C from a single, high equilibrium point to the triple-value
region  where the population remains at the high equilibrium! to the boundary
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of the triple-value region  Figure 4!. Further increases in C shift the population
from the high to the low equilibrium level, following a pattern referred to as a
"cusp catastrophe"  Murray 1989!. Harvesting reduces the area of the triple-
value region and shifts it downward  Figure 4!, increasing the probability of
moving from a high to a low equilibrium point in response to environmental
fluctuations. For example, an unharvested population that initially is at a single
high equilibrium level could enter the triple-value region with the onset of
fishing. A further increase in fishing mortality could move the population to a
single low equilibrium level.

The deterministic form of the model describes the movement from high to
low equihbrium observed in the Georges Bank haddock fishery  Figure 5!. The
estimated model is:

4

� = 0.66P 1, FP.
df 300 1,000+ P' �!

Note that the order of the predation term was increased from 2 to 4 to produce
a more steeply ascending S-shaped predation function. The earlier, productive
phase of the fishery is described by the upper equilibrium curve, which begins
at the origin and reaches a maximum at F = 0.31. The system shifts from the
upper to lower equilibrium at F = 0.50. The lower equilibnum curve is defined
for values of F between 0.34 and 0.66. Thus, once the fishery reaches the lower
equilibrium level, a reduction in fishing mortality below 0.34 is necessary to
return to the higher equilibrium in a strictly deterministic model.

The parameters of the hypothetical population are dimensionless, and there-
fore the time units are arbitrary. The effect of increased harvesting with the
stochastic form of the model was an increased proportion of time spent at the
lower equilibrium level  Figure 6!. The number of shifts between equilibria
increased as F increased from 0.0 to 0.1, whereas at F = 0.3, the population
remained largely at the low equilibrium with infrequent outbreaks.

Mean yield was a function of the intensity of harvesting and the degree of
autocorrelation in the environmental fluctuations. For a given p value, in-
creased fishing moved the system to the lower equilibrium level, as observed
with the deterministic case. For example, a shift from the high to low equilib-
rium level occurred when fishing mortality was increased from 0.1 to 0.2 at
p = 0.5; a decreased p resulted in this change occurnng at F = 0.3  Figure 7,
Table 1!. The shift from high to low equilibrium levels is reflected in corre-
sponding reductions in average yield  Figure 7!. For a given level of fishing
mortality, there is a critical p level at which the population flips from high to
low abundance, causing mean yield to decrease  Table 1!. This critical value is
analogous to the critical frequency in Figure 4 of Steele and Henderson �984!.
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Pre 1965 ~ Post 1966
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Figure 5. Top: Yield of Georges Bank haddock as a function of fishing mortality,
omitting the very large harvests in 1965-66 tfrom Fogarty et al. 1992!.
Bottom: Upper and lower equilibrium yield curves predicted by equation
�!. Model parameters were r = 0.66, K= 300, C = 3, and D~ = 1,000.
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Figure 7. Simulated yield, averaged over 1,000 time steps, as a function of the correlation
coefficient and fishing. Top: Constant escapement strategy. Bottom: Constant fishing
rate strategy. parameters of equation �! were r= D=1, K=30, Cz � -4, and @=095.
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Table 1. Simulated performance of the constant fishing mortality strategy over
1,000 time steps. Performance measures are mean catch, variance of
catch, and number of flips between equilibria per 1,000 years. Model
parameters were K = 30, Cz � � 4, p = 0.95, and > = D = 1.

Fishing mortalityAutocorrelation

coefficient 0.30.1 0.2

p= 0.1
Mean catch 0,08

0.08
1

0. 11
0.16
1

0.08
0.08
1

3.37
0.07
0

2.14
0.01
0

variance
flips

p = 0.2
Mean catch 0.08

0.08
1

0.08
0.08
1

0.11
0.16
1

3.36
0.08
0

2.14
0.01
0

variance
flips

p = 0.3
Mean catch 0.08

0.08
1

0.08
0.08
1

2.14
0.01
0

0.11
0.15
1

3.35
0.1
0

variance
flips

p = 0.4
Mean catch 0.08

0.08
1

0.08
0.08
1

0.1
0.14
1

2.13
0.02
0

3.33
0.14
0

0.08
0.08
1

0.09
0.08
1

0.1
0.13
1

0.63
1.59
1

2. 13
0.02
0

0.08
0.08
1

0.09
0.08
1

0.62
1.54
1

2.13
0.03
0

0.1
0.12
1

0.09
0.08
1

0.09
0.08
1

0.1
0.1
1

0.1
0.1
1

2.12
0.05
0

0.09
0.08
1

0.1
0.08
1

0.11
0.1
1

0.41
1.08
3

1.44
0.98
2

0.69
2.76
7

0.35
1.21
7

1.21
2.99

11

1 62
0.84
6

0.97
342

13

variance
flips

0.5
Mean catch
variance
flips

0.6
Mean catch
variance
flips

0.7
Mean catch
variance
fl>ps

0.8
Mean catch
variance
flips

0.9
Mean catch
variance
flips
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Auto correlation

coefficient

Escapement
201913 1610

p= 0.1
Mean catch
variance
flips

p = 0.2
Mean catch
variance
flips

p = 0.3
Mean catch
variance
flips

p = 0.4
Mean catch
variance
flips

p = 0.5
Mean catch
variance
flips

p = 0.6
Mean catch
variance
flips

p = 0.7
Mean catch
variance
flips

p = 0.8
Mean catch
variance
flips

p = 0.9
Mean catch
variance
flips

2.22
0.6
0

1.25
0.5
0

2.98
0.68
0

3.44
0,08
0

3.43
0.99
0

2.51
1.39
1

1.25
0.49
0

2.99
0.69
0

2.22
0.59
0

3.45
0.82
0

3.43
1.04
0

2. 14
2.07
1

1.25
0.5
0

2.23
0.69
0

2.99
0.71
0

3.45
0.86
0

3.43
1. 11
0

0.23
0.68
1

1.26
0.52
0

2.23
0.64
0

2.99
0.75
0

3. 45
0.92
0

3.43
1.22
0

0.23
0.7
1

1.26
0.55
0

2.23
0.69
0

2.99
0.83
0

3.43
1.39
0

3.45
1.03
0

0.23
0.72
1

1.27
0.62
0

2.23
0.79
0

3.45
1.21
0

3.43
1.68
0

0.23
0.76
1

2.99
0.95
0

1.28
0.72
0

2.24
0.95
0

2.99
1.17
0

3.45
1.51
0

0.27
0.93
1

0.27
0.93
3

1.31
0.92
0

3.00
1.59
0

2. 13
4.65
7

2.25
1.26
0

3.01
3. 23
2

0.75
2.74
9

2.27
2.0
0

2.93
4.66
4

1.37
1.38
0

2.76
3.24
2

2.05
6.38

10

1.54
6.02
8

Table 2. Simulated performance of the constant escapement strategy over 1,000
time steps. Performance measures are mean catch, variance of catch,
and number of flips between equilibria. Model parameters were
K = 30, Cz � - 4, p = 0 95, and r = D = 1.



Collie & Spencer ~ Long-Term Environmental Variability

� = 0.6P 1,, 0.2P
dt 90 15'+ P'  8!

with the v term estimated as

 9!v, = 0.6v,, +15',.

The final set of parameter estimates did not lie in the triple-equilibrium region
of C-K parameter space; thus, in our herring model, there is only a single
equilibrium level which varies with the level of C, in equation �!. With the
additive structure of the random term in equation �!, ii was possible for C, to
become negative, implying a negative predation rate. Our solution to this
apparent biological contradiction was to truncate the values of C, to preclude
negative values.

The escapement policy resulted in slightly higher yields than the constant
harvest rate policy, although the standard deviations were approximately 2
times those of the constant rate policy  Figure 9!. The threshold policy pro-
vided slightly higher yields than the constant harvest rate policy without
increasing the standard deviation except at the highest F level. Maximum
sustained yield  MSY! was 4.6 kt and ocurred at F = 0.2 for the constant harvest
rate strategy, and was 5.3 kt at an escapement level of 27 kt for the constant
escapement strategy. For the threshold policy, MSY was 4.8 kt and occurred at
F = 0.2, with no fishing at population levels lower than 6.8 kt.

For example, at F = 0.2, low values of p �.1-0.4! allow the system to remain at
the high equilibrium. Intermediate values of p �.5-0.7! shift the system to the
low equilibrium, and high values of p �.8-0.9! resulted in multiple shifts
between equilibria. This is also observed in the resulting yields, with high
yields occurring at low values of p, low yields at intermediate values, and
intermediate fields at high values of p  Table I!.

The constant-escapement strategy produced higher mean yields over a wider
range of p values than the constant-F strategy  Figure 7!. High escapement
targets allowed the system to remain in the high equilibrium condition at all
levels of p  Table 2!. As long as the escapement target is higher than the
unstable equilibrium separating the two domains of attraction, the population
will tend to spend more time at the upper equilibrium level than with the
constant-F strategy.

The pattern of fluctuations exhibited by the Sitka Sound herring stock could
be simulated with only a relatively narrow range of parameter values  Figure 8!.
The estimated model was
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Figure 8. Population abundance of Sitka Sound Pacific herring from 1956-1991  broken line!
and abundance of herring simulated with equation �3. Model parameters were
r = 0. 6, K = 90 kt, C, = 0, D = 15, F = 0.2, p = 0. 6, and p = 15.

We have demonstrated that depensatory surplus-producnon models can recre-
ate the fluctuations observed in exploited fish populations. A deterministic
form of the model demonstrated how a population could be kept at a low
equilibrium level by the combined effects of harvesting and depensatory preda-
tion. In the Georges Bank haddock example, the triple-value region contains
two stable equilibrium yields over a range of fishing mortalities  Figure 5!.
Once the system flips from the high to low equilibrium, a further reduction in
fishing mortality beyond the triple-value region is required to return the system
to the high equilibrium. The observed dynamics of the haddock fishery are at
least qualitatively similar to the equilibrium model, as fishing mortalities less
than 0.2 have not returned the population to the high equilibrium level.

As fishing mortality is increased in a model forced with red noise, the
frequency of flips from high to low equilibrium levels may increase, as pre-
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dieted by Steele and Henderson �984!, if the values of C cross the boundaries
of the triple-value region. However, the downward movement of the triple-
value region may decrease the number of flips between equilibria, as a greater
reduction in C is required to flip t.he population to the high equihbrium  Figure
4!. A greater environmental amelioration is required to flip the population back
to the higher equilibrium than in the absence of harvesting  Figure 6!. Con-
versely, the amount that environmental conditions must detenorate to move the
system to the lower equilibrium is reduced vith increased harvesting. This
illustrates how harvesting can precipitate t.he collapse of pelagic fish stocks,
such as pilchards in the North Sea  Steele and Henderson 1984! and the
Peruvian anchoveta, and is inconsistent with the notion that the collapse was
independent of fishing pressure. Even though the fluctuations are induced

0
0 2 3 4

catch  kt!
Figure 9. Mean catch and standard deviation for Sitka Sound herring stmulated with equation

�!. Management strategies were constant harvest rate  dotted line!; constant
escapement  dashed line!; and a threshold of 6.8 kt.  solid line!. Model parameters
were r = 0.6, K = 90 kt, Co = 4, D = 75, p = 0.6, and p = 15. For the constant
escapement pohcy, escapement decreases from 90 kt at the origin to 9 kt; each symbol
represents a decrease of 9 kt. For the constant harvest rate and threshold policies, the
rate of fishing increases from 0.0 at the origtn to 0.60; each symbol represents an
increase of 0.05.
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!
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C
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environmentally, fishing can hasten the collapse and prolong the time to recov-
ery, Steele and Henderson �984! noted that the frequency of flips between
equilibria in observed populations has increased since the advent of fishing.

The number of flips between equilibrium levels increased at high levels of
the autocorrelation coefficient  p!. An increase in p corresponds to an increase
in period  or decrease in frequency! of the environmental variable and results in
more variance occurring at low frequencies. Our results indicated that major
flips between equilibria occurred when the environment varied over long time
periods  Tables 1 and 2!. This is consistent with patterns observed in nature, as
shifts in recruitment are associated with large-scale environmental effects. For
example, the increase in gadoid recruitment in the North Sea has been related
to decadal changes in ocean currents  Cushing 1982!, and sardines in up-
welling regions experienced shifts occurring at frequenctes of about 100 years,
before fishing  Soutar and Isaacs 1974!.

The simulated herring population did not shift as abruptly between high
and low levels as would a population in the triple-equilibrium parameter space.
This result should not be interpreted as inapplicability of the multiple-equilib-
rium model. Rather, one would expect to see a range of dynamic behavior
depending on a population's position in the C-K parameter space. The dynamic
behavior observed may depend on our choice of model parameterization. We
incorporated environmental variability in the C parameter and truncated this
parameter at zero to avoid biologically unrealistic negative values. Alternatively,
the stochastic fluctuations can be added to the r parameter wtth equivalent
dynamic results. A negative r value implies a declining population, which can
be sustained for finite time periods. The stochastic fluctuations also could be
incorporated as multiplicative terms, ensuring non-zero parameter values. We
plan to pursue these extensions in future modeling.

The results of our simulated management strategies are quahtatively consis-
tent with other studies using simpler dynamic models. With the constant
escapement policy and the population maintained at high equilibrium, yield
remained nearly constant with increasing p, while the variance increased dra-
matically at high values of p. This pattern occurs because the increasing
variability in the population is transmitted to the catch  Hall et al. 1988;
Koslow 1989!. The preferred strategy depends on the relanve weight assigned
to mean catch and the standard deviation of catch  Zheng et al. 1993!. A risk-
averse manager should tend toward a constant-F strategy  Hilborn 1985!,
especially in the herring example where the increase in yield associated with the
other strategies is modest.

On the surface, it appears that existing, comtnonly used management strate-
gies should be sufficient to respond to abrupt fluctuations in abundance. Our
results, however, are contingent on several model assumptions that may not be
met in practice. We assumed perfect. information in the simulated management
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feedback; assessment and implementation errors degrade management perfor-
mance, especially if there is a directional bias to these errors.

An important caveat is the possibility of delay between assessment of abun-
dance and setting the total allowable catch  TAC!. In our simulations, catch was
removed instantaneously at the prescribed rate. Only with the threshold policy
was there a one-year delay between recognizing that the population was below
threshold and reducing the fishing mortality rate to zero. In many fisheries, the
TAC must be established preseason, and there is little ability to adjust it
inseason. As a result, the management apparatus lags one year or more behind
the stock, with TAC too low when abundance is increasing and too high when
the stock is in decline. The degradation of management performance could be
severe for a population that switches abruptly between equilibrium levels. In
simulations with management delay and unknown populatton parameters, the
management feedback strategy can fail and result in severe stock depletion
 Collie and Walters 1991!.

How can a fisheries scientist identify the correct parameters of a depensatory
model like equation �! 7 The Pacific herring example illustrated the difficulty of
obtaining statistical parameter estimates from a relatively short time series. The
analyst must update the parameter estimates adaptively as new data become
available, patiently recognizing that the important fluctuations occur at time
scales longer than his/her career. Applying different fishing mortality rates to
replicate stocks could help map out the domains of attraction of alternate
equilibria, as suggested by Peterman �977!.

Although marked changes in abundance should be expected, it is unlikely
that they can be predicted. The quasi-periodic environmental forcing that we
introduced into the population model is inherently unpredictable. The ocean
climate responds gradually to random shocks from atmospheric weather which
is unpredictable beyond several weeks  Hasselman 1976!. This lack of predict-
ability makes it difficult to anticipate abundance flips and to respond before
they occur. In this situation, the best management strategy is to manage as if the
prevaihng conditions will persist indefinitely, and to respond quickly when
change occurs.
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Evolution and Management
of Exploited Fish Populations
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Board on Environmental Studies and Toxicology
National Research Council, Washington, D.C.

Abstract

Proceedings of the internauonal Symposium on Management Strategies for Exploited Fish Populations,
Alaska Sea Grant College Program, AK-SG-93-02, 1993

For fishing to cause life-history traits to evolve, there must be heritable varia-
tion in the traits and and fishing must cause differential reproduction of
genotypes. A survey of evidence shows that those two prerequisites are present
in most harvested populations, and that fishing is generally selective. However,
most fishery managers have not considered the evolution of their charges,
perhaps because it is often difficult to show that genetic evolution has occurred
as a result of harvesting, even if mean phenotypes have changed. The theoreti-
cal arguments for the evolution of exploited populations are compelling; ex-
periments show that evolution occurs in selectively harvested populations; and
natural selective predation has been shown in many cases to cause evolution of
prey. Finally, data on the genetic and environmental factors affecting age and
size at maturation in platyfish suggest how evolution might occur. In a fish with
the genetic architecture of male platyfish, substantial evolution could occur in a
single generation.

Despite the difficulty of detecting and measuring evolutionary response in
commercially exploited populations, it is useful and profitable to ask about the
intensity of the selective harvest, the nature and speed of the response, and the
desirability and feasibility of managing with evolution clearly in mind. Al-
though fishing can cause evolutionary change, there is not sufficient informa-
tion available at present to do more than suggest options to managers. In
particular, fishing regulations such as size and individual catch  or bag! limits
can have unpredictable or unintended effects. However, for recreational fisher-
ies in particular, a variety of experimental approaches are recommended.
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Introduction

How Fishing Can Cause Evolution

For a fish population to evolve in response to fishing, the population must
have heritable variations and fishing must cause differential reproduction of the
different genotypes. Of the many phenotypic traits known to have heritable
variation in fishes, those related to size are most likely to be affected differen-
tially by fishing gear  e.g., Policansky 1993!. Commercial and recreational
fishing remove large proportions of fishes from many natural populations, and
rhe removal is often nonrandom. The potential of fishing gear to be size-

t 1 use the term "evolution" m this paper to mean "genetically based change in phenotype," recognizing that
the hroad sense includes nongenettc change.

Fishing is a very old human activity, and concern about ils effects also is old. As
early as the fourteenth century, people in England were concerned about the
effects of fishing with a wondyrchoum, a type of trawl with a fine mesh. They
feared that small fish were being killed in enormous numbers, to the "great
damage of the whole commons of the kingdom"  March 1970!. In addition to
the obvious concern over declines in a number of fish stocks such as Pacific
mackerel, west African sardinella, Pacific sardine, Peruvian anchoveta, and
several Georges Bank groundfish species  see Gulland 1977; May 1983; and
Wise 1991 for references to these and other species!, another likely result of
intense fishing is evolution of exploited populations as a result of harvesting,
although that often is difficult to demonstrate.

The possibility that fish populations can undergo genetically based changes
in response to fishing  and related management regimes, such as hatcheries!
recently has become more widely recognized. Because I recently have discussed
the evidence for fishing as a cause of evolution elsewhere  Policansky 1993!, I
will summarize that evidence briefly here. This paper focuses on the potential
selective effects of various management regimes and on how and whether they
should be modified to reduce or alter those effects.

The major difficulty in the detection of evolution in natural fish populations
is distinguishing environmentally based changes from genetically based
changes. The manifestations of this difficulty have been discussed in detail by
Nelson and Boule �987! and Policansky �993!. They include compensatory
growth; the fishing-up effect of Baranov �918!; migration; and environmental
changes such as changes in ocean currents, water temperature, or productivity;
environmental pollution; and introduction of exotic species.
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selective has been known for centuries. Minimum mesh sizes and minimum
size limits for various fish species � measures designed to alter the size-selectiv-
ity of fishing gear � were in effect as early as 1716  March 1970!. The literature
on gear selectivity, most of which focuses on size-selectivity, is large and well-
known. Many gears, including longlines  Myhre 1969!, electrofishing  Stewart
1975!, and trap nets  Laarman and Ryckman 1982! selectively capture larger
fish. Gillnets tend to capture fish within a particular size range depending on
their mesh size  Hamley 1975!, while trawls typically capture smaller fish
 Myhre 1969; Rollefsen 1953!. However, size-selectivity can be quite complex.
Several factors can affect the size-distribution of fish caught, including the
choice of the times and places that people fish, the speed and depths at which
gears are fished, and the baits and hooks used. Size-selectivity sometimes can
vary even if the method of fishing does not vary. For example, L. Miller �992!
found that the selectivity of gillnets for walleye, Stizostedion vitreum, in Red
Lakes, Minnesota, varied as a function of age, year class, gender, size, and from
one year to another. Other traits that might be affected selectively by fishing are
known to be heritable; they include the timing of anadromous migration in
pink salmon, Oncorhynchus gorbuscha  Smoker et al. in press!, and growth rates
and age at maturity in several species of Pacific salmon  e.g., Ricker 1981!.

In addition to the effects of gear selectiv>ty as commonly understood, fishing
can cause evolution if it increases overall mortality. Life histories of organisms
generally are considered to be adaptive to their environment  e.g., Pianka
1978!; increased mortality is an important environmental change. For example,
fishing mortality can effectively change a fish population with many year classes
into a population with only 1 or 2 year classes, because the probability of
survival beyond 1 or 2 years becomes vanishingly small  Murphy 1968!. High
adult mortality is typical of species called "r-selected," which tend to have early
maturity and high fecundity, as compared with populations experiencing lower
mortality  see, e.g., Pianka 1978; Law and Rowell 1993!. Fishing mortality,
which usually affects adults of the target species, can reach 80'!o for North Sea
cod  Rijnsdorp et al. 1991!. For Pacific salmon returning to rivers to spawn, it
can reach 90'/0  e,g., Heard 1991!.

Despite the many suggestions that fishing could cause evolution, there are
few unambiguous examples showing that such evolution has occurred. Cooper
�952! suggested that fishing might select for decreased growth rates in trout,
and Miller �957! suggested that fish might evolve greater intelligence in
response to centuries of fishing. Many others have discussed the possibility that
exploited populations would evolve, and some have calculated rates and direc-
tion of the evolution  see Policansky 1993 for a review!. Two of the more
compelling examples Are a decrease in the average size of mat.urity in pink
salmon, which Ricker �981! attributed to evolution caused by selective fish-
ing, and reduced genetic diversity in orange roughy, Hoplostethus atlanticus, off
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New Zealand, attributed by Smith et al. �991! to very high fishing mortality on
spawning adults. Smith et al, argued that more heterozygous fish grow faster
than less heterozygous fish and that fishing had selectively removed the larger,
more heterozygous individuals.

How fast can evolution occur'? The rapid evolution of insects and bacteria in
response to the use of pesticides and antibiotics is well-known  e.g., National
Research Council 1986a, b!, but those organisms have much shorter generation
times than most commercially harvested finfish and shellfish. However, selec-
tion experiments on a large variety of organisms show that significant evolution
often can occur in less than 10 generations, and sometimes in 2 or 3 genera-
tions  Falconer 1989!, well within the time span in which many stocks have
been fished. There is no reason to think that fishes might respond to selection
differently from other organisms, and some experiments have shown fairly
rapid genetically based changes  e.g., Silliman 1975; Reznick et al. 1990!.

Although environmental variability and genotype-environment interactions
make it unwise to extrapolate the results ol laboratory studies directly to
natural populations, the work of McKenzie et al. �983! provides an example of
how evolution could occur rapidly. They studied the genetic and environmental
contributions to variation in age and size at maturity in male platyfish,
Xtphophorus maculatus, in the laboratory. They raised male platyfish of two
naturally occurring genotypes in a wide variety of environmental conditions in
the laboratory. Although environmental conditions had a large effect, the two
genotypes, which differed at the P locus  Kallman and Borkoski 1978!, had
almost completely nonoverlapping envelopes of size and age at maturity
 Figure I!. Indeed, the largest males of the late-maturing genotype  P'P ! were
0 times as large as the largest males of the early-maturing P'P3 genotype. If a
population of such fish were harvested by some gear that. took only fish larger
than 600 grams  line A in Figure 1!, the mean size at maturity would decrease
after one generation of selection and soon would be little larger than the mean
size at maturity for the P'P3 genotype. Even if the fishery took all fish above the
median size at maturity for both genotypes  line B in Figure 1! � more typical of
commercial and recreational f>sheries it is clear that almost all members of the
late-maturing genotype would be subjected to fishing mortality, while a very
small proportion of the early maturers would be. While it has not been
established that any commercial species has the population-genetic structure of
the male platyfish studied by McKenzie et al.  indeed, even natural populations
of this species have several alleles and many genotypes at the P locus!, it is
nonetheless clear from this example how a typical harvesting regime could
result in fairly rapid evolution of reduced size at maturity.
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Figure 1. Age and weight at completion of maturation of 178 male platyfish, showing the effects

of genotype and environmental variation and the potential evolutionary effects of
fishing. Line A is a weight of 600grams; no P'Ps fish reached this weight. Line Bis the
median weight at sexual maturity of the two genoty pcs together; more than half the
P'Pj fish and fewer than half the P'P'fish were mature at this weight. For details, see
text. Adapted from McKenzie et al. � 983!.
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Fishery-Management Regimes

Judging from fishery regulations and papers in fishery journals, the main aim of
fishing regulations is the limitation of fishing mortality. Techniques used in
commercial fisheries include size limits, regulations to make gear inefficient
 e.g., limitations on boat length in Alaska's Bristol Bay, prohibition of nets for
taking salmon in Oregon, prohibition of trawls for taking halibut in the north-
east Pacific!, mesh-size limits, seasonal or other periodic closures, areal clo-
sures, limited entry, and protection of gravid females. Recreational fisheries use
similar techniques, including size limits, limits to the efficiency of gear  e.g.,
requiring barbless hooks or prohibiting use of live or natural bait in many areas,
fly-fishing-only areas, prohibition of fishing from a boat in Oregon's Deschutes
River!, bag or creel limits, possession limits, seasonal and other periodic clo-
sures, areal closures, slot limits, and window limits.

For freshwater fisheries in the United States, bag and minimum size limits
and seasonal closures are widely used. I made a nonsystematic survey of 1990-
1992 sportfishing regulations of nine states  Alaska, California, Colorado,
Maryland, Massachusetts, Montana, New Mexico, Oregon, and Wisconsin!,
which showed that all nine states use bag, size, and seasonal restrictions on at
least some species; six states have window or slot limits; and four have maxi-
mum size limits. At first glance, minimum size limits would seem to select for
smaller fish by encouraging the taking of larger fish as illustrated in Figure 1.
Maximum size limits, slot limits  protecting fish inside a specified size range!,
or window limits  protecting fish outside a specified size range! would appear
to prevent or reduce potential adverse evolutionary effects of fishing. For
commercial fisheries, gear that selectively takes medium-sized, but not very
small or very large fish, would appear to minimize those adverse effects. Thus,
it would appear that the advice of an evolutionary biologist to a fishery manager
would be simple. But it is not, for three major reasons. First, the objectives of
fishery management are diverse and often include more than maximizing the
size of individual fish. Second, the effects of size and bag limits are complex and
often are different from those that managers intend, partly because complex
fishery regulations often are confusing and extremely difficult to enforce. Fi-
nally, the evolutionary effects of fishing are not yet understood well enough to
allow biologists to make convincing arguments for regulations to minimize
evolution. It is worthwhile to consider those three reasons in more detail.

A major difficulty for fishery managers is that many groups of people have
diverse objectives for the fishery. These diverse objectives often are not explicit,
but they are implicit in the groups' diverse behaviors and positions. This diffi-
culty has been recognized for a long time  e.g., Rothschild 1983!. Examples of
some objectives are listed in Table I; others are possible. Unfortunately, these
diverse objectives are too seldom articulated and debated explicitly; the debates
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Table 1. Examples of management objectives for commercial and recreational
fisheries

Recreational fisheriesCommercial fisheries

Maximize catch/unit effort

Maximize accessibility
Maximize species diversity
Maximize yield
Maximize size of fish

Produce a trophy fishery
Maximize the quality of the

experience
Minimize number of fishless days
Minimize risk of stock collapse

Maximize stability of yield
Maximize yield
Maximize employment
Maximize catch/unit effort

Maximize short-term profit
Preserve a way of life
Maintain long-term sustainability

Minimize risk of stock collapse
Minimize bycatch

tend to focus on allocation, and the implicit assumption seems to be that it is
possible to successfully pursue several objectives simultaneously. In addition,
the goals of traditional and subsistence users often are very different from those
of recreational and commercial users. For some species and areas, conservation-
ists oppose any fishery. If advice designed to minimize the evolutionary effects of
management regimes can be given, it certainly cannot be simple or universal.

Even if fishing were the only variable effect on fish populations and if there
were comp',ete compliance with fishing regulations, it would be a challenge to
predict their effect.s. In reality, many factors have variable and unpredictable
effects on fish populations, and compliance with fishing regulations is less than
perfect. Clark and Alexander �985! described a debate about the effects of size
limits on trout in Michigan's Au Sable River. That river boasts one of the best
trout fisheries in the eastern United States, but it was thought to be overfished
by the early 1970s because large trout seemed to be less common than they had
been earlier. Favro et al. �979, 1980, 1982! argued that selectively removing
larger fish caused evolution of the population to slower-growing fish. They
produced a genetic model consistent with their hypothesis that the fishery
caused evolution to slower-growing fish; their model indicated that a window
limit would not reverse the effect. However, their model did not include size-
mediated genetic effects on fecundity, which, as Nelson and Soule �987!
pointed out, casts doubt on their results. An alternative hypothesis for the
reduction of growth in trout was that the river lost productivity in that period.
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Management Implications

Elsewhere  Policansky 1993!, I pointed out that despite arguments and evi-
dence that evolution might be occurring in exploited fish populations, most
fishery managers have not paid much attention to it as a serious problem.
 Salmonid managers are among the more conspicuous exceptions to this gener-
alization!. Given the difficulty of showing that evolution has occurred or of

The productivity of both the main stream and the north branch of the Au Sable
River had declined during the late 1960s and early 1970s. A fish hatchery was
closed, which resulted in the loss of the enriching effect of its waste in the river,
and sewage effluent from a town on the river was curtailed. In 1977 an
experimental window limit protecting fish smaller than 8 inches and larger
than 12 inches was introduced in one of two branches of the river; the other
branch retained a 12-inch minimum size limit. Data were collected from both
branches so the experiment would have a control. Results of the study showed
declines in growth rates in both branches of the river, and it seems clear that
environmental conditions changed in some unidentified way during the experi-
ment in both branches. In the branch with the window limits, mortality of 8- to
12-inch trout increased; the numbers of large trout did not increase signifi-
cantly in either branch.

The study by Clark and Alexander illustrates two difficulties in applying and
interpreting the results of fishery regulations. Despite their skepticism concern-
ing the genetic hypothesis for reduced population growth, Clark and Alexander
could not be sure of the reasons for the reduced growth, because there ap-
peared to be a simultaneous change in environmental conditions. The second
difficulty is that bag limits for individual anglers often are ineffective in reduc-
ing fishing mortality in a heavily fished population  unlike total allowable
catches',!, while size limits are more effective. The reason is that unless bag limits
are very low  perhaps one or two fish!, very few anglers catch their limit, so
fishing mortality is proportional to the number of anglers, not to the bag limit.
However, size limits protect some of the fish caught by every angler, so while
fishing mortality remains proportional to the number of anglers, it is also a
function of the size limit.  In the extreme, a size limit greater than the biggest
fish in the river would prevent all fishing mortality, except for mortality associ-
ated with hooking and releasing the fish.! Clark and Alexander argued that
even if size limits result in selective mortality, mortality is so much lower than
mortality without size limits that the fishery ends up with more large fish
despite the selective mortality. As a corollary, if there were a maximum but no
minimum size limit, fishing mortality could prevent most fish from growing
large enough to be protected by the limit.



Management of Exploited Fish ~ Alaska Sea Grant 1993 659

providing accurate, plausible predictions of how evolution might occur in the
future, worries about overharvesting, allocation of fishing effort, poaching, by-
catch, and other important matters seem more practical. Although they are dif-
ficult to address, problems of the evolution of exploited populations are scien-
tifically important, and perhaps even more important for recreational fisheries.

Commercial fisheries differ from recreational fisheries in that the systems
being exploited often are more open than recreational fisheries. Most recre-
ational species are freshwater, anadromous, or coastal species  with a few
obvious exceptions!, while many commercially fished species are wide-ranging
species with pelagic larvae. Commercial fishing often is less size-selective than
recreational fishing, again with notable exceptions such as the orange roughy
 Smith et al. 1991!. So what is to be done? Three approaches seem valuable.
The first is careful study of fish stocks that are newly exploited. The second is a
series of simulations incorporating both environmental and genetic effects on
growth rates and maximum sizes. The third is experimentation, which must be
informed by simulations and is most likely to be successful in closed systems
such as lakes or ponds.

For many species, it is far too late to study newly exploited stocks, because
the species have been exploited for many generations. However, two recent
studies are of interest. Smith et al. �991! studied orange roughies; as mentioned
above, they found decreased heterozygosity at nine electrophoretic loci after
fishing. Perhaps the most important aspect of their study is that when large,
previously unknown stocks of roughies were discovered in the 1980s, they took
advantage of a huge artificial selection experiment  i.e., fishing!, and sampled
the population before extensive fishing occurred. Seeb et al. �990! took similar
advantage of a newly discovered commercial stock of spiny lobsters, Panulirus
marginatus, in Hawaii. In that case, the stock was discovered in 1976, commer-
cial harvest started soon afterward, and lobsters slightly larger than the size of
first maturity were harvested. Although Seeb et al. reported a statistically signifi-
cant increase in asymptotic length and decrease in the mean length at the onset
of egg production, they could detect no change in gene frequencies at five of
seven electrophoretic loci; gene frequencies changed at the other two loci. How-
ever, they concluded the changes in gene frequencies at those two loci were not
related to fishing, because heterozygosity did not decrease and because the gene
frequencies varied among different locations that were exploited. It is important
to recognize that changes in genotype frequencies in orange roughies probably
do not yet reflect differential reproduction of genotypes, because these fish have
such long generations  Mace et al. 1990!. By contrast, spiny lobsters first repro-
duce at a mean age of 2.5 years  Seeb et al. 1990!.

Although these two examples illustrate the importance of opportunism, they
also remind us that the relationships between electrophoretic loci and adaptive
characters such as growth rate and size at maturity are not well-understood.
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Conclusions

Evolution is a likely consequence of exploiting populations. Although its direc-
tion and magnitude are hard to predict, managers nonetheless should be aware
that it could occur. This does not mean that evolutionary considerations should
override considerations of overharvesting, allocation of resources, bycatch, and

However, enough is known about the genetics of growth rate and size at matu-
rity in fishes for simulations to be worthwhile. McAllister et al. �992! simulated
an experimental harvest design that permits the escapement of large pink
salmon, as opposed to the current fishery, which permits the escapement of
smaller fish. This design would allow managers to test for the effects of size-
selective fishing and to alter management regimes as needed. Further simula-
tions by McAllister and Peterman �992a! showed that under a variety of dis-
count rates, the expected economic return from the experimental harvest design
was greater than that of not doing the experiment in most cases they looked at.
Because many iterations using different parameters for selection, possible re-
sponses, and environmental influences can be run relatively inexpensively, areas
of concern or interest can be identified, and the costs and potential benefits  if
any! of various experiments can be assessed. The simulations of Favro et al. are
good examples of this approach, although they did not appear to incorporate
possible density-dependent or other environmental factors affecting growth
rates. Clearly, modeling such factors would increase the utility of simulations.

Larkin �972! urged fishery managers to "boldly experiment with new ways
of managing resources for the public benefit," and McAllister and Peterman
�992b! expanded on that advice. However, experimentation with a public
resource or potential profits is not undertaken lightly, so experiments will be
most acceptable and promising where they can be done at a small scale initially,
or where they can be incidental to prosecution of a fishery, as in the case of
orange roughies off New Zealand and spiny lobsters off Hawaii. The experiment
on trout described by Clark and Alexander �985! was an excellent start,
although the lack of complete controls made its results difficult to interpret.
Some thoughtful fishery biologists continue to perform such experiments. For
example, the Wisconsin Department of Natural Resources is experimenting
with size limits on smallmouth bass, Micropterus dolomieu  l. Lyons, Wisconsin
Department of Natural Resources, personal communication!, and the Michigan
Department of Natural Resources has experimented with the effects of size
limits on trout  Clark and Alexander 1985!. Coupled with simulations and
careful controls  e.g., Miller 1992; McAllister and Peterman 1992a; Hilborn
and Walters 1992!, experiments could yield important guidance for managers
and almost certainly would be of great scientific interest.
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Strategies for Stabilization: Constant Catch
or Constant Fishing Effort?

Rognvaldur Hannesson
Norwegian School of Economics and Business Administration

Bergen, Norway

Abstract

Introduction

The management of fish stocks primarily is based on biological criteria. A time-
honored criterion is the F or Fo, another is the target spawning stock
criterion. Neither of these criteria take into account economic or social factors.
Exactly how such factors should be taken into account can be debated. On
strictly economic grounds, maximization of the present value of fishing rent
would be the most appropriate criterion.'

' Fishing rent is the difference between revenue and cost, including capital cost. The rationale for
maximizing fishing rent is due to the economic efficiency this implies, When fishing rent is maximized, a
marginal unit of labor, capital, and other factors of production applied in the fishing industry produces a
value equal to the cost of this unit. Provided the same is true for other industnes, the value produced by a
marginal unit of a factor of production will be the same in all industries, implying that no gains can be
obtained by reallocating the factors of production.

Proceedings of the International Symposium on Management Strategies for Exploited Fish Populations,
Alaska Sea Grant College Program, AK-SG-93-02, 1993.

Most fisheries are subject to substantial fluctuations in catches and fishing activ-
ity. There are obvious arguments for stabilization. Typically catches and fishing
activity cannot be stabilized simultaneously. This paper considers the economic
desirability of stabilizing catches versus fishing effort. The case when fishing
mortality is proportional to effort is analyzed in some detail and it is shown that
a stable effort is more profitable than stable catches, unless the price of fish
depends on the catch volume. This is illustrated by quasi-empirical examples
taken from two stocks of Atlantic cod.
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When Is Stable Catch More Profitable
Than Stable Effort?

Let the catch of fish in time interval t be denoted by Ye The catch will depend
on the size of the fish stock at the beginning of the interval, S�and the effort
applied over the interval, Z,:

Y, = H S�Z,!.

If it is desired to take a given catch, Y, in every period, the effort generally
will have to be varied according to the size of' the fish stock at the beginning of
each period:

Z, = H ' S,; Y! = G S�Y!

The expected profit  Etr! of the fishing industry in period t under the two
fishing strategies, stable catch   Y! and stable effort   Z!, is

Ez = ER Y,! � C Z! = ER[H S,;Z!] � C Z!

Ez = R Y,! � EC Z,! = R Y! � EC[G S,;Y!]

�a!

�b!

Other criteria based on economic considerations have been proposed from
time to time. One such rule is stabilization of the catch. There are valid
economic arguments for such stabilization. Fluctuating and unpredictable
catches result in an uneven utilization of capacity and difficulnes in maintain-
ing markets, and make it difficult to plan the activity of the fishing industry.
However, predictability and even capacity utilization also can be advanced in
favor of stabilizing the activity of the fishing fleet. Since stabilization of the
catch need not imply stabilization of the activity of the fishtng fleet, the
stabilization argument alone does not identify a unique management strategy.

In this paper, we make an economic comparison of these two policies�
stabilization of catches and stabilization of the activity of the fishing fleet. We
refer to the latter as fishing effort, without necessarily implying that it is
synonymous with fishing mortality; however, for the most part, we shall
assume that this is the case. We discuss which economic factors will favor

stabilization of catch and effort; we use a simple numerical example to illustrate
when stable catch will be superior to stable effort; we examine how the
stabilizanon strategies might apply to real world fisheries, using two Atlantic
cod stocks as examples; and we have a. brief concluding section.
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where R i! denotes revenue and C o! is the cost of fishing. Note that stabiliz-
ing the catch stabilizes revenue, while stabilizing effort stabilizes cost. In
general, the profit of the fishing industry will be unstable and uncertain under
both strategies, except in one special case to be discussed below. Minimizing
the variability of the profit most likely would imply some variation in both
effort and the catch.

Which one of these involves the highest expected profit? We see that this
depends on the shape of the revenue and cost function. If the revenue function
is concave, as is likely, we have

R Y! ! ER Y!, Y = EY

C Z!   EC Z!, Z = EZ

that is, the cost of effort stabilized at a level equal to the expected, variable effort
will be less than the expected cost of the variable effort.

To sum up so far, cost considerations most likely will pull in the direction of
stabilizing fishing effort. The results on the demand side are less clear-cut, but if
the price of fish is not too sensitive to changes in the quan .ity supplied, the
demand factors will argue in favor of stabilizing the catch.

At this point it is convenient to mention a special case. Suppose the catch
depends only on fishing effort and is independent of the stock, as appears to be
close to the truth for some pelagic, schooling stocks  Ulltang 1980; Bj@rndal
1987!. Stabilizing the catch will then amount to stabilizing the effort, and vice

t The revenue funcuon vvtfl be convex if R' Y! < 0 and R" Y! > 0, vnth primes denoting first and second
denvatives. With a constant elasticity of demand  r!!, the revenue funcnon R = P Y!Y = Y' "". This gives
R' =  l � l / t!!Y "" < 0 if rf < l, and R" = � ] l � l / t!! / tf]Y ' "" > 0. The results based on a concave revenue
function apply io maxirmzing the sum of consumer and producer surplus instead of revenue, since tins is a concave
function.

that is, a catch stabilized at a level equal to the expected catch in the absence of
stabilization will yield a higher revenue than the unstable catch, on average. A
convex revenue function would yield the opposite result. The revenue function
will be convex if the price elasticity of demand is constant and less than I; that
is, if a I'/o reduction in quantity increases the price by more than I'/o, The price
elasticity of demand could be less than I if the fish from the stock under
consideration is a major source of supply in the market.~

Now look at the fishing cost function. If the cost per unit of effort is
constant, it will be a straight line, but if the cost per unit of effort rises with
effort, which is by far more likely than the opposite, the cost of effort function
will be convex. Then
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versa. A stable catch and effort will result in a stable profit, so equations �a!
and �b! will be identical:

z = R Y! � C Z! �'!

Note that fishing effort is not proportional to fishing mortality tn this case. If a
constant share of the stock is harvested  constant fishing mortality!, both catch
and effort will vary with the stock, and so will the profit:

Ez = ER Y! � EC Z!.

A Numerical Example

Suppose we have a fish stock that varies at random, and the stock left behind in
period t has no effect on the amount of fish available in period t+1. To simplify
the exposition, suppose that the probability distribution of the values the stock
can attain is independent of time, and that all values between the lower and the
upper limit are equally probable. Let the stock be measured in units relative to
its expected value, so that ES = 1. If the density of the stock is constant and
equal to I, the lower and upper limits are 0.5 and 1.5, respectively.

Let the production function H S,Z! be specified as~

Y = S�- e '! �!

Ez = f�S� � e '!dS � wZ = � � e '! � wZ �!

S This production function pertams tf the mstantaneous fishing mortality is Z, tf there is no natural
mortahty, and ii the stock is fished for one time period with the fishing mortality Z

where it. is assumed that Z is applied over the period of unit length, Y is the
catch over the period, and S the size of the stock at the beginning of the period.
No natural mortality is supposed to occur during the period, but at the end of
the period, all the remaining stock disappears.

Suppose, further, that the price of fish is constant and equal to one, and that
the cost per unit of effort is constant and denoted by w. Then the revenue and
cost functions are both linear. The analysis in the previous section might entice
us to believe that stable catch and stable effort would yield the same result. This
is mistaken, however, as the following example demonstrates.

Since the density of fish is constant and equal to one, the expected profit will
be
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Maximizing the expected profit with respect to effort implies

dEz/dZ = e ' � w = 0.

From this we get

Z = � lnw.

Inserting this in �! gives

Ez = 1 � w� � lnw!.  8!

To deal with the case of stable catch, we must find the equation
Z = G S; Y! = H ' S; Y! . From �! this is seen to be

Z = � ln� � Y/S!.  9!

The expected profit is

Ez = Y+ wf�ln� � Y/S!dS
= Y+ w[1.51n� � Y/1.5! � 0.51n� � Y/0.5!  Ip!
+ Y[ln�. 5 � Y! � ln�. 5 � Y!] !.

Maximizing the expected profit with respect to Y implies

dEz/dY = 1+ w[ln�.5 � Y! � ln�.5 � Y!] = 0.

From this we get

1.5e-" -0.5
� t/w �2!

Inserting this in  IP! yields

e "" � I/3
+w 1.5ln 1

e "" � 1

1.5e-"" � 0.5
-1/w I

-t/w

� 0.51n 1
� 1/~ 0

Ez=
e"" � 1

1.5e " � 0.5
ln 1.5

t/w I

1.5e "" -0.5 1.5e "" -0.5
+ ' � ' ln 0.5

e" � 1 e "" � 1
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Figure 1. The expected profit under two stabilization strategies as functions of the unit cost of
effort.

Figure 2. For any given cost of effort, the expected effort for an optimum stable catch always is
less than the optimum stable effort.
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Figure 3. The optimum stable catch alwaysis less than the expected catch with optimum stable
effort.
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Z = � 1n� � EY/ES!.

The effort needed on the average to take the catch Y = EY Z! is

EZ = � Eln� � Y/S!,

Since ln� � Y/S! is a convex function of S, EZ>Z. In general, if
Z = G ES, Y! and G o! is a convex function of S, EZ = EG S; Y! > Z = G ES, Y! .

What conditions, however, might tip the scales in favor of stable catch?
According to the analysis in the previous section, a concave revenue function
will increase the relative profitability of stabilizing the catch. Let the revenue
function be

R Y! = Y'. �4!

For a < 1, the revenue function will be concave. The profit function and the
first order condition for maximum now are

Equations  8! and �3! show the expected profit under the two stabilization
strategies as functions of the unit cost of effort  w!. Figure 1 shows this
graphically. The stable catch option gives a consistently lower expected profit
than the stable effort option. Figures 2 and 3 show how optimal effort and catch
depend on the unit cost of effort. As t.he unit cost of effort approaches zero, the
optimum stable effort approaches infinity. For any given cost of effort, the
expected effort for an optimum stable catch always is less than the optimum
stable effort  Figure 2!, and the optimum stable catch always is less than the
expected catch with optimum stable effort  Figure 3!.

One reason why the stable effort strategy gives a better result than the stable
catch strategy, despite the linearity of the revenue and cost functions, is that the
catch never can be stabilized at a higher level than the minimum level of the
stock.  Remember that the stock size is assumed to be totally random.! As
Figure 3 shows, the optimal stable catch reaches this level �.5! for low values
of w. This precludes taking advantage of a plentiful stock, which would be
possible with the stable effort strategy. As w approaches zero, the optimum
effort becomes arbitrarily large, all the available stock is fished, and the ex-
pected catch is equal to the expected value of the stock  I!.

The other reason why the stable effort strategy is more profitable than the
stable catch strategy is that the latter is more costly. For high values of w, the
expected catch resulting from optimum stable effort is less than the minimum
stock, and it would be feasible to stabilize the catch at this level. This is not
optimal, however, because a catch stabilized at a given level Y requires a greater
effort, on average, than the stable effort Z, which would give an expected catch
equal to Y. This can be demonstrated as follows: Let Z be stable at Z. The
expected catch from this will be EY = ES[l � exp  � Z!I, which we may write as
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Ez' = f,",S"� � e '!" dS � wZ
= �.5"" � 0.5""!� � e '!" /�+ a! � wz

�'!

dEz/dZ = a�+a! ' l.5"' � 0.5""!� � e !' 'e ' � w = 0 �'!

E7t = Y'+ w�.51n� � Y/1.5! � 0.5 ln� � Y/0.5!

+ Y[ln�. 5 � Y! � ln�.5 � Y! ] ]
�0'!

dET/dY = a Y' '+ w[ln�.5 � Y! � ln�.5 � Y!] = 0, �1'!

C Z! = be'. �5!

Inserting this into the profit function and the first order condition for
maximum profit, we get

Ez=� � e '! � be' � I I !

dEx/dZ = e ' � be'. �"!

By  9!, for stable catch, we have Z = � ln� � Y/S!, so �0! and �1! become

Ex = Y � bfp'sexp [ � ln� � Y/S!]dS
= y � b[1+ Y[ln�.5 � Y! � ln�.5 � Y!] l

 I 0ff!

and

dEz/dY = 1 � b[ ln�.5 � Y! � ln�.5 � Y!

+ Y[�.5- Y!-'-�.5- Y! ']]
�1"!

Figure 4 shows the maximum profit as a function of the unit cost of effort for
stable effort and stable catch, respectively, for a = 0.5. For a low unit cost of
effort, the effect of being able to take larger catches on the average with stable
effort still dominates, and stable effort still yields a higher profit than stable
catch. However, the profit of stable effort falls rapidly as the unit cost of effort
increases, and the stable catch is seen to yield a higher profit than stable effort
over a wide range of the unit cost of effort. Finally, let us look at the case of a
rising unit cost of effort. According to the previous section, this should make the
stable effort still more attractive. Let the cost of effort function be specified as
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Figure 0. Maximum profit as a function of the unit cost of effort for stable effort and stable
catch.
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Figure 5. Maximum profi%r stable effort and stable catch with a rising unit cost of effort  w
is unit cost at Z = 1!.

Figure 5 shows the expected profit or optimum stable catch and effort,
respectively, as functions of the unit cost of effort at Z = l  i.e., bet!. As
predicted, the stable effort strategy now is even more attractive than in the case
with a constant unit cost  cf. Figure 1!.

From the analysis of this section, we may conclude there is reason to expect
that a stable catch will be less profitable than stable effort, unless the revenue
function is concave.

Quasi-Empirical Studies of Two Atlantic Cod Stocks
What might the two stabilization strategies look like in a real world fishery! To
answer this question, we simulated the fisheries for two stocks of Atlantic cod,
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Figure 6. Actual recruitment to both the Arcto-Norwegian cod and icelandic cod stocks.
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Figure 7. Recruitment produced by a regular cycle  8 years for Arctic cod and 10 years for
Icelandic cod!.

the Arcto-Norwegian cod and the Icelandic cod. In this section, we summarize
the results of this exercise. Both of these have been reported elsewhere
 Hannesson and Steinshamn 1991; Hannesson 1989!.

Both of these stocks fluctuate considerably over time, largely due to varia-
tions in the annual recruitment to the stocks. For the Arcto-Norwegian stock,
the recruitment appears to be cyclical, with a periodicity of about 8 years  see
Hannesson and Steinshamn 1991!. In the simulations to follow, we let the
recruitment to both stocks follow a sine curve that produces a regular recruit-
ment cycle. Figures 6 and 7 show the actual recruitment to both stocks and the
recruitment produced by a regular cycle  8 years for Arctic cod and 10 years for
the Icelandic cod!. This cyclical pattern is a simple but not unreasonable way to
reproduce realistic fluctuations in the stocks in order to assess the stabilization
strategies discussed above.
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Table 1. Weight at age parameters  kg!.

Age
 years! Iceland Arcto-Norwegian

Sources International Council for the Exploration of the Sea, Copenhagen, Arctic Working Group, 1988;
and Hafrannsoknastofnun, State o  Marine Stocks and Environmental Conduions in Icelandic Waters
1988, Reykjardk, 1988.

The development of the stocks over time was assumed to follow the well-
known Beverton-Holt equation, with a constant natural mortality of 0.2. The
weight-at-age parameters are shown in Table 1. With a linear relationship
between fishing effort and fishing mortality  F! we get

�6!

In this case, stabilization of effort amounts. to the same thing as stabilizing
fishing mortality. Nothing is lost in generality by setting II = 1. The catch
equation we get., instead of �!, then is~

Y = ZS[1 � exp Z+ M! j/ Z+ M!

where M is natural mortality, assumed zero in equation �!.

�7!

4 The catch rate is ZS, while ihe stock evolves according to the equation S, = Saexp[ � fZ+Mlt]. Integrating
the catch equation over one period it = Il over which the stock is noi replenished gives equation 117!.

3

4 5 6 7
8 9

10
11
12

13
14
15+

1.288
1.725
2.596

3.581
4.371

5.798

7.456
9.851

11.052
14.338
15.273

16.660

16.660

1.00
1.55

2.35
3.45

4.70
6.17
7.70

9.25
10.85

12.50
13.90

15.0
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The optimum stable catch and effort, respectively, are found as in the
previous section by maximizing the average profit over one recruitment cycle.
For expected profit, we substitute average profit, since the fishery model we are
using is completely deterministic. The qualitative results derived above are
nevertheless valid; we need to substitute only the frequency distribution of the
stock size for the probability distribution discussed previously.

Since cod is a long-lived species, the development of the stock over one
recruitment cycle is partly determined by the age composition of the stock at
the beginning of the period to be investigated. We assume that the stabilization
strategy under investigation has been followed for a long time, so that the stock
fluctuations have settled down to a stationary pattern. For the stable effort
strategy, this means that the initial stock composition can be found by subject-
ing the year-classes in the stock to a constant fishing mortality over their life
history. For the stable catch strategy, the annual fishing mortality will vary
inversely with the stock. In this case, the initial age composition of the stock
was determined by subjecting the year-classes to the same pattern of fishing
mortality as produced by the optimum stable catch over one recruitment cycle.

Let us look, then, at the results produced by the two stabilization strategies
for the case of a constant price of fish and unit cost of effort. Tables 2-5 show
this for two different cost levels. The first thing to note is that both strategies
yield almost the same profit. The stable effort strategy yields, at most, a 2'%%d
higher profit for the Arcto-Norwegian cod and less than a I %%d higher profit for
the Icelandic cod. For both stocks, exploitation is moderate enough that we
come nowhere near fishing out either stock when it is at its lowest level; the
highest F-values are 0.26 and 0.18, respectively. The stable effort therefore does
not result in a much larger average catch than the stable catch, as it did in the
examples discussed in the previous section.

One possible argument against stabilizing the catch is that the fishing
mortality has to be varied inversely with the stock in order to maintain a stable
catch. This potentially is a very risky strategy. If the rate of exploitation
necessary to maintain a stable catch in years with a small stock is very high, it
might deplete the spawning stock to a dangerously low level. The numbers in
Tables 2-5 show that the minimum spawning stock is quite similar under both
strategies. This is because the rate of exploitation is very moderate in both
strategies, so that a relatively large number of fish reach maturity age. Below we
will show examples where the outcome results in significantly smaller spawn-
ing stock biomass.

What, then, could make stabilization of the catch more attractive2 Above we
identified a concave revenue function as one reason why a stable catch would
be better than stable effort. Let the price of fish be constant up to the level
implied by an optimum stable catch, and zero for any additional catch beyond
that level. This produces a kinked revenue function, with the breaking point at
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Table 2. Arcto-Norwegian cod. Constant price of fish  P = I! and cost per unit of
F  w = 5,000!.

0.096 0.096
389. 0 341. 3
869.0 821.3
1005. 1 968.8
732.9 673.8
8,818 9,583

Table 3. Icelandic cod. Constant price of fish  P = I! and cost per unit of F
 w = 2,000!.

h = age at first capture  knife-edge selectivttyl; F = optimum fishing mortality; p = profit; EY = average
catch per year; Y�= maximum carch per year; Y,�= minimum catch per year; S�,�= minimum
spawning stock  8' for Arcto-Norwegian cod. 7' for Icelandic cod!, Q = oprimum srable catch, EF =
average fishing mortahty: F��= maximum F; F,�= minimum F.

z
EY

min
Smvi

K
EF
F
Fmm
Smin

EY

min
fili fl

rr
EF
F�
min
min

0.075
413.1
788.1
838.1
738.1
7,290

790
413. 3
0.075
0.080
0. 070
7,262

0.072
150 1
294 0
305.4
282.7
2,974

294
150 0
0. 072
0. 075
0. 069
2,988

0.082
426 9
836.9
912.6
761.2
7,420

840
426.6
0. 083
0.090
0 075
7,330

0.076
150.4
302.4
316.2
288. 5
3,093

303
150.4
0.076
0.080
0.072
3,098

Stable effort

0.088
430.8
870.8
971.0
770. 7
7,710

Stable catch

870
430.0
0.088
0.099
0.078
7,635

Stable effort

0.081
149. 3
311 3
328 4
294 2
3,221

Stable catch

312
149.2
0. 081
0.085
0.076
3,190

0.093
419. 7
884. 7
1004. 7
764.8
8,161

880
417.0
0.093
0. 107
0. 081
8,142

0 084
142.3
310. 3
325.1
289. 2
3,430

310
142. 1
0.084
0.090
0.078
3,'118

860
384.2
0.095
0.112
0.081
8,946

0.085
130,4
300.4
326.0
274.9
3,712

300
130 0
0.085
0. 092
0.077
3,723

810
334.5
0.095
0. 114
0. 079
9,841

0. 086
117.6
289.6
318. 9
260. 3
3,981

289
116.8
0. 086
0.095
0.077
4,018
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Table 4. Arcto-Norwegian cod. Constant price of fish  P = I! and cost per unit of
F  w = 2,000!.

Table 5. Icelandic cod. Constant price of fish  P = I! and cost per urnt of F
 w = 1,000!.

Stable effort
0.130 0.141
252.2 250.9
382.2 391.9
410.9 427.5
353.5 356.3
2,320 2,493

h = age at first capture fknife-edge selectivttyl; F = optimum fishing mortahty; p = profit; EY = average
CatCh per year; Y = maXimum CatCh per year; Y�m = mmirnum CatCh per year; S�m = minimum
spawning stock  8+ for Arcto-Norwegian cod, 7+ for Icelandic codl; Q = opnmurn srable catch; EF =
average fishing tnortality; F, = maximum F; F m = minimum F.

K
EY
Y

mlR
mm

rr
EF
Fm~

miR
SmiR

F

EY
Ym~
YmiR
SmiR

P
EF
F
FmiR
Sm<R

0.123
700.4
946.4
1029. 0
863.8
4,709

950
701.8
0.124
0.135
0.114
4,626

0.109
238.6
347. 6
365.8
329.4
2,138

348
238.7
0.109
0.115
0. 103
2,117

0. 138
745.4
1,021.4
1,146.8
896.0
4,738

1,030
7'16.6
0. 142
0. 161
0. 125
4,535

0. 119
245.8
364.8
387.7
341.8
2,210

365
245.9
0. 119
0. 127
0. 112
2,178

Stable effort

0.156
781.9
1,093.9
1,266.1
921.7
4,828

Stable catch

1,100
781.8
0.159
0.188
0.134
4,690

Stable catch
383
252.2
0. 131
0 142
0 121
2,270

0. 174
801.3
1,149.3
1,375.3
923.2
5,113

1,150
798. 7
0. 176
0.216
0. 143
5,088

391
250. 7
0. 140
0.155
0. 127
2,474

0. 190
793.0
1,173.0
1,452.8
893.3
5,677

1,160
786.4
0 187
0.237
0. 146
6,046

0. 147
242.9
389.9
432.4
347.2
2,796

390
242.3
0. 148
0. 166
0. 131
2,801

0.202
758.4
1,162.4
1,482.0
842.7
6,475

1,150
746 7
0.202
0. 264
0. 152
6,977

0.157
234. 5
391.5
443.5
339. 5
3,061

390
233.3
0.157
0.180
0.136
3,124
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Table 6. Arcto-Norwegian cod. Kinked revenue curve  R = Y for Y < Q, R = Q for
Y > Q!. Constant cost per unit of F  w = 5,000!.

Stable effort
0 074 0.075
422.5 408.7
793.5 783.9
878.2 881.2
708.8 686.5
8,532 9,130

Table 7. Icelandic cod. Kinked revenue curve  R = Y for Y < Q, R = Q for Y > Q!.
Constant cost per unit of F  w = 2,000!.

h = age at, first capture fkntfe-edge selectivity!; F = optimum fishing mortality; p = profit; EY = average
catch per year; Y = maximum catch per year; Y�,�= mimmum catch per year; S�,�= minimum
spawning stock 18' for Arcto-Norwegian cod. 7' for Icelandic cod!, Q = optimum stable catch; EF =
average fishing mortality: F = maximum F; l',�= minimum F.

rr
EY
Ymax
Ymm
Smin

K
EF
Fmax
Emin
Smiii

EY
Y
Ym< a
Smm

rr
EF
E
Fmm
Smrn

0.067
410.0
745.0
789.5
700. 5
7,855

790
413.3
0.075
0.080
0.070
7,262

0.067
149 5
283 5
294 1
283. 2
3,114

294
150.0
0.072
0.075
0.069
2,988

0.072
421.8
782.9
849. 6
716. 3
8,056

840
426.6
0.083
0. 090
0,075
7,330

0.070
149. 7
289.7
302. 3
277.1
3,2'19

303
150.4
0.076
0.080
0.072
3,098

Stable catch

870
430.0
0.088
0.099
0.078
7,635

Stable effort

0.074
148. 5
296. 5
312.0
281.1
3,385

Stable catch
312
149.2
0.081
0.085
0. 076
3,190

880
417.0
0.093
0.107
0.081
8,142

0.075
141.2
291. 2
310.0
272.'I
3,633

310
142.1
0.084
0.090
0.078
3,418

0.076
376.4
757. 5
864.4
712. 7
9,790

860
384.2
0.095
0. 112
0.081
8,946

0.075
129. 0
279. 1
301.8
256.5
3,905

300
130 0
0.085
0. 092
0. 077
3,723

0.074
329.0
699. 1
811.3
586.9
10,539

810
334.5
0. 095
0. 114
0. 079
9,841

0.074
115.9
263.9
289. 5
238.4
4,189

289
116.8
0.086
0.095
0.077
4,018



Hannesson ~ Stabilization of Catch680

Table 8. Arcto-Norwegian cod. Kinked revenue curve  R= Yfor Y< Q, R= Q for
Y > Q!. Costless F  w = 0!.

Table 9. Icelandic cod. Kinked revenue curve  R = Y for Y < Q, R = Q for Y > Q!.
Costless F  w = 0!.

h = age at first capture iknife-edge selectivity!, F = opumum fishing mortality, p = profit; EY = average
catch per year; Y,�= maximum catch per year; Y m = minimum catch per year; S m = minimum
spawning stock 18' for Arcto-Norwegian cod, 7+ for Icelandic cod!; Q = opumum stable catch; EF
average fishing mortality, F = maximum F; F,�= mimmum F.
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EY
Ym~
Ymnn
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r
EF
Fm~
"mm
Smm

F rr
EY

min
Smm
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EF
F

min
min

0.176
973.9
1,005.9
1,123.8
887.9
2,983

1,018
1,018
0.209
0.240
0.181
2,227

0.191
376. 1
386.0
419.7
352.4
1,088

388
388
0.207
0.228
0.187
928

0.200
1,0'17.0
1,095.9
1,272.4
919.4
2,987

1,118
1,118
0.255
0.315
0. 206
1,936

0.215
397. 3
410. 4
454.9
365.8
1,084

414
414
0.249
0.284
0.218
851

Stable effort

0.228
1,118.1
1,184.3
1,432.3
936. 3
3,076

Stable catch
1,22'l
1,224
0.351
0.487
0.252
1,433

Stable effort

0.253
423.3
439.7
500.1
379.3
1,121

Stable catch

446
446
0. 323
0.387
0. 269
735

0.262
1,179.9
1,261.9
1,606. 9
917.0
3,273

1,325
],325
3.973
22.855
0. 422
0

0.293
439.4
459.9
535.8
384. 0
1,231

469
469
0.431
0. 555
0 334
697

0.323
1,221.9
1,328.5
1,797.8
859. 2
3,416

1,422
1,422
4. 530
26. 728
0.408
1,433

0.337
446.1
471.5
563 3
379.8
1,456

480
480
0.480
0.645
0.356
1,102

0.380
1,227.5
1,360.9
1,931.3
790.7
3,878

1,464
1,464
4.259
26. 772
0. 391
2,953

0.433
464. 3
495. 2
611. 3
379.0
1,579

509
509
3.184
18. 900
0.623
1,005
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Conclusion

Plausible arguments for stabilizing both the catch of fish and the activity of the
fishing fleet  effort! are not difficult to find. Unfortunately, stabilizing one is
likely to destabilize the other. Economic circumstances sometimes will favor
one of these and sometimes the other, while biological and technological
constraints seem most likely to favor stable effort.

The difference in profitability between stable catch and stable effort appears
to be surprisingly small for multi-year class stocks. Stabilization of the catch, as
advocated by the processing industry, does not appear to yield very great
benefits, even if the marginal benefit of catch diminishes as the catch increases.
Disadvantages of catch fluctuations on the marketing and processing side
would give rise to, or can be modeled as, an ex-vessel price of fish which falls
with increases in landings.

The model generating the fluctuations in the two cod stocks under consider-
ation is highly stylized, but goes a long way toward capturing what appears to
be wave-like dynamics of the stocks. The reason for using the sine-function

the level of the optimum stable catch. Tables 6-9 show results obtained for a
high cost and a zero cost per unit of fishing effort. The results obtained for the
high cost case show that stable catch now is the more profitable strategy, but the
difference still is small or about the same in percentage terms as in Tables 2-5.

For the zero cost case, the result is more dramatic. The difference in profit-
ability now is up to 10%  Icelandic cod! and 209o  Arcto-Norwegian cod! in
favor of the stable catch strategy. More significantly, the smallest spawning stock
now is considerably lower in the stable catch strategy; in one case for the Arcto-
Norwegian cod, it is wiped out entirely. The optimum stable catch now is high
enough that the available stock in some cases is virtually wiped out. when it is at
its lowest, as indicated by the very high values of fishing mortality in Tables 8
and 9. Needless to say, such harvesting would hardly be optimal for a stock that
must reproduce and be utilized on a sustained basis; this last example serves to
underline the riskiness of stabilizing the catch at a high level that otherwise
would be desirable when the costs of fishing are low or negligible.

The zero cost case also may serve to show the difference between stabilizing
the catch and stabilizing fishing mortality, for the situation where the catch per
unit of effort is constant and independent of the stock. Stabilizing effort. then
amounts to the same thing as stabilizing the catch, due to the proportionality
between catch and effort. Because of this, and given that the cost per unit of fish
caught is constant, the cost of fishing can be accounted for directly in the price
of fish, evaluating the catch at a price net of the unit cost ot fishing to find the
profit of any given catch.
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approach is simplicity. It is not entirely clear, however, what factors a more
realistic model of the recruitment process might incorporate. One possibility is
a sine-function, or some other periodic function, with a random element. Early
precursors to this work using random recruitment showed results that were not
qualitatively different from those reported here. Another possibility is that
deterministic dynamics of the stock itself  a spawning stock-recruitment rela-
tion together with cannibalism! generates the fluctuations. The optimum ex-
ploitation of such a system is likely to be different from this and to imply
stabilization of the stock at some level, but an analysis of that problem would be
a subject worthy of another paper.
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Use of the analytic hierarchy process for facilitating decision-making in recre-
ational fisheries management is demonstrated with an example based on the
instream recreational fishery for chinook salmon, Oncorhynchus tshawytscha, in
the Kenai River, Alaska. Model structure was developed through an iterative
interview process involving individuals asked to represent the perspectives of
15 different stakeholders. In addition to identifying and judging issues, each
stakeholder was asked to suggest and rate his or her strength of preference for
resolutions t.o the issues.

The individual stakeholder judgments were combined using a geometric
mean and the maximax and maximin criteria. The maximax and maximin models
represent solutions based on combinations of the strongest positive or negative
judgments. Management options favored under all three combinations simulta-
neously enjoy strong support and weak opposition. The following five options
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were common to these three combinations of stakeholders' judgments: increase
funding to Alaska Fish and Wildlife Protection for enforcement of existing
regulations, reduce property taxes for property owners who dedicate their river
frontage to conservation, increase the accuracy of preseason forecasts of run
strength, clarify legislative intent concerning the enforcement authority of the
Alaska Division of Parks, and compensate property owners for the dedication of
their property toward the public good.

The sensitivity of our results to the underrepresentation of stakeholders was
explored through models based on the mean preferences of state agencies,
commercial fishing organizations, and sport fishing interests. Despite their
different perspectives, the models representing these three interest categories
shared the following four preferred options: increase funding to Alaska Fish
and Wildlife Protection for enforcement of existing regulations, reduce prop-
erty taxes for property owners who dedicate their river frontage to conserva-
tion, locate public access points to limit adverse impacts on existing subdivi-
sions, and reduce filling of contiguous wetlands.

These results suggest that application of the analytic hierarchy process to
fisheries management problems is feasible and potentially useful. Despite the
contentious differences of perspective represented among the stakeholders, the
analytic hierarchy process was able to identify management options that en-
joyed both broad support and limited opposition. Although it is possible that
these same options could have been identified through the usual public hearing
process, it is by no means assured that the degree of support these options
enjoy or their robustness with respect to underrepresentation of stakeholders
would have been recognized.

Key words: Recreational fisheries management, decision analysis, analytic
hierarchy process, Kenai River.

Introduction

Although multiple criteria decis>on analysis has been used extensively for
strategic planning, conflict resolution, and policy development in economics,
engineering, and political and military science  see, for example, Keeney and
Raiffa 1976; Saaty 1990; or Warfield 1990!, it has been applied only recently to
decision-making in the management of fisheries. Multiattribute utility analysis
was used by Hflborn and Walters �977! to balance conflicting goals in the
management of salmon fisheries in the Skeena River, Canada; by Bain �987! to
integrate various factors for planning the management of recreational fisheries
for brown trout, Salmo trutta, in the Au Sable River, Michigan; by Walker et al.
�983! to investigate the design of salmon managemert policy in Oregon; and
by Healey �98'i! to demonstrate an analytical model for optimum yield strate-
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gies in fisheries management. Mackett �985! employed a different approach to
multiple criteria decision analysis, interpretive structural modeling, to develop
a strategic plan for research and management of the fishery for north Pacific
albacore, Thunnus a lalunga.

This study examines the feasibility and potential utility of another approach
to multiple criteria decision analysis, the analytic hierarchy process  Saaty
1990!, as a tool for facilitat.ing decision-making in fisheries management. The
analytic hierarchy process  AHP! structures decision problems into levels en-
compassing issues or objectives of similar importance. Breaking complex prob-
lems into levels permits decision-makers to focus on smaller sets of decisions,
improving their ability to formulate accurate judgments  Brownlow and
Watson 1987!. Stakeholders with differing objective criteria often share com-
mon concerns. The AHP builds on these areas of common interest and identi-
fies options that are consistent with the objectives of many si.akeholders. In
addition to developing a framework for applying the AHP to fisheries manage-
ment decisions, we explore the sensitivity of the results to the presence of
strong  conflicting! judgments and the effects of the underrepresentation of
stakeholders.

As an illustration of the technique, we apply the AHP to the recreational
fishery for chinook salmon in the Kenai River, Alaska. Because no attempt was
made to develop a comprehensive representation of stakeholder judgments,
and because judgments expressed by stakeholders were not officially represen-
tative of their groups, the results of this study are not intended to represent a
definitive solution to the complex problem of managing the Kenai River
chinook salmon recreational fishery,

Policy for regulanng and allocating fisheries resources in Alaska is deter-
mined by the Board of Fisheries  Board!. In addition to biological information
and advice provided by the Alaska Department of Fish and Game  ADFtsrG!,
the Board considers recommendations from regional advisory committees and
accepts public testimony. In 1988 the Board established minimum and opti-
mum escapement goals for chinook salmon in the Kenai River and identified
specific restraints on commercial, subsistence, and sport fisheries to ensure
attainment of these goals. Nevertheless, many contentious and complex issues
remain.

The Upper Cook Inlet commercial drift and set gill net fisheries for sockeye
salmon, Oncorhynchus nerka, incidentally intercept late-run chinook salmon.
The incidental harvest of late-run chinook salmon from 1985 through 1991
averaged 25% of the total return, while sport fishing harvests averaged only
17'k of the total return over the same time period. In testimony before the
Board, anglers have argued that it is neither optimal nor equitable for the
commercial bycatch to exceed the directed catches of the in-river sport fisher-
ies. For their part, commercial fishermen have expressed concern that measures
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Methodology

We inittated our analysis of the sport fishery for chinook salmon in the Kenai
River by identifying 15 stakeholders representing 10 interest categories. The
stakeholders included individuals from agencies responsible for oversight of
the river and its resources, and parties directly or indirectly affected by manage-
ment decisions  see Table 1!.

Each stakeholder was asked to identify significant issues and suggest
management options. The issues and options identified by each stakeholder

intended to reduce bycatch of chinook salmon would necessitate costly gear
modifications and result in reduced catches of sockeye salmon.

Responsibility for management of lands adjacent to the Kenai River is
divided among several municipal, state, and federal agencies. The Alaska De-
partment of Natural Resources, Division of Parks, oversees the Kenai River
Special Management Area  KRSMA! and state-owned uplands. However, ambi-
guity in the enabling legislation for KRSMA result.ed in a court ruling in 1992
which greatly limits the authority of the Division of Parks to enforce fishery and
land use regulations. The federal government has jurisdiction over lands in-
cluded in the Kenai National Wtldlife Refuge and the Chugach National Forest,
and over activities that could impact those lands. Local and municipal agencies
such as the Kenai Peninsula Borough and the City of Soldotna also hold
jurisdiction over lands adjacent to the Kenai River and over activities that
impact management of the river.

Private individuals and orgamzattons also have a stake in the management of
the Kenai River. The Kenaitze Indians and other private landholders  many of
whom are represented by the Kenai River Property Owner's Association!, con-
trol extensive acreage affecting or affected by management of the Kenai River.
The large amount of recreational activity coupled with commercial undertak-
ings have resulted in visible degradation of some parcels adjacent to the river.
Environmental groups  notably the Nature Conservancy! are concerned about
degradation of a unique riparian habitat.

Although non-guided anglers account for the majority of effort  angler-days!
in the Kenai River chinook salmon fishery, guided anglers account for the
majority of chinook salmon caught and removed by anglers. In 1991 there were
288 fishing guides  many of whom are members of the Cook Inlet Professional
Sportsmen's Association! registered on the Kenai River. Concerns about crowd-
ing and differences in success rates between guided and non-guided users have
led to increased regulation of guiding actixities. In 1992 the Alaska Legislature
 HB 505! authorized the Board to develop separate regulations and allocations
for residents and nonresidents and for guided and non-guided anglers.
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Table 1. Stakeholders represented in multiple criteria decision models of the
Kenai River recreational fishery for chinook salmon.'

StakeholderInterest group

Commercial fishermen 1. Kenai Peninsula Fishermen's Association

2. Upper Cook Inlet Driftnetter's Association
3. Cook Inlet Professional Sportsmen's Association
4. A sport angler
5. City of Soldotna
6. Alaska Department of Public Safety  Fish and

Wildlife Protection!

7. Alaska Department of Natural Resources
 Division of Parks!

8. Alaska Department of Fish and Game  Sport
Fisheries Division!
Alaska Department of Fish and Game  Commer-
cial Fisheries Division!

Alaska Department of Fish and Game  Habitat
Division!

9. Board of Fisheries

10. Kenai Peninsula Fish and Game Advisory
Committee

11. U.S. Fish and Wildlife Service  Kenai National
Wildlife Refuge!

12. Kenai Peninsula Sporting Goods Retailer
13. Kenai River Property Owner's Association
14. Nature Conservancy
15. Kenaitze Indian Tribe

Sport fishing guides
Sport anglers
Local agencies
State agencies

Federal agencies

Business retailers

Property owners
Conservationists

Native Indians

were organized into unique decision hierarchies through an iterative sequence
of telephone, fax, and mail contacts. Based on initial interviews, we combined
the issues and options identified by the stakeholders into related groupings.
Stakeholders were asked to comment on and modify these initial hierarchies.
The process was continued until the stakeholders indicated that the decision

' The opinions expressed by stakeholders reflect the perceptions of a small number of tndt~duals selected
from the stakeholder class and do not represent the official mews of the organtzations to which they
belong.

b Questionnaire rating options not returned.
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Model structure

The unique hierarchies identified by each stakeholder were merged into an
encompassing decision hierarchy. In developing the encompassing hierarchy,
we segregated issues into groups. For example, all issues concerning the ripar-
ian habitat were grouped separately from issues that were not directly related to
riparian habitat. Within each of these groups, issues of a similar magnitude
were organized to reflect causal linkages. Issues within a group were stratified
into different levels depending on their scope. Primary issues formed the
highest level of the encompassing hierarchy  Level I!. Subsidiary issues were
represented as Levels 2 through 4. For example, concern about shoreline
habitat was identified as a secondary issue and placed in the same level
 Level 2! as concern about in-water habitat, while the issues of bank modifica-
tion and erosion were grouped on Level 3 as subsidiary to shoreline habitat

i Forman, Ernest H., Thomas L Saaty, Mary Ann Selly, Rozann Waldron. 1983, Expert Choice, Decision /
Support Software, McLean, VA. Expert Choice is a visually oriented software package based on the
analytic hierarchy process theory developed by Dr. Thomas L. Saaty.

hierarchy accurately reflected their personal perspective. These individual
decision hierarchies were used as proxies for the perspectives of the stakeholder
group from which the individual was selected. We identified additional
management options from documented testimony presented before the Board
and the KRSMA task force, from stakeholder interviews reported in newspaper
articles, and from historic data.  See Table 2 for a summary of the model
development process.!

After the individual decision hierarchies had been constructed and aug-
mented with the additional management options, stakeholders were asked to
judge the importance  unimportance! of issues that they had identified and the
desirability  undesirability! of the management options available for addressing
those issues. Issues that were considered to be extremely important and options
that were extremely preferred were assigned a score of 9. Issues that were
extremely unimportant and options that were extremely undesirable were
assigned a score of l. Issues and options of intermediate importance or desir-
ability were assigned scores greater than I and less than 9.  See Table 3!.
Stakeholders' judgments were mapped into a ratio scale, and the software
program Expert Choice' was used to derive the priority of each option relative
to the goal  termed global priority!. Global priorities approximate the strength
of stakeholders' judgments for each option adjusted to reflect the importance
assigned by the st.akeholder to the issues addressed by that option. Redundant
comparisons of issues and options occasionally occurred; however, compari-
sons were not pairwise in all cases and therefore were not analyzed as such.
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1. Specification of stakeholders
a. Identification of interest categories.
b. Listing of stakeholders by category.
c. Selection of stakeholders per category.

2. Identification and structuring of issues and options. Elicitation of
judgments.

a. Interviews to elicit lists of issues and options.
b. Structuring of models and mailing to stakeholders.
c. Interviews to edit models and elicit judgments.
d. Further refinement of models.

e. Development of additional options.
f. Development of draft questionnaire.
g. Solicitation of comments on draft questionnaire.
h. Finalization of questionnaire.
i. Informing stakeholders of the questionnaire.
j. Mailing of questionnaire to stakeholders.
k. Interviews with stakeholders regarding the questionnaire.

3. Merging of individual models. Determination of global priorities using AHP.
a. Merging of the individual hierarchies into one encompassing model

structure.
b. Creation of 14 replicates of encompassing model structure.
c. Entering of each stakeholders' judgments into a model copy.
d. Determination of global priorities using AHP.
e. Export of 14 model copies into Lotus.

4. Creation of combined models in Lotus  maximax; maximin; geometric mean;
and subsets of state, sport, and commercial fishing interest categories!.

5. Ordering of options by combined model.

6. Comparison of results.

Table 2. Outline of methods used to select stakeholders, elicit issues and options,
structure the decision problem, determine approximate strength of
preference for issues and options, and model the outcome.
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Table 3. The priority scales used in judging the importance of issues and the
preferences of options  after Saaty 1990!.

Ratio Absolute'

scale scale Definition

' The nine-point absolute scale was converted into a ratio scale of importance for analysis  t.e., 1
corresponds to 1/9, 2 to 1/7, etc !

concerns. Options formed the base hierarchical level of the model, Level 5.
1ssues that were not identified in an individual stakeholder's hierarchy and
options that they did not identify or judge were assumed to have been of little
or no importance to them, Each individual stakeholder's judgments were
mapped into a copy of the encompassing decision hierarchy and solved for
global priorities.

Combination of stakeholders' global priorities

The global priorities derived from each stakeholder model were exported from
Expert Choice to Lotus 1-2-3. Using Lotus 1-2-3, we created six different
combinations of stakeholders' global prioril.ies.

The first combination we considered was the geometric mean of all of the
stakeholders' global priorities. We chose a geometric rather than arithmetic
mean because the global priorities had been derived from a ratio based scale.
The geometric mean is defined as:

t Lotus 1-2-3 is a registered trademark of Lotus Development Corporation.
The global priorities o  the combined models were renormaliaed so that they summed to one, thereby
ensuring feasibility.

1/9

1/7

1/5

1/3

1

3 5 7
9

1

2 3

4 6 7
8

9
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Extremely unimportant or undesirable
Very strongly unimportant or undesirable
Strongly unimportant or undesirable
Moderately unimportant or undesirable
Equal importance or desirability
Moderate importance or desirability
Strong importance or desirability
Very strong importance or desirability
Extreme importance or desirability
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X' = rt!IIXI

or more conveniently,

Results

Although all 15 stakeholders participated in the identification of issues and
options, some were hesitant about developing hierarchies, and several were
reluctant to judge the importance of issues and options. Ultimately, 14 stake-
holders prodded us with judgments from which global priorities were derived.
When presented with many of the issues and possible options in the form of a
questionnaire, some stakeholders chose not to respond to particular questions.
For these reasons, priorities of issues and options in the combined models
represent strongly held opinions.

where X~ is the ith stakeholder's global priority on the jth option.
Maximax and maximin models were created to explore the effect of strongly

expressed judgments. The maximax model was based on the highest preference
rating given by any individual stakeholder for each option. The maximax
solution thus represents the most preferred solution of the most strongly
favored options. The maximin model was based on the lowest preference rating
given by any stakeholder for each option, and thus represents the least objec-
tionable set of the most strongly disliked options. We would not expect the
maximax and maximin models to favor similar options. However, options
favored under both the maximax and maximin models en! oy strong support and
weak opposttion.

The sensitivity of our results to the underrepresentation of stakeholders was
explored through models based on the combined  geometric mean! global pri-
orities of state agencies with direct management authority  a Board member,
persons in charge of park supervision and land use planning in the Alaska De-
partment of Natural Resources, and regional supervisors and area managers in
ADF6zG!; persons in positions of responsibility in organizations representing
commercial fishing interests  the Upper Cook Inlet Driftnetter's Association and
the Kenai Peninsula Fishermen's Association!; and sport fishing interests  a Kenai
Peninsula sporting goods retailer, a person in a position of responsibility in the
Cook Inlet Professional Sportsmen's Association, and an unaffiliated angler!.
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Based on our interviews with stakeholders, seven primary issues were iden-
tified:

1. regulation  e.g., actions by local, state, and federal agencies that affect users
of chinook salmon in the Kenai River!;

2. monitoring  e.g., assessment of' chinook salmon run strength, catch, and
bye atch!;

3, allocation  e,g., distribution of fishing opportunity among users!;
4. biological productivity  e.g., escapement goals relative to biological param-
eters, run forecasts based on biological indicators and technology!;

5. habitat degradation  e.g., compatibility of development with habitat require-
ments of chinook salmon in the Kenai River!;

6. quality of the recreational fishery experience  e.g., social and aesthetic
values!; and

7. enforcement of existing regulations  e.g., authonty and ability!.

In total, the encompassing decision hierarchy consists of 182 issues and
options: 7 primary issues; 22 secondary issues  Level 2!; 28 tertiary issues
 Level 3!; 18 quaternary issues  Level 4!; and 107 options for addressing the
issues. Because some options address more than one issue, only 93 of the 107
options were unique.

Options preferred by several stakeholders

4 Since there are only 93 unique options in the encompassing decision hierarchy, the union ol' the 14
stakeholders' 10 most preferred opnons can mclude, at most, 93 enmes.

If all stakeholders had identical preferences, there would be little controversy
involved in the management process. Unfortunately, management decisions
favorable to one stakeholder are often detrimental to another. Management
options most likely to be adopted without controversy are those highly favored
by several stakeholders and not strongly opposed by others. A simple measure
of the degree to which stakeholders agree on responses to issues is given by the
percentage of stakeholders who assigned high global priorities to specific
options.

If stakeholders agreed on the importance of every issue and the desirability
of each option, the union of their 10 most preferred options would consist of
10 unique options. If there were incomplete agreement on issues, the union of
the 14 stakeholders' 10 most preferred options could include as many as 93
unique options.4 The union of the sets of 10 most preferred options identified
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by the 14 stakeholders included 48 different options  see Figure 1!. Six options
were selected by at least 78% of the stakeholders. These six broadly supported
options were to increase funding to Alaska Fish and Wildlife Protection for
enforcement of existing regulations, reduce property taxes for property owners
who dedicate their river frontage to conservation, expand public awareness of
habitat requirements for chinook salmon, reduce filling of contiguous wet-
lands, station a Habitat Division biologist in Soldotna, and clarify legislative
intent regarding the enforcement authority of the Alaska Division of Parks.
Four additional options were highly preferred by at least 50 /o of the stakehold-
ers. All other options were highly preferred by less than half of the stakehold-
ers. Adoption of any of the first six options would attract considerable support,
whereas adoption of any of the latter options is unlikely to enjoy broad support.

Options preferred by combinations of stakeholders

The problem with simply focusing on the options most frequently assigned
high global priorities is that in so doing, we ignore the extent of opposition to
those options. The first combination that we considered v.as the geometric
mean of the stakeholders' global priorities. The mean results in a solution that
potentially offsets low global priorities assigned by one stakeholder with high
global priorities assigned by others. The 10 options with the highest mean
global priorities are listed in Table 4. As might be anticipated, there is consider-
able correspondence between the options with high mean global priorities and
the options preferred by a large percentage of stakeholders  see Figure 1!. Seven
of the 10 options with the highest mean global priorities are also among the 10
most frequently preferred options in individual stakeholder models. While
options with high mean global priorities enjoy strong support, they may be
opposed by some stakeholders. Therefore, implementation of options with
high mean global priorities will not necessarily be universally supported, and
may even be vigorously opposed by one or more stakeholders.

The maximax and maximin models represent the strongest positive or nega-
tive judgments assigned to the options by individual stakeholders. Because of
this focus on polar judgments, we would not expect the maximax and maximin
models to agree on the 10 most preferred options. Howeve~, those options that
are preferred under both models enjoy st.rong support from at least one stake-
holder and are opposed by other stakeholders to a lesser degree than other
options. Therefore, adoption of options preferred under both the maximax and
maximin models is likely to meet with limited opposition.

Options with high global priorities for both the maximax and maximin
models included the options to increase funding to Alaska Fish and Wildlife
Protection for enforcement of existing regulations, reduce property taxes for
property owners who dedicate their river frontage to conservation, increase the
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Figure 1. Percentage of occurrence of options in the 10 most preferred set of options, identified
by stakeholders interviewed in an analysis of the Kenai River recreational fishery for
chinook salmon.
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accuracy of preseason forecasts of run strength, clarify legislative intent con-
cerning the enforcement authority of the Alaska Division of Parks, and com-
pensate property owners for the dedication of their property toward the public
good  Table 4!. While the options to increase funding to Alaska Fish and
Wildlife Protection for enforcement of existing regulations, reduce property
taxes for property owners who dedicate their river frontage to conservation,
and clarify legislative intent concerning the enforcement authority of the Alaska
Division of Parks were also among options most frequently included in the
individual stakeholder models, the option to increase the accuracy of preseason
forecasts of run strength was among the most highly preferred options in only
two of the individual models, and the option to compensate property owners
for the dedication of their property toward the public good appeared in only
one individual stakeholder's most preferred options list.

Moreover, some of the options frequently included among the 10 most
preferred in the individual models were not among those assigned high global
priorities by the combined models. For example, although the option to ex-
pand public awareness of habitat requirements for chinook salmon was identi-
fied as a highly preferred option by 86'/0 of the stakeholders, it was not
regarded as a highly desirable option by the remaining stakeholders, so it was
not identified as one of the 10 most preferred options under any of the
combined models.

Options preferred by weighted combinations of stakeholders

Robust options are those that would be assigned high global priorities no
matter how the set of stakeholders was identified or how the judgments of the
individual stakeholders are weighted in the decision process. To explore the
robustness of our results, we examined models based on the combined  geo-
metric mean! global priorities of state agencies, sport fishing interests, and
commercial fishing interests.

The three interest group models shared the four most preferred options,
which are to increase funding to Alaska Fish and Wildlife Protection for
enforcement of existing regulations, reduce property taxes for property owners
who dedicate their river frontage to conservation, locate public access points to
limit adverse impacts on existing subdivisions, and reduce filling of contiguous
wetlands. Models combining the perspectives of state agency representatives
and sport fishing interests each produced seven preferred options common to
the 10 most preferred options in the model based on the mean global priorities
of all 14 stakeholders. Six of the 10 most preferred options for the mean of all
stakeholders also were highly preferred in the model representing commercial
fishing interests  Table 4!.
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Table 0. The 10 most preferred options in the geotnetric mean solution and
their ordering by maximin, maximax, and weighted model solutions.

Preferred order by model solution

Rank of options in the
mean solution

1. Increase funding to Alaska 10
Fish and Wildlife Protection
for enforcement of existing
regulations.

3. Appeal judicial rulings.

10

1010

7. Station a Habitat Division
biologist in Soldotna.

9. Reduce filhng of contiguous
wetlands

10

Number of options shared
with the mean solution

' The ranks of some options were tied.

2. Reduce property taxes for
property owners who
dedicate their river frontage
to conservation.

4. Increase accuracy of
preseason lorecasts of run
strength.

5. Locate public access points
to limit adverse impacts on
existing subdivisions.

6. Clarify legislative intent
concerning the enforcement
authority of the Alaska
Division of Parks.

8. Commercial fishermen
should closely observe nets
for live release of chinook.

10. Compensate property
owners for the dedication of
their property toward the
public good.
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State Commercial Sport
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Prioritizing options for addressing issues

Discussion

Although we are unwilling to advocate use of these preliminary results as a
guide to the management of chinook salmon in the Kenai River, we believe that
the AHP can contribute to the solution of complex fishery management prob-
lems, including those of the Kenai River.

The ultimate test of the solution ts to examine how reasonable it is. The 10
most preferred options in the mean solution mirror testimony frequently pre-
sented before the Board. All highly preferred options in the combined models
have been proposed previously by various stakeholders � no new or unusual
options appeared in the lists of the 10 most preferred options. Similar results
produced by two dist.inctly different methods of decision-making  the usual
process of public hearings versus the AHP! provides some assurance for the
policy-maker regarding the viability of the AHP.

The AHP also can be used to highlight the strength of judgments for options
to individual issues within the encompassing decision hierarchy. By comparing
the global priority score for each option, the decision-maker can determine the
relative desirability of options and the relative importance of issues. Figure 2
represents the global priorities assigned to the options for 10 different issues.
The priorities are drawn from the model based on the geometric mean of the
global priorities of the 10 stakeholders. The issues illustrated are from various
levels in the hierarchy.

"Preservation of the status quo" was the least preferred option to issues of
long-term stewardship, shoreline habitat degradation, the number of sport
fishing guides, management of the incidental catch of chinook salmon in the
commercial fishery, nuisances associated with sport fishing, and enforcement of
existing regulations  Figure 2!. "Create a drift fishery" was the most preferred
option addressing concerns related to overcrowding. "Encourage development
in areas not critical to chinook salmon" was the most preferred solution when
stakeholders were asked if streamside development adversely affected the qual-
ity of the recreational experience. "Equal allocation" and "restrict guides in salt
water" were the most preferred options addressing the issue of the allocation of
catches among recreational users. The most preferred option to concerns about
in-river management of the sport fishery was to open the season with regula-
tions restricting use of bait and mandating catch and release, and then when
run strength was determined to be within the guideline for harvest, to liberalize
regulations. Preservation of the existing in-river management plan also was a
highly preferred option to this issue  Figure 2!.
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Figure 2. The priority of options in the geometric mean model of combined stakeholders'
judgments, ordered according to their desirability, Global priorities are between 0
and 1, where the score closest to 1 indicates the most desirable option.
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1%8TIECT QUOES lO GIB Y RBQIQ 014.Y
2K%% IVVER SECTIONS FOR DFFBBNT SPORT RBQCii IBTHODS

1%DUCE 11% IASEBR OF ANQLERS ISING A PBSST DRAWSO
f88%ICE TI% IAAEBR OF ANGLERS BY BYTIUUWQ ALTEIMATE DAY FKEQKI a001 a000 a000

ALLOCATION AMONO RECREAllONAL USERS

LMT SU%ED SPORT HARVEST TO 00K OF TI% MVVER TAKE
IESIISCT SPORT QIEBS IN SALT W'ATER

ISST GUDED 8PORT HARVEST TO ISS OF li% MVVER TAKE
BTATUS OUO NO FEED FOR A CHANGE B POUCY

LMT QUDED BPORT HARVEST TO 008 OF TI% MBIER TAKE
a000 0.000

ENFORCEMENT
ADDmCNAL FUIKB FOR EI801%B%NT OF EKBDNG f%QIAAllOPB

CLAIBY LEGEKATIVE SRENT 1%QAf%0% 11% &A!RCEN3fl' UTTKKEIlY OF OIA
STAllON A HABTAT CAISSON BOLOQBT II SOLDOTNA
DDIIDONAL FU!S FOR CCNERT OPERATIONS BY FWP

ISSUES% ALL BOAT OPERAlORS TO TAI% A SOATIVG SAFEIY CLASS
SCI%ASE COAST QUAIEI PATROLS 10 ADDI%88 BOATMI SAFEIY CONCEISB

STATLB CELLO; NO CHANGE IN POUCY B 14%IBD

Figure 2.  Continued.!
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The advantages of the AHP over the traditional decision-making processes
include:  I! The AHP facilitates the simultaneous consideration of multiple
criteria and suggests possible resolutions that would not occur to individual
stakeholders; �! the AHP promotes useful discussion by requiring that stake-
holders formally represent their understanding of the problem's structure; �!
the AHP provides a vehicle for succinct communication of the relative impor-
tance of issues and relative desirability of options between stakeholders; �! the
reasoning behind a decision can be ascertained quickly and additional substan-
tiating information can be requested  i.e., reasoning for decisions is subject to
review!; and �! decisions can be updated quickly as nev information becomes
available.

A particular strength of AHP is the facility with which conflicting objectives
of multiple stakeholders were incorporated. In any complex problem there is
disagreement among stakeholders. The identification of robust options among
varying interest categories can assist the decision-maker in reducing conflict.
Our results indicate that even in complex problems, there may be options that
are preferred irrespective of how the judgments of the individual stakeholders
are weighted. The robustness of these options demonstrates a large degree of
commonality among stakeholders that otherwise may not be apparent. Options
with no concordance assist the decision-maker in focusing on areas of conflict.
The greatest debate probably would occur over those options that were ex-
tremely preferred by some stakeholders and strongly disliked by others.

Where managers choose to implement controversial options, the AHP can
be used to provide an indication of the extent and relative intensity of opposi-
tion to the option. The maximax and maximin models are particularly helpful in
identifying the intensity of controversy associated with various options. In this
application of the AHP, we found that many of the most preferred options are
common to the maximax and maximin models. The extreme solutions can agree
only when there is little disagreement among stakeholders over the global
priorities assigned to the option. These robust options typically arose when the
Levels I and 2 issues that they addressed were assigned high global priorities
and when implementation of one option addressed several different issues.

Because the identification of stakeholders to involve in the decision process
and the weight to be given to the different stakeholders' judgments are prob-
lematic, options that are robust with respect to the exclusion of stakeholders
should be selected when possible. Although we had anticipated that state
agencies, sport fishing interests, and commercial fishing interests would dis-
agree on the importance of issues and desirability of options, there were many
areas of common agreement. That is, the options identified as highly preferred
were robust with respect to the exclusion of stakeholders.

The principal difficulty that we encountered in applying the AHP to the
management of Kenai River chinook salmon was the reluctance of stakeholders
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Conclusion

The AHP can be a valuable tool for the fishery manager. It helps managers to
make the best possible use of their professional judgments and incorporates

to provtde judgments for some issues and options and their reluctance to
engage in exhaustive pairwise comparisons of the issues and options. Reluc-
tance on the part of stakeholders to provide !udgments on some issues and
options also has been reported by Brownlow and Watson �987!. This reluc-
tance may have occurred because people were ambivalent about issues outside
of their area of focus, because they had doubts about their own expertise or
knowledge regarding some issues or options, because they were indecisive, or
because they were worried about the consequences of taking a stance on a
particular issue or option. However, Weiss and Rao �987! indicate that it may
be desirable to use multiple decision-makers, each focused on a group of issues
when the problem is large and complex and requires numerous judgments.

Most of the stakeholders who participated in this study did not wish to
engage in pairwise comparisons, because it is time-consuming and was less
familiar than judgments of importance among a group of issues or options. If
pairwise comparisons are available, the degree of inconsistency in judgments
can be assessed. Because the reliability of policy recommendations based on
decision models is commonly questioned by stakeholders, a measure of low
inconsistency might contribute markedly to the acceptance of model-based
policy recommendations  Gass 1983!.

Because stakeholders recognize that they will be benefited or adversely
impacted by different management opt.ions, respondents might attempt to
manipulate model outcomes through strategic responses. This might result in a
suboptimal solution. Indefinite, inexact, and non-responses are not uncommon
to decision problems. The decision analyst can address this possibility by
testing for inconsistent responses and by requesting reevaluation of judgments
from the stakeholder. In addition, sensitivity of the preferred solution to
weighting of stakeholders' responses can be explored, as was done in this
paper.

The emphasis placed by stakeholders on political, social, and economic
concerns that are not commonly within the domain of fishery managers was
striking. Fishery managers may be constrained in their adoption of preferred
options by legal, enforcement, biological feasibility, cost, or time frame consid-
erations. We also note that the implementation of some of the preferred man-
agement responses suggested by the models would require an unusual level of
cooperation among fishery managers; a collection of local, state, and federal
agencies; and the public.
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stakeholder preferences. lt can serve as a teaching aid, permitting managers to
explore the effect of varying the judgments assigned to the issues and options.
Structuring the hierarchy forces managers to think through the problem in an
exhaustive and systematic manner. The AHP helps identify options likely to
enjoy broad support and those that are likely to meet with strong opposition.
The AHP also encourages people to explicitly state their judgments. To manage
fisheries in the interest of the general well-being of the public, issues of concern
must be identified and preferences for viable management options should be
examined.

Although we consider the results of our model of the Kenai River chinook
fishery to be preliminary, we note that two options were identified as among the
most preferred in all six models. The robust support for options to increase
funding to Alaska Fish and Wildlife Protection for enforcement of existing
regulations and to reduce property taxes for property owners who dedicate
their river frontage to conservation suggests that implementation of these
options would be considered desirable by most stakeholders and would face
limited opposition from the remainder.
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Abstract

Introduction

The State of Alaska, through its Board of Fisheries  Board! and Alaska Depart-
ment. of Fish and Game  ADFQG!, manages the commercial Bristol Bay red
king crab, Paralithodes camtschaticus, fishery on an open access basis. The

Proceedings of the Iniernational Symposium on Management Strategies for exploited Fish Populations,
Alaska Sea Grant College Program, AK-SG-93-02, 1993

This paper addresses the potential economic impacts of alternative pot limit
schemes on Bristol Bay red king crab fishers. The Bristol Bay red king crab fish-
ery is an example of a high value, high effort fishery characterized by short
seasons and difficult inseason management. Pot limits are viewed as a potential
way to alleviate management problems. Two pot limit regimes v ere considered
here: fixed pot limits and pot limits proportional to a vessel's historical pot reg-
istration. Production functions relating vessel performance to pot numbers were
estimated. These models subsequently were employed in model simulations to
evaluate the impacts of various pot limit scenarios on fleet. performance. The
fixed pot limits were found to have more pronounced distributional impacts on
fleet harvests than their proportional counterparts, reallocating harvests from
larger to smaller vessels. In addition, pot limits were found to impact season
length only modestly.
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Background

The Bristol Bay red king crab fishery was a relatively minor domestic fishery
until the late 1960s. However, harvest expanded rapidly and by the early
1970s, Bristol Bay became the dominant domestic king crab fishery. Harvest in
the fishery peaked in 1980 at 130 million pounds. High harvest levels trans-
lated into high revenues for Bristol Bay fishery participants. Unfortunately, the
boom lasted for only a brief period. Bristol Bay stocks began a precipitous
collapse in 1981, and the fishery was closed in 1983.

The Bristol Bay fishery was reopened in 1984, but harvests remained rela-
tively low throughout the 1980s and early 1990s. The 1992 ADFhzG preseason
harvest forecast for Bristol Bay red king crab is 10.3 million pounds.

In spite of recent low harvests in Bristol Bay, high exvessel prices have
maintained the Bristol Bay fishery as one of Alaska's most lucrative fisheries. For
example, 240 vessels participated in the 13-day 1990 season, harvesting
20.245 million pounds' and receiving $5 pound exvessel. Total exvessel rev-
enue was $101.23 million, representing a per vessel average earnings of
$421,788  ADF6zG 1992!.

' Total 1990 harvests was 20 362 million pounds, and reported deadloss was 116,527 pounds.

fishery is managed under the terms of a cooperative fishery management plan
 FMP! submitted by the North Pacific Fishery Management Council  Council!
and approved by the U.S. Secretary of Commerce in June 1989. The goal of the
FMP is to maximize the overall long-term benefit to the nation of the crab
resource by coordinated federal and state management.

The Bristol Bay red king crab fishery is a high value, high effort fishery in
which increases in the number of vessels and pots, combined with moderate
Guideline Harvest Levels, have led to a derby-style fishery with short seasons
and difficult inseason management. The ADF6zG believes that the fishery
season must be extended to allow sufficient time for inseason data collection
and analysis. Implementation of pot limits is viewed as a potential way to
accomplish this objective.

At its March 1992 meeting, the Board implemented a fixed pot limit of 250
pots in the Bristol Bay red king crab fishery. In 1ts deliberations, the Board
considered a variety of potential pot limit schemes. This paper provides an
analysis of potential economic impacts on the Bristol Bay king crab fleet of two
pot limit schemes considered by the Board: fixed pot limits and pot limits
proportional to the historical �990! number of pot vessels registered.
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a Observations on all participating vessels v ere not recorded by ADFR'G

The high returns in the fishery have contributed to recent increases in fleet
fishing power. The growth in fleet fishing power has resulted from expansion of
fleet size, a movement within the fleet toward larger vessels, and a general trend
across all vessels toward fishing additional gear. These changes and the accom-
panying abbreviated season lengths are consistent with those generally associ-
ated with the race for fish that occurs under open access management.

The Bristol Bay red king crab fleet has reached record or near record
numbers in recent years. For example, a record 302 vessels participated in the
1991 fishery. Compounding the impact of additional vessels i.o fleet fishing
power has been an increase in large vessels within the fleet. In 1986 only a
dozen of the 156 vessels in the fleet �.69'/n! had a registered length exceeding
134 feet. By 1990, 39 of the fleet's 240 vessels �6.25Vn! had a registered length
exceeding 134 feet.

A general trend within the fleet has been toward fishing an increased
number of pots. Table 1 documents the dramatic growth in the number of pots
present in the Bristol Bay red king crab fishery. The table reports the 1986-1990
Bristol Bay red king crab fleet's average number of registered pots by vessel size
class2. The fleet is divided into three vessel size classes: small, less than 90 feet
in length; medium, equal to or greater than 90 feet, but less than 135 feet in
length; and large, equal to or greater than 135 feet in length. These size-class
designations were determined on the basis of discussions with fishery pari.ici-
pants.

In 1986 approximately 30,770 pots were registered in the fishery, represent-
ing a per vessel average of 204 pots. By 1990 the total number of registered pots
had more than doubled to 69,144, and the per vessel average number of pots
had increased to 292.

Examination of Table I also reveals the disparity that exists across vessel size
classes in the average number of pots fished. For example, in 1990 large vessels
on average registered almost 100 more pots than medium vessels, and medium
vessels on average registered approximately 73 more pots than small vessels.

The increases in pots fished per vessel can be viewed as a response to
increased competition within the fishery. Each vessel owner is interested in
securing as large a proportion of total harvest as feasible. Higher vessel numbers
translate to a reduction in the proportion of harvest. captured by existing vessels
within the fleet, ceteris paribus. In response, to recapture lost share or, in the
case of new ent.rants, to gain additional share, vessels increase their fishing
capacity in part by investing in additional pots. The capability of a vessel to
increase the number of pots fished is constrained by vessel size. Therefore, the
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Table 1. Bristol Bay red king crab fishery, 1986-1990. Average vessel pot numbers
 MEAN! by vessel size class; total pot numbers by size class  SUM!;
percentage of total pot numbers by vessel size  PCTSUM!; and number
of vessels by size class for which pot number observations were available
 N!. Large   135 feet!; medium  90-134 feet!; small  < 90 feet!; and
fleet average  ALL!.

Vessel Pots

SUM PCT SUM NMEANYear size

1986

1987

1988

1989

1990

Source: ADFtaG survey  alf vessels participating in fishery not included in survey! Vessels reporting length
less than 51 feet omitted.

Large
Medium

Small

ALL

Large
Medium

Small

ALL

Large
Medium

Small

ALL

Large
Medium

Small

ALL

Large
Medium

Small

ALL

284.82

229.80

154.22

203.77

338.29

265.89

182.49

249.35

342.37

264.72

175.05

250.31

351.00

288.11

179.72

261.99

406.08

299.74

222.66

291.75

3,133

18,384

9,253

30,770

9,472

23,398

10,767

43,637

11,983

25,148

10,678

47,809

12,285

28,235

12,401

52,921

15,431

36,568

17,145

69,144

10.18 11

59.75 80

30.07 60

100.00 151

21.71 28

53.62 88

24.67 59

100.00 175

25.06 35

52.60 95

22.33 61
100.00 191 '

23.21 35

53.35 98

23.43 69

100.00 202

22.32 38

52.89 122

24.80 77

100.00 237
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trend toward increasing the number of pots fished has led to an increase in
large vessels in the fleet and to vessel owners widening and/or lengthening
existing vessels.

Economic Analysis

Estimation

Vessel performance was determined by a variety of factors including vessel
characteristics, the combination of gear and equipment employed, and experi-
ence of the skipper and crew. The performance of a vessel within the Bristol Bay
red king crab fleet was modeled within a production function framework. Two
production functions relating to vessel performance, potlifts and harvest, were
estimated.

Pot limits can impact vessel economrc performance by altering vessel gross
returns and/or operating costs. Pot limits are not intended to decrease annual
fleet harvest. Thus, within the context of this analysis, pot limits were not
viewed as impacting total fleet gross revenues. However, there will be gainers
and losers tf a pot limit is implemented, and the gains and losses on the revenue
side will occur through redistribution of harvest within the fleet. Who gains
and who loses harvest share will be determined by the impacts of pot limits on
the relatrve fishing power of vessels within the fleet.

A direct evaluation of pot limit cost impacts to the crab fleet was prohibited
by the absence of vessel cost data. However, a primary potential underlying
source of vessel cost changes from pot limits, at least in the short run, will be
the accompanying adjustments to vessel participation ttme in the fishery. Thus,
the extensions of season length that result from implementation of pot limits
provide some indication of short-run cost impacts.

Accordingly, the economic impacts of pot limits on vessels within the Bristol
Bay fleet were assessed by examining the allocative impacts of pot limits to fleet
harvest  revenue affects!, and changes in season length that accompany pot
limits  cost affects!. The economic analysis was conducted in two stages. First,
econometric models of vessel performance were estimated for the Bristol Bay
red king crab fleet. The models relate vessel potlifts and harvests to the number
of pots fished and season length, as well as other factors. In the second stage of
the analysis, the econometric models were used to simulate fleet and vessel
performance under various pot limit scenarios. The reader is referred to
Greenberg et al. �992! for a more detailed presentation of the economic
analysis and simulation.
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Table 2. Estimated Bristol Bay red king crab fishery vessel potlifts equation
�986-1990!,

Estimated

coefficient
Variable

name

Mean

elasticityT-RATIO

Ra = 0433
Degrees nf freedom = 897

Potlifts

Potlifts per vessel in the Bristol Bay red king crab fishery were estimated for
1986-1990 using combined cross-sectional and time series data. The estima-
tion results  estimated parameters, goodness-of-fit statistics, and elasticities! are
presented in Table 2.

Potlifts are represented as a function of a vessel's number of registered pots
 POTN!; total number of vessels in the Bristol Bay red king crab fleet  VESS!;
vessel harvest, measured in pounds  HAR!; season length  DAYS!; the exploit-
able stock biomass, measured in pounds  LEG!; the sublegal stock biomass,
measured in pounds  NONLEG!;4 vessel length  LGTH!; vessel horsepower
 HP!; the experience of the vessel permit holder  EXPER!; and an indicator

s LEG ts equal to the sum of males 9-14 years old and a pornon of male 8-year-olds in the Brtstol Bay red
king crab ftshery

NONLEG represents the sum oi' females 5-14 years old, males 3-7 years old, and a portion ol the male
8-year-olds in the Bnstol Bay red king crab fishery

POTN

VESS

HAR

DAYS

LEG

NONLEG

LGTH

HP

EXPER

INDVG

CONSTANT

0.786

� 1. 104

0.003

46.069

-1.359

1.470

1. 196

0.056

457.465

� 119.21

67.313

4.38

� 2.70

9.49

8.31

� 1.91

1.65

3.38

3.54

1.71

� 2.22

0.199

� 0.232

0.208

0.523

� 0.058

0.100

0. 121

0.049

0.029

� 0.007



Management of Exploited Fish ~ Alaska Sea Grant 1993 711

variable. INDVG, which marks vessels that reported having employed single or
double otter trawl gear at some time during the ADF6rG regulation year.

Data for POTL, HAR, and permit holders' fishery participation history  used
in calculating EXPER! were collected by ADF6rG and compiled by the Alaska
Commercial Fisheries Entry Commission  CFEC!  various years!. ADF6zG
vessel licensing files provided the vessel characteristic data for HP and LGTH,
as well as vessel gross tons used in the vessel harvest model  ADF6rGa, various
years!. Surveys conducted by ADF6rG provided POTN  ADF6zGb, various
years!. DAYS and VESS were obtained from the ADF6rG Westward Regional
Shellfish Report  ADF6rG 1992!, and stock biomass data for LEG and
NONLEG came from National Marine Fisheries Servtce  NMFS! trawl surveys

 NMFS, various years!.
The potlift model was estimated using Ordinary Least Squares and principle

components. Principle components were necessary because of high correlation
among several of the explanatory variables  e.g., NONLEG and LEG, and LGTH
and HP!. Two principle components were dropped, leaving 96"/o of the varia-
tion in the explanatory variables captured by the remaining principle compo-
nents. The R2 of 0.'i33 indicates that. t3'/o of the variation in vessel potlifts is
explained by the estimated model. All variables were significant at the 0.05
conlidence level.

Mean elasticities associated with each of the explanatory variables are also
provided in Table 2. The elasticities are interpreted as the percentage change in
potlifts, at the mean, given a 1 /o change in the associated explanatory variable,
holding all other variables constant. For example, the reported vessel elasticity
of � 0.232 indicates that a 1'/o increase in the number of vessels in the Bristol
Bay fleet v ill decrease mean vessel potlifts by 0.232'/o, ceteris paribus.

Vessel potlifts were expected, a priori, to be dependent on the vessel's fishing
success. An increase in vessel harvest success may lead to a vessel decreasing pot
soak time, thereby increasing potlifts. Data on vessel harvest per day is not avail-
able; seasonal vessel harvest was included in estimation as a proxy. A lo/o in-
crease in vessel harvest leads to a 0.208'/o increase in vessel potlifts, ceteris paribus.

The caveat ceteris paribus is very important in interpreting the elasticities. As
will become evident with presentation of the harvest model, harvest and potlifts
are interdependent; therefore, it is not possible to hold harvest constant while
allowing potlifts to vary. Accordingly, the elasticities represent only first-round
impacts. The interlinkages between model variables is fully captured only in
model simulations.

Season length and potlifts have a direct relationship. A 1 /o increase in mean
season length leads to a 0.523 /o increase in vessel potlifts, ceteris paribus.

An increase in the abundance of legal stocks will decrease potlifts, all other
variables, including vessel harvest, remaining constant. As legal stocks increase,
fewer potlifts are needed to obtain a gtven harvest level.
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Harvest

The estimated Bristol Bay red king crab vessel harvest model is presented in
Table 3. The model was estimated using Ordinary Least Squares, despite the
endogeneity of potlifts. Two Stage Least Squares was rejected because of low
correlation between the instrumental variable and potlifts. All variables in-
cluded in the model were significant at the 0.05 confidence level, except gross
tons  GRST! and the potlifts squared term  POTL~!. The estimated relationship
captures 52'Yo variation in vessel harvest.

The estimated potlift  POTL! parameter indicates that potlifts and vessel
harvest have a direct relationship. The mean elasticity for potlifts is 0.725.
However, the impact of increasing potlifts will not always yield the same
success. It is expected that the productivity of potlifts will decline  increase! as

Increases in nonlegal stocks may result in handling inefficiencies, which
would be expected to lead to an increase in the number of potlifts necessary to
achieve some given level of harvest.

A variety of vessel characteristics capturing different aspects of vessel capac-
ity was included in original estimations, since no exact measure of vessel
capacity is available. The two vessel characteristics included in the final model
on the basis of t-values and parameter signs were vessel length and horsepower.
As expected, vessel capacity, as proxied by both length and horsepower, has a
direct relationship with potlifts.

The relationship between permit holder experience and vessel potlifts was
incorporated in the estimated model through the inclusion of EXPER. This
variable was calculated on the basis of the vessel permit holder's participation
history in the Bristol Bay fishery over the most recent 4-year period. For
example, in 1990 EXPER measures whether the permit holder had fished in the
Bristol Bay fishery in 1986-1989. The previous experiences were weighted
geometrically so that fishing in the previous year received the highest weight
and fishing 4 years previously received the lowest weight. The estimation
results indicate that potlifts and permit holder's experience have a direct rela-
tionship.

INDVG is an indicator variable equaling one if the registered vessel reported
carrying single or double otter trawl gear at some time during the ADFR'G
regulation year, and zero otherwise. This vessel class is comprised primarily of
boats that participate in the pollock fishery. Closure dates of this fishery in
recent seasons have preceded the opening of the Bristol Bay red king crab
fishery. Several factors, including high exvessel prices and the relatively low
costs and ease of converting the vessels for crabbing, have attracted many of
these vessels to the Bristol Bay fishery. The sign and significance of INDVG
indicates that the performance of these vessels differs from that of the average in
the Bristol Bay crab fleet.
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Table 3. Estimated Bristol Bay red king crab fishery vessel harvest equation �986-
1990!.

Estimated

coefficient
Variable

name

Mean

elasticityT-RATIO

R2 0 519
Degrees of freedom = 597

the total number of potlifts increase  decrease!. This feature is captured through
inclusion of squared potlifts in the estimated model. The negative sign on the
POTL2 parameter reflects the decreasing productivity of potlifts.

POTL90 is an indicator variable which equals one if the year is 1990, and
zero otherwise. This variable was included because model variables could not
explain the sizable increase that occurred in the 1990 fleet average weight per
unit effort  WPUE!.5

Pot numbers  POTN! were included in both the harvest and potlift models.
A change in pot numbers may be expected to lead to a direct change in vessel
harvest since fishing strategy is dependent on the number of pots that a vessel
carries. Pot numbers had a mean elasticity of 0.624.

The amount of crab that an individual vessel harvests will strongly depend
on the length of the season  DAYS!. The elasticity of harvest with respect to
season length indicates that a 19o increase in season length will lead to a 0.55 lo
increase in average vessel harvest, ceteris paribus.

s The reported 1990 Vv'PUE for the Bristol Bay red king crab fishery was 78 pounds. The next highest
WPUE during the 1986-1990 estimation period was 64.8 pounds, recorded in 1986 Vv'bile the 1990
catch per unit. effort  CPUE! of 12 crabs was equal to the 1986 CPUE, the average 1990 weight per
harvested crab of 6.5 pounds was the highest recorded since 1968.

POTL
POTL2
POTL90

DAYS

POTN

VESS

GRST

EXPER

CONSTANT

44.891

� 0.007

15.489

3010.500

152.880

-182.120

10.102

7130.700

� 19696.000

4.02

� 1.56

5.30

4.94

10.18

� 3.58

0. 70

2.27

0.725

-0. 131

0.072

0. 552

0.624

� 0.619

0.033

0.059



Greenberg & Herrmann ~ Pot Limits and Red King Crab719

The impacts of increased competition in the fishery to vessel harvest was
captured through inclusion of Bristol Bay fleet size  VESS! in t.he estimated
model. A I'/o increase in the number of fleet vessels is associated with a 6.2 /0

decrease in average vessel harvest.
A variety of variables that potentially measured vessel capacity were in-

cluded in initial model estimations. Gross tons  GRST! provided the best results
and was included despite a low t-value.

Experience may be expected to be of increasing importance in short seasons
because it then becomes critical that productive fishing grounds be located
quickly, that vessels retrieve gear effectively, and that vessel downtime be
avoided. Thus, it is not surprising that vessel harvest in the Bristol Bay fishery
was found to have a direct relationship with vessel permit holder experience
 EXPER!.

Model Limitations

Several factors that may be expected to affect vessel performance were not in-
cluded in the estimated model due to data limitations. For example, variables
which measure environmental conditions and the skill of the skipper and crew
were not available. In addition, the total number of pots in the fishery was in-
cluded in initial model estimations but was not found to be statistically signifi-
cant. This may have been a consequence of the short time series, which pro-
vided fev observations on this variable. Finally, vessel cubic hold capacity, the
preferred measure of vessel size, was not reported in the ADF6zG licensing files,
nor was vessel width. For many of the variables that were reported and included
in model estimations, there exists variation in how different vessel owners calcu-
late the reported vessel statistics  e.g., vessel length and gross tons!.

Simulation

Vessel performance under two pot limit regimes fixed pot limits and pot
limits based on proportional reductions in pot numbers was simulated for the
Bristol Bay king crab fishery. The simulations were based on 1990 Bristol Bay
fishery conditions and fleet characteristics. Three fixed pot limits were simu-
lated: 300 pots, 250 pots, and 200 pots. These fixed pot limits set an upper
bound on the number of pots that a vessel could fish, and the constraints were
binding on only those vessels that registered pot numbers in excess of the
simulated pot limit. Vessels fishing fewer pots than the prescribed limit were
assumed not to increase their pot numbers.

In contrast, the proportional pot limits affected all vessels that participated
in the 1990 fishery, reducing each vessel's 1990 registered pot numbers by a
constant percent. Three propornonal limits were simulated: 11.85'/o, 20.68'%%d,
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s Missing or incomplete data for any vessel warranted ehminating rhat vessel from the estimation and
simulation. The following vessel characteristic values were ludged to be outliers, and the vessel was
excluded from estimation and sunulauon: HP < 150 and HP > 6,500, POTL < 100 and POTL > 3,000;
HAR < 1,000 pounds; and LGTH < 51 feet.

and 33.17/o. The proportions were set so that the total number of pots in the
simulated fishery under the proportional limits corresponded to that of the
fixed limits  i.e., the fixed 300, 250, and 200 limits decrease total pots in the
fishery by 11.85/o, 20.68/o, and 33.17/o, respectively!.

The simulations were conducted by first imposing a given pot limit and then
adjusting season length so that simulated annual fleet harvest  not individual
vessel harvest! was unchanged. The results were then compared to the st.atus
quo simulation of fishery performance in the absence of a pot limitation.

The segment of the fleet included in simulation was composed of 14.1'/o
large vessels, 52.8'/o medium vessels, and 33.1'/o small vessels.6 This sample
was representative of the entire 1990 fleet, which was composed of 16.25/o
large vessels, 51.67'/o medium size vessels, and 32.08'/o small vessels.

The impacts of the fixed and proportional pot limit regimes to the average
number of pots fished by each of the vessel size classes are illustrated by Figure
I and Figure 2, respectively. Examination of Figure I reveals that the fixed pot
limits reduced the differences that existed between the number of pots fished
by vessels in different size classes. The impacts were not evenly distributed
among vessel classes � large vessels incurred a significantly greater reduction in
numbers of pots than either of the other two size classes. This occurred because
more large vessels carried pots in excess of the limits than did the medium and
small vessels. To the extent that pot numbers reflected vessel fishing power,
changes across vessel classes in the average number of pots fished reflected
changes to the composition of relative fishing power within the fleet; the
relative fishing power of the small and medium size classes had increased vis-a-
vis the large vessel class.

In contrast, examination of Figure 2 reveals that the reduction in pots was
more evenly distributed among the vessel size classes under the proportional
pot limits. Each vessel size class incurred the same proportional reduction in
pots. However, the pot limits impacted each of the vessel size classes differently
in absolute terms. For example, in moving from the status quo  no pot limit! to
the 11.85'/o reduction limit, large vessels lost approximately 40 pots, while
medium and small vessels lost approximately 35 and 27 pots, respectively.

The impact of pot limits to vessel gross returns was examined by comparing
changes in average vessel harvests that accompanied the imposil.ion of pot
limits. Given a constant exvessel price, changes in vessel harvest directly
translated to changes in vessel gross revenue. In examining the harvest results,
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Figure 2. Bristol Bay red king crab fishery. Average pot numbers by vessel size class,
large, medium, small, and fleet average  AII!, for proportional pot limits
� 1.85/, 20.680/, and 33.1 7/1.

Figure 1. Bristol Bay red king crab fishery. Average pot numbers by vessel size class,
large, medium, small, and fleet average  All!, forfixed pot limits �00, 250,
200!. Percentage changes in pot numbers from the base scenario are in
parentheses.
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recall that total fleet harvest remained unchanged, implying that total gross
revenue to the fishery was not impacted by the pot limit. Thus, changes in
harvest reflected a zero sum game where the loss in harvest for one vessel, or
one vessel size class, became the gain of another vessel size class.

Figures 3 and 4 provide average harvest by vessel size class for the fixed and
proportional pot limit regimes, respectively. The two pot limit regimes had
significantly different distributional impacts on vessel harvest and, therefore,
on vessel revenues.

Fixed pot limits had the effect of reallocating harvest from large vessels to
small vessels, leaving medium vessels virtually unaffected. The large vessel class
lost harvest share under each of the fixed pot limits. Given a 300 pot limit, the
average harvest of large vessels declined 9.09yo relative to the status quo.
Average large vessel harvest declined by 12.3 t/o and 15.08/o uilder' the 250
and 200 pot limits, respectively. The proportional decline in harvest for large
vessels always was less than the proportional decrease in the average number of
pots. For example, the 9.09'/o decline in harvest under the 300 pot limit
accompanied a 21.45'/0 decline in pots. This should not. be surprising. Eco-
nomically rational fishers always would remove the least effective pots when
confronted with a required pot reduction. This implies that the percentage
reduction in harvest will be less than the percentage reduction in pot numbers.
In addition, increased season length mitigates the impact of fewer pots to large
vessel harvest.

Average harvest by medium sized vessels was virtually unchanged by the
imposition of the fixed pot limits. The increases in season length that accompa-
nied the pot limits almost entirely offset the reduced effectiveness of fishing
fewer pots.

The beneficiary of the fixed pot limit was clearly the small vessel size class.
Pot limits of 300, 250, and 200 pots increased average small vessel harvest by
6.6'%%d, 10.47'/o, and 14.29%, respectively.

The proportional pot limits had a less pronounced distributional impact
among the fleet than the fixed pot limits. Large vessels still lost harvest share,
and small vessels gained harvest share. However, the impacts to harvest were
small. As with the fixed limits, medium vessel harvest was relatively unchanged.

Average large vessel harvest was reduced by 2.06'/o, 3.9 /o, and 5.7 /0 under
the 11.85'/o, 20.68yo, and 33.189o reduction pot limits, respectively. Average
small vessel harvest increased by 2.08 /0, 3.62 /0, and 5.79'%%d under the 11.85'%%d,
20.68fo, and 33.18'/o reduction pot limits, respectively.

The final area to be addressed is pot limit impacts to vessel costs. As noted,
vessel cost data v ere not available. Therefore, impacts to vessel costs were as-
sessed by examining the changes in season length that accompany the pot limits.
The proportional increases in season length that accompanied each of the pot
limits are provided in Table 4. The two pot limit regimes, fixed and propor-
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Figure 4. Bristol Bay king crab fishery. Average harvest by vessel size class,
large, medium, small, for proportional pot limits � L859o, 20,68%,
and 33.17/o!. Percentage changes in harvest from the base scenario
are in parentheses.

Figure 3. Bristol Bay red king crab fishery. Average harvest by vessel size class,
large, medium, small, for fixed pot limits �00, 2.50, and 200!.
Percentage changes in harvest from the base scenario are in parentheses.
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Table 4. Bristol Bay king crab fishery, percentage change in season length
 DAYS9o! under fixed pot limits �00, 250, and 200 pots! and
proportional pot limits �1.85'/o, 20.68'/o, and 33.17 /o!.

Pot limit DAYS 9o

Fixed 9.44

16.61

26.83

300 pots
250 pots
200 pots

Proportional 11.85o/

20.68%

33.179o

9.90

17.00

27.50

Discussion

The results presented in this paper represent short-term impacts of pot limits to
the Bristol king crab fleet. Extrapolation of these results into the future requires
the assumption that past fishery conditions, fleet characteristics, and fishing
strategies and practices continue into the future. However, pot limits provide
incentrves for changes in these very factors.

In general, gear restrictions increase the cost of fishrng effort, where we
follow Anderson �985! in defining effort. in terms of imposed mortality on the
stock. The simulation results show that following the implementation of a pot
limit, the fleet requires a modestly extended period of time to produce a given
level of landings. Cost impacts will be heightened if individual vessels invest in
alternative gear and equipment to compensate for reduced pots. This invest-
ment would partially offset the declines in fleet fishing power that accompany a
pot limit.

tional, resulted in similar increases in season length. This implies that vessel cost
impacts will be comparable under either policy. The results also indicated that
only moderate increases in season length will accompany the introduction of
pot limits. For example, season length under the 250 and 20.68'/o pot limits
increased by 16.619o and 17.0o/o, respectively. Therefore, to the extent that cost
increases are proportional to season length changes, vessel cost increases should
be minimal. The results also show that pot limits are only modestly successful in
achieving the management objective of extending season length.
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Fixed pot limits introduce an additional factor that may offset pot limit
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posed limit may increase their pot numbers to the limit. Fixed pot limits, by
potentially increasing the productivity per pot and increasing the relative
fishing effectiveness of smaller vessels, provide an incentive for this change in
fishing practices.

A severe limitation of using pot limits to extend the fishery season is that
they do not fix the total number of pots in the fishery in the absence of
constraints on additional vessels entering the fishery. The Council has imple-
mented a vessel moratorium in the Bristol Bay red king crab fishery. However,
the moratorium allows mobility of vessels among fisheries. Thus, there is a large
pool of potential entrants into the Bristol Bay fishery.

Increased fishing costs, coupled with decreased returns to investment in
gear and vessels, may be expected to lead to some vessels exiting the fishery.
The analysis indicates that large vessels in particular will suffer significant
reductions in harvest and, therefore, returns, In the long run, vessels can
continue fishing only if they are able to meet their bank and insurance pay-
ments, as well as variable fishing costs.

However, pot limits also could provide incentive for new vessels to enter the
fishery. The competitiveness of potential entrants into the fishery may be
enhanced by the reduction in fishing power of existing vessels within the
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managers tight.ening pot limits in response to compensatory actions by fishers
and any increases in fleet size. The adjustment period would end when costs
are driven up sufficiently that there is neither incentive for new vessels to enter
the fishery nor economic feasibility for vessel owners to invest in alternative
gear and equipment.
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Compensating for Harvest Externalities in
the Management of Interjurisdictional

Fisheries

Grant Thompson
National Marine Fisheries Service, Alaska Fisheries Science Center

Seattle, Washington

Abstract

Introduction

It is commonly recognized that the problem of rational fishery management is
exacerbated when more than one stock is impacted by a given fishery. The
difficulty is even greater when a fishery's impacts extend to stocks governed by
a separate management authority.

Proceedings of rhe Intemanonal Slnnpostum on Management Strategies for Exploned Fish Populations,
Alaska Sea Grant College Program, AK-SG-93-02, 1993.

When a stock is exploited by more than one fishery, the problem of fishery
management becomes greatly exacerbated, especially when the involved fisher-
ies transcend management jurisdictions. A model is developed here to provide
some insight into resolving this problem. The model describes the dynamics of
a stock that is subject to mortality from two fisheries regulated by separate man-
agement authorities. In addition to the levels of fishing mortality exerted by the
two fisheries, their impacts on the stock are distinguished by different ages of
first capture: Fishery 2 is assutned to exhibit a higher age of first capture than
fishery 1. This situation is considered from the perspective of the management
authority charged with regulating fishery 2. Four methods  three equilibrium
and one disequilibrium! are suggested by which the management authority might
regulate fishery 2 in light of the harvest externality imposed by fishery 1. To
illustrate its utility, the model is applied to the problem of Pacific halibut,
Hippoglossus stenolepis, bycatch in the North Pacific groundfish fisheries off Alaska.
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As a speciftc example, suppose that a stock is subject to mortality from two
fisheries regulated by separate management authorities. In addition to the levels
of fishing mortality exerted by the two fisheries, suppose that their impacts on
the stock are distinguished by different ages of first capture. Let fishery 2 be
defined as the fishery exhibiting the higher age of first capture. Ftnally, suppose
that this situation is considered from the perspective of the management
authority charged with regulating fishery 2. The question becomes, How
should management adjust its regulation of fishery 2 in light of the harvest
externality imposed by fishery 17

This situation corresponds approximately to the one facing the managers of
the Pacific halibut, Hippoglossus stenolepis, fishery in the North Pacific. The
directed fishery on halibut is managed by the International Pacific Halibut
Commission  IPHC!, while other groundfish fisheries are managed by the U.S.
National Marine Fisheries Service, largely through the North Pacific Fishery
Management Council  NPFMC!. These other groundfish fisheries currently
extract a substantial halibut bycatch: Nearly one quarter of the total 1990
halibut catch  net weight! removed from Alaskan waters was composed of
bycatch taken in the other groundfish fisheries  Salveson et al. 1992!. Deter-
mining the appropriate method of compensating for this harvest externality,
which is an ongoing research activity of the IPHC, is complicated by the fact
that compensation involves not only the allocation of catch between different
fleets, but also between fleets of different nations  Salveson et al. 1992!.

To analyze this situation, the simple dynamic pool model of Hulme et al.
�947!, as generalized by Thompson �989 and 1992!, will be used. The
following notational conventions will be observed: When appropriate, variables
and parameters will be subscripted "1" or "2" to index the fishery to which they
are most directly related, and any variable name followed by a prime symbol
will denote that the variable has been scaled by the instantaneous natural
mortality rate M  e.g., F' = F I M!.

Description of the Model
Stock dynamics

In the model, fish recruit to both fisheries in knife-edge and continuous
fashion, with recruitment to fishery 1 occurring at age at and recruitment to
fishery 2 occurring at age az, where at   az. Fish are assumed to grow according
to a linear weight-at-age schedule. Two parameters that turn out to be impor-
tant in describing the dynamics of the stock are

Kll
M a, � a,!
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and

K,"=
M a, � a,!

�!

b  ! b  ! 0 � M�+Fi'1 a � ai
a � a1 0

�!

where b a! represents stock biomass at age a.
Recruitment  in biomass units! at age a2 is thus given by the following

special case of equation �!:

-�+ F!'!i � �� � �J�

b a,! =b a,! � ' e
2

Beginning at age a2, biomass at age is given as

I 1 I�+ FigP  1     1 ! ! K" K!'j � M!l+c!'+I '! 
1

a � a1 0

In equilibrium, the total b1omass of fish aged greater than a2 [B2 F1 F2!j is
given as

B , F,',F,'! = f�" b a!da

 ! a	 K" '""" K- K;! 1+F,'+F, +K," ' a1
M K," �+F,'+F,'!'

where a0 is the age intercept of the weight-at-age relationship. A common rule
of thumb is that the age of maturity falls close to the age of recruitment  e.g.,
Clark 1991!. In cases where there is not one, but two ages of recruitment, the
more conservative assumption would be to set the age of maturity equal to the
higher age of recruitment, in this case a2. Under this assumption, K2' gives the
growth-to-recruitment ratio in the pristine stock  Thompson 1992!, with K,"
defined by analogy.

The equilibrium state is defined in terms of arbitrary levels of fishing
mortality  F1 and F2, respectively! held constant over time. In equilibrium,
recruits to fishery I grow and survive according to the following equation  until
they reach age a2!:
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Finally, it is assumed that recruitment at age a, follows a Cushing �971!
stock-recruitment relationship:

b a,! = p[B, F,', F,'! j", �!

where p > 0 and 0 < q < 1. In the special case where q = 0, equilibrium recruit-
ment at age a, is independent of fishing mortality.

Substituting equation �! into equation �! and solving for B2 Fi', Fz! gives

1

1+ F,'+ F,'+ K,"
�+ F,'+ F,'!'

i+Fi!
e

M K"
2

B, Fi,F;! =  8!

The total biomass of fish aged a, through az [B2 F!', Fz! j is given as

B, F, F,'! '= ,J Bia'!*da
1+ F,'+ K,"
�+ F,'!'

K," "'"" -; 1+ F,'+ K,"
1 � � ', e

K," 1+ F,'+ K,"

pB~ Fi F,'!"
M

 9!

 For convenience, the notation B, is used here to designate the portion of the
stock biomass that is recruited to fishery 1 only, while the notation Bz designates
the portion of the stock biomass that is recruited to fishery 2, even though this
same portion also is recruited to fishery 1.!

Given equations  8! and  9!, total annual yield taken by fishery 2  Yz! is
simply

�0!

while the total annual yield taken by fishery 1  Yi! is

Yj: MFj [B] Fj F~ ! + Br F   F2 !]
It should be stressed that because Fi is an instantaneous rate of fishing
mortality  as opposed to an instantaneous rate of fishery capture!, any fish
caught by fishery 1 and subsequently returned to the sea unharmed are not
included in Y,.
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Equilibrium approaches to compensating for harvest externalities

Management may wish to adjust Fz in light of the prevailing value of F, . A
number of possible compensationmethods can be imagined. If the value of the
time path to equilibrium is ignored, the solution will depend simply on the
equilibrium state itself. Three methods that lend themselves to equilibriu'm
analysis are describedbelow.

Method I: One possibility would be to set F> at the level that maximizes Y>
given Ft Differentiating equation   I 0! with respect to F~ and setting the
resulting expression equal to zero gives the maximum sustainable�yield� MSY!
solution

 q+ 1!K,+ 1 +F,+/ q+ I!/ K,+�q � 2!K,� +F,'!+ I +F,!
2 2 '

  I 2!
When F ' � � 0, equation   I 2! reduces to the single-fishery solution obtained by
Thompson   1 992! . Let the value of Fz given by equation   1 2 ! for the special
case of F,' = 0 be designated F~

Method 2:A second possibleadjustment method would be to set Fzat the
level that maintains B>at some constant target value.For example,when Ft' � � 0,
exploiting the stock at F> � � Fz would result in a specific biomass level. If
management selected this level as the target stock size, the following adjust-
ment method would be implied

4K,"  1 + F,' + K,"!
 I +F
 � F,�/Kr!/Ki,

Fr
 �,� / K,'-1/K,'!

2  1 + F,' + K,"!

  I 3!
Method 3: A third possible adjustment method is the adult reproductive

compensation ARC!strategy currently used by the IPHC Sullivan 1990!. In
an equilibrium setting, the ARC strategy can be outlined as follows:   1 ! An
initial Yz level is computed by applying the F~ rate to the current biomass; �!
the current biomass is compared to what it would be in the case where F~ = Fz
and F,' = 0  i e ., the target biomass of Method 2!; and �! the difference between
these two biomasses is defined as the ARC, which is subtracted from the initial
Yz to give a final yz. In equilibrium, the final Yz must also correspond to the Yz
level given by equation   I 0!, so

Y~ MF Bp F~ Fg! MF By Fj Fp! [Bg� '�! Bg Fj Fp!] 1111
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Substituting equation  8! into equation  I'I! and rearranging terms gives

1+ F,'+ F,' 1+ F,'+ K,"
1+ F,' 1+ Fi + F,'+ K",

M F, � F,'! =

�5!

which unfortunately cannot be solved explicitly for F~ except in the special
case where q = 0.

Note that Fz in Method 1  equation [12]! depends only on Ft, Kz', and q. In
Method 2  equation [13]!, Fz also depends on Kt'. In Method 3  equation
[15]!, F,' depends on all of the above, plus M.

A disequilibrium approach to compensating for harvest externalities

2
�6!

after equation �!. Because recruitment is continuous in this model, Rp2 repre-
sents not only the total annual recruitment to fishery 2 in the initial equilib-
rium, but the instantaneous rate of recruitment as well. Therefore, it is appro-
priate to scale R>2 by M to define the relative recruitment rate Ro2.

If the value of the time path to equilibrium is to be considered, the problem
becomes much more complicated. A complete accounting of the value of
harvest externalities would require measuring not only the value of the indi-
vidual fish taken, but also the value of their foregone progeny. As the latter
measurement is extremely difficult to make in the case where a nontrivial stock-
recruitment relationship exists, only the former measurement will be consid-
ered here. Thus, the technique to be derived here will include only the direct
effect of harvesting fish that might otherwise be or become available to fishery
2, ignoring any indirect effect that these removals might confer through forgone
contributions to future generations. Recruitment  in biomass units! at age at
therefore will be treated as a constant, denoted R,.

To determine the present value of the time-stream of catches taken by fishery
2 under specified levels of F> and Fz, it is first necessary to quantify how those
catches are distributed over age and time. The situation is simplified greatly by
assuming that the stock is already in equilibrium at time tz � � 0 under some
combination of fishing mortality rates Fo, and Foz. Recruitment  in biomass
units! at age a2 in the initial equilibrium is then given by
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For all t ! t0, it will be assumed that stock dynamics are governed by the
rates Ft and F2. Consider first the set of all fish aged a, < a < a2 at time t0. The
yield to fishery 2 contributed by these fish at any time t! a2 � a may be
represented as follows:

M2FrRr � M Fi Fai  ai a! 0 M�+Pi'+Fr';i i-az!
a � a2 0

The present value of the time stream defined by equation �7! for a given age
a is

P- -2 � r r � M F' � F' +r'! a -a! r 0 -M�+F'+F'+r'!� � az!gt
a,-a,

= PMF2R02e
-M P' � P' +r'! a � a! 1 + F1'+ F, + r' + K,

�+ F,'+ F,'+ r'!'
�8!

where P is price per unit weight and r is the instantaneous discount rate.
Integrating equation �8! over ages a,   a < a2 gives the present value V, of

all fish that are between the two ages of recruitment at t = t0:

A sitnilar argument may be constructed for fish aged a ! a2 at time t0. The
yield to fishery 2 contributed by these fish at any time t ! t0 may be represented
as follows:

x r2r r r t ao M[�+Frir+For! a � ai! � �+Pi'+Fr'! r-a!j   !
a � a2 0

,��  F' � F' +r'! � ��K" K"2 i

V, F2'! = PF,R,',
1+ F,'+ F,'+ r'+ K,"

1 2 2 �9!
�+F+F +r!
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The present value of the time stream defined by equation �0! for a given age
a is

! PM2FrRr � M«+Fiii+fpi! a � az! j t � a p -M�+Fi'+Fr'+r'! I � a!gt
V2 a = 2 P2e e

a � a2 0

F F !  ! M�+F +F2 + r'! a � a,!+ 1
1+Fi+F2+r

�1!

Integrating equation �1! over ages a ! a2 gives the present value V2 of all
fish that are recruited to fishery 2 at t = tp'.

K,"�+F,'+F,'+r'! ' +1 +K,"
1+F', +F,',

V2 F2'! = PF,'R02 �2!
�+ F,', + F,',!�+ F,'+ F,'+ r'!'

1 1
t+a � aM2FrRr Kr Ki" 0 � M«+F'+~,'! I+a � a,! �3!

a � a2 0

for all � ~   a <a,.
The present value of the time stream defined by equanon �3! for a given age

a is

,  I
  ! � P1'vIFR ' 'i ' 'J~~ r2r-r r 1K'' Ki/ � Mr' ai � a! I' 0 -M l+Fi+Fz+r'! i � ai! g

a � a2 0

1+ F,'+ F,'+ r'+ K,"
�+ F,'+ F,'+ r'!' �4!

In addition to fish that are recruited to fishery 1, but not fishery 2, at t = tp
 equations [17-19]!, and fish that are recruited to both fishery I and fishery 2 at
t = tp  equations [20-22]!, it is also necessary to consider the contribution of
fish that are recruited to neither fishery at t = tp. The yield to fishery 2 contrib-
uted by these fish at any time t ! a2 � a may be represented as follows:
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Integrating equation �4! over ages � ~ < a < az gives the present value Vp of
all fish that have not yet recruited to either fishery at t = to!

 Fr Foi+r'!
1+ F'+ F'+ r'+ K"

�+ F,'+ F,'+ r'!'V, F,'! = PF,'R,',

Summing equations �9!, �2!, and �5! and subtracting discounted costs
gives the net present value of the time stream of harvests taken by fishery 2.
This quantity is easier to write if the following composite parameters are
defined:

+ K," �6!
1+F,', +F,',

,  j j'! ,  j

e 1 � e
+

and

P � + ', �+F,'+r'!.u K,"
K," �+ F,', + F,',!'

�7!

Given equations �6! and �7!, the net present value can be written

NPV F,'! = V, F,'!+ V, F,'!+ V, F,'!
CPF2'

r'

p /
�8!

r

PF,'Ro, F,'
u+p 1+

� + Fj + Fz + r'!' 1 + Fj + r'

dNFV jF~ !PR't,[ a+ P!   1+ A'+ r'! � ja � P!F ]Cp'
dF,' 1+Fj+F2+ r

where C is the marginal cost rate, scaled relative to price P. Note that this
construction assumes zero fixed costs  this is the opposite of the assumption
involved in the three equilibrium methods, where variable costs are implicitly
set equal to zero!.

Differentiating equation �8! with respect to F,' gives
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The level of Fz that sets equation �9! equal to zero maximizes the net
present value of fishery 2. This level is also a solution of the following third-
degree polynomial:

0 F2 + 3� + Fi + Y !Fz + 3� + Fi + 7 ! + R02 Q p! Fg

�0!I

+ �+ F,'+ r'! �+ F,'+ r'!' � � R,', a � P!

For purposes of comparison with the three equilibrium methods described
in the preceding section, the dominant root of equation �0! will be referred to
as Method 0  present value maximization!.

Parameter Estimation: Pacific Halibut Example

a = 0.0807L' "'. �1!

According to equation �1!, a length of 35 cm corresponds to a recruitment age
 to fishery 1! of 3. I3 years.

Weights at age also were taken from Table 3 of Blood �990!. These data
spanned age groups 0 through 26+. Because few fish are observed at ages
greater than 20 years, the data were truncated at this age. In addition, the
weights at age were multiplied by a factor of 1.33 to convert them to round
weight  Quinn et al. 1983!. Least squares regression gave

To illustrate its use, the above model was applied to the fishery for Pacific
halibut in the North Pacific Ocean. Parameter values were derived as described
below.

Age of recruitment to the directed halibut fishery  fishery 2! was determined
from Table 3 of Blood �990! using aggregate data for the entire halibut fishery.
The method was to find the age at which the difference between catch at age
and catch at the previous age was maximized. This analysis gave 9 years as the
age of recruitment to fishery 2.

Age of halibut recruitment to the Alaska groundfish fishery  fishery 1! was
computed in basically the same way, except that the available data were ex-
pressed in terms of catch at length instead of catch at age  Williams et al. 1989,
Tables 12 and 13, joint venture data!. This produced 35 cm as the length of
recruitment. To convert this length into an age of recruitment, the length-age
relationship derived by McCaughran �981! was used. This relationship can be
rearranged to give age at length L  in cm! as shown below:
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w a! = 2.369a � 7.718, �2!

Weight  kg!
50

40

30
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0
0 2 4 6 8 10 12 14 16 18 20 22 24

Age  years!

Figure 1. Weight  kg! at age  years! in Pacific halibut. Data were converted to round weight
from Table 3 of Blood �990!. The solid line corresponds to equation �2!.

where w a! is the average weight  in kg! of a halibut aged a years. Equation �2!
gave an R of 0.99  Figure I!. The implied value of ao is 3.26 years.

Insofar as the two-parameter relationship shown in equation �2! is not one
of the more common descriptors of fish growth, a few words in support of its
use in the present application might be in order. First, it should be noted that
use of this form has precedent in the halibut. literature  e.g., Deriso 1982;
Quinn et al. 1985!. Likewise, McCaughran �981! found that increasing the
complexity of an alternate model of halibut growth  in length! from two to
three parameters increased the R~ by only 0.04%. In general, McCaughran
concluded that the decision to use any particular growth equation should be
based primarily on the quality of its empirical fit and on its simplicity rather
than on its familiarity. Given that the linear relationship employed here gives an
R~ of 0.99, use of this form may not be the weakest assumption in the model.

Quinn et al. �985! give M = 0.2. Given the estimates M = 0.2, ao � � 3.26,
at � � 3.43, and az � � 9, the parameters Kta and K2' were set at values of 29.412
and 0.871, respectively.
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Identification of a value for Fz was a bit trickier. Sullivan et al. �990! list
0.35 as an "optimal exploitation rate"  exploitation rate translates to F in a
simple dynamic pool model!, but they do not explicitly state that this rate
maximizes sustainable yield. Quinn et al. �985! list three values for the "MSY
exploitation fraction" based on three different adjustments to the time series of
catch per unit effort. These three rates span the range 0.3 to 0.5, with an
average of 0.39. Because this average is close to the optimal value given by
Sullivan et al. �990!, Fz was set equal to 0.35.

Rearranging equation �2! and solving for q  for the case where F,'= 0! gives

� � F,'!K,"+ 1+ F,'
�3!

�+ F;!�+ F,'+ K,''!

Results

The optimal values of F> obtained under the four methods were as follows:
Vixen F,' was set at the estimated 1990 value of 0.17, Method 1  sustainable
yield maximization! gave Fz � � 2.22; Method 2  target biomass maintenance!
gave Fz � � 1.19; Method 3  adult reproductive compensation! gave F2 =1.32;

If Kz' � � 0.871 and F2 =0.35/0.20=1.75, equation �3! gives a q value of
0.211.

Quinn et al. �985! give an MSY value for the halibut stock which translates
to approximately 43,000 metric tons  t! round weight. Assuming the parameter
values given so far  and setting Ft'=0 and F2 = F~ =1.75!, equation �0! gives a
value of 43,000 when p is approximately 401.

Status quo estimates for F,' and F2 were set at the values which fixed Yt and
Bz at recent levels. Salveson et al. �992! list Y>  Alaskan waters only! at a value
of 9,400 t in 1990. Sullivan et al. �990! estimated the 1989 total exploitable
biomass of Pacific halibut in Alaskan waters at 202 million pounds, or 91,500 t.
Substituting these values into equations �1! and  8!, respectively, gives
Ft' � � 0.17 and F2' � � 1,685.  These values also were used for the initial condition
parameters For and Fo2 in Method 4.!

In addition to the above parameters, Method 4 employs the economic
parameters C, P, and r. Lacking an empirical estimate of the marginal cost rate
C, this parameter was set according to the rule of thumb suggested by Gulland
�987!; namely, at 10/o of the yield-per-recruit curve's slope evaluated at the
point F> = F2 = 0. This gave C = 71,500. Because costs are scaled relative to
price in the model, it was possible to set P at an arbitrary value of 1. The
instantaneous discount rate r was set at 10 /0, approximating the value used by
Marasco and Terry �982!.
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Discussion

General implications of the model

Independent of its application to the Pacific halibut bycatch problem, the
model presented here provides a simple, tractable, and reasonable means of
analyzing a difficult problem. Most parameters can be estimated with the types
of data generally available. The model takes into account the central processes
and features inherent in the problem, including growth, natural mortality, the
probability of capture at future ages, and different ages of recruitment to the
two fisheries.

The model also serves to illustrate the differences between the four adjust-
ment mechanisms examined here. In particular, it illustrates that Methods 1-3,

and Method 4  present value maximization! gave Fz � � 1.00. When F>' was set
equal to zero, Methods 1-3 all gave Fz � � 1.75, while Method 4 gave F2 � � 1.13.

Figure 2 illustrates how several key quantities vary with F>' for each of the
four adjustment methods. The relationship between F,' and Fz is shown in
Figure 2a. Under Method I, Fz increases with Ft whereas the relationship is
reversed under Methods 2, 3, and 4. Of the latter group, Method 4. prescribes
the lowest levels of Fz for values of F,' less than about 0.26, while Method 2
prescribes the lowest levels of F2 for F,' values greater than this.

Figure 2b illustrates how sustainable yield in fishery 2 varies with F,'. All
four methods result in Yz decreasing as F,' increases. Depending on the value of
F>', either Method 2 or Method 4 give the lowest levels of Yz, while Method I
gives the highest  by definition!.

Figure 2c shows how spawning biomass Bz varies with F~'. Under Methods
I, 3, and 4, Bz decreases with Fj while Method 2, by definition, holds Bz at a
constant value. Method 4 yields the highest level of Bz f' or F,' values less than
about 0.26.

The relationship between F>' and the net present value of fishery 2 is given
in Figure 2d. Net present value declines with F,' under all four methods.
Although Method 4 gives the highest net present value by definition, Method 3
does about as well, as does Method 2 for all but very high values of F,'. Method
I, because it prescribes much higher levels of Fz, incurs much higher costs and
therefore yields much lower net present values than the other three methods.

Because Method 4 depends on several parameters not employed by Methods
1-3, Figure 3 is included to illustrate how the optimal level of Fz varies with
these under Method 4. Figure 3a shows that F> decreases with C from a vertical
asymptote at C = 0  this asymptote exists whenever Kz' I!. As shown in
Figures 3b and 3c, Fz also decreases with both For and Foz. Figure 3d
illustrates how F>' increases with r'.
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Figure 2. Relationships between various quantities in fishery 2 and fishing
mortality rate in fishery 1  Pacific halibut example!. Fishing
mortality rates F are scaled by the natural mortality rate. Vertical
lines correspond to the estimated status quo fishing mortality rate
in ftshery 1. Method 1 maximizes sustainable yteld from fishery 2,
Method 2 maintains halibut spawning biomass at a target level,
Method 3 is the adult reproductive compensation approach, and
Method 4 maximizes net present valuefrom fishery 2. �a! Optimal
F in fishery 2 as a function of F in fishery 1; �b! yield  in hi lotons,
kt! from fishery 2 as a function of F in fishery 1; �c! spawning
biomass as a function of F tn fishery 1; and �d! net present value
of fishery 2 as a function of F in fishery 1.
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Figure 3. Relationships between the optimal fishing mortahty rate in fishery
2 as prescribed by Method 4  present value maximization! and
various parameters  Pacific halibut example!. Fishing mortality
rates F are scaled by the natural mortality rate. Vertical lines
correspond to actual 1991 values, either estimated or assumed. �a!
Optimal fishery 2 F as a function of the marginal cost rate, C; �b!
optimal fishery 2 F as a function of the initial F in fishery 1 Fp,,
�c! optimal fishery 2 F as a function of the initial F in fishery 2,
F~',; and �d! optimal fishery 2 F as afunction of the scaled discount
rate, r'.
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which in principle might appear to be essentially tdentical, can in fact be quite
different. This is especially surprising in light of the fact that Method 3 origi-
nally was developed  in disequilibrium form! for the purpose of providing a
means of implementing Method 2 in disequilibrium situations  Sullivan 1990!.

In terms of computation, Method I is the simplest, being an explicit func-
tion of only three parameters. It also has the advantage of being based on a
straightforward and appealing objective � maximization of sustainable yield.
Method 2 is only slightly more difficult to compute, being an explicit function
of four parameters. Likewise, it is based on an objective with intuitive appeal�
maintenance of a target spawning biomass. Method 3 is the most difficult of the
three equilibrium approaches to compute, being an implicit function of five
parameters. To the extent that it deviates from Method 2, it is also the most
difficult to explain.

Method 4 has the advantage of allowing for a non-zero discount rate, but at
the cost of ignoring any stock-recruitment relationship that might exist. With a
solution that takes the form of a third-degree polynomial, Method 4 is relatively
easy to compute, though not as easy as Methods I or 2. If the rule of thumb
used here to set the parameter C is not acceptable, Method 4 also has the added
difficulty of requiring specification of a marginal cost rate.

It should be noted that Method 4 represents a broader approach to valuation
of harvest externalities than methods currently found in the literature. For
example, m the context of the present model, the method presented by Marasco
and Terry �982! for fully utilized stocks implicitly assumes that the entire
catch in fishery 1 is taken from a single age group and that the fishing mortality
rate in fishery 2 is infinite  meaning that the entire catch in fishery 2 is taken at
age a~ and that all fish taken in fishery 1 would have been taken in fishery 2 had
F, and M both been equal to zero!. In contrast, Method 4 assumes that the
catch in fishery 1 is taken from a range of ages and that the fishing mortality
rate in fishery 2 may be finite  meaning that the catch in fishery 2 is taken from
a range of ages and that not all fish taken in fishery 1 would have been taken in
fishery 2 had Ft and M both been equal to zero!.

Although the objectives addressed by the four methods presented here are
all different, they are similar in the sense that each addresses  or is intended to
address! only a single variable  e.g., sustainable yield, equilibrium biomass, net
present value!. Often, of course, managers have more than one variable in mind
when they make decisions. Except in special cases, it is not possible to satisfy
multiple objectives simultaneously  e.g., maximization of both sustainable
yield and equilibrium biomass!. In such cases, the appropriate management
objective is to maximize  or minimize! some function of the relevant variables.
This would be a logical next step in expanding the model developed here.
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Implications of the model's application to Pacific halibut
One  perhaps surprising! insight resulting from the model's application to
Pacific halibut is that the "naive" strategy of setting Fz independently of Fi'
actually seems fairly reasonable. As Figure 2a shows, the naive approach is
bracketed by Method 1 on one side and Methods 2, 3, and 4 on the other. Since
sustainable yield seems to be largely independent of which of the four adjust-
ment methods is chosen  Figure 2b!, it follows that an intermediate strategy
such as Fz � � Fz should give similar results.

Method 2 emerges in this application as the most restrictive of the three
equilibrium adjustment methods in that it gives the lowest catch for fishery 2
under any level of F,'. Under other  hypothetical! parameter values, however,
Method 3 is the most restrictive. Thus, it is impossible to tell a priori which of
these methods is the most conservat.ive. On purely pragmatic grounds, one
advantage of Method 3 is that it is relatively straightforward to implement in a
disequilibrium setting. In addition, it is conceivable that the differences ob-
served here between Methods 2 and 3 might disappear under other model
formulations; for example, in models where catch is taken instantaneously
rather than continuously throughout the year.

This paper has considered the problem of harvest externalities from the
perspective of fishery 2 only  i.e., with F,' viewed as exogenous to the decision
mechanism!. However, extending the analysis to consider the combined fisher-
ies  i.e., determining the combination of F,' and Fz that would optimize the
joint performance of the two fisheries! is a relatively straightforward task. For
the Pacific halibut example considered here, a 10'%%d decrease in the value of F,'
from the 1991 level would increase the net present value of the directed halibut
fishery by only about 4.4'%%d  Figure 2d, Method 4!. If a model parallel to the one
presented here were developed for the other Alaska groundfish fisheries, it
should be possible to determine whether this 4.4'%%d increase in the value of the
directed halibut fishery is worth a 10 /0 decrease in Ft'  which would translate
into a 10'/0 decrease in the groundfish fishing mortality rate if the two rates
varied proportionately!.

The possibility of using such a joint optimization model apparently has not
been considered extensively in the past, despite the enormous economic im-
plications of the issues involved. Currently, halibut bycatch in the eastern
Bering Sea and Gulf of Alaska groundfish fisheries is regulated by a pair of caps
set for the 1991 fishery at 5,333 t and 2,750 t, respectively  Salveson et al.
1992!. These caps are set by a process of compromise involving industry
participants and managers. The benchmark underlying this compromise seems
to be the historic time series of bycatch rates, coming largely from a period
when the groundfish fishery was dominated by non-U.S. fishermen  Salveson
et al. 1992!. According to Table 15 of Williams et al. �989!, the average annual



Thompson ~ Interjttrisdictional Fisheries Model742

Acknowledgments

This paper benefited substantially from comments contributed by Lowell Fritz,
Loh-Lee Low, Ana Parma, Terrence Smith, Patrick Sullivan, Joseph Terry, Robert
Trumble, and an anonymous referee.

References

Blood, C.L 1990. Age composition of the commercial fishery for 1989. In: Stock assessment
document I. Trends in the fishery, 1989, pp. 25-27 International Pacific Halibut Commis-
sion, Seattle, WA.

Clark, W.G. 1991. Groundfish exploitation rates based on life history parameters. Can. J. Fish.
Aquat Sci. 48:734-750.

Cushing, D.H. 1971. The dependence of recruitment on parent stock in different groups of fishes
J. Cons. Int. Explor. Mer 33 340-362.

Deriso, R.B. 1982. Relationship of fishing mortality to natural mortality and growth at the level of
maximum sustainable yield. Can J. Fish. Aquat Sci. 39 1054-1058.

Gulland, J.A. 1987. The management of North Sea fishenes. Looking towards the 21st century.
Mar. Pol. 11:259-272.

Hulme, H.R., R J.H. Beverton, and S.J. Holt. 1947. Population studies in fishenes biology. Nature
159: 714-715.

Marasco, R.J., and J.M. Terry. 1982. Controlling incidental catch An economic analysis of six
management options Mar. Pol. 6:131-139.

McCaughran, D.A. 1981. Estimating growth parameters for Pacific halibut from mark-recapture
data. Can. J. Fish. Aquat. Sci. 38:394-398

Quinn, T J., II, E.A. Best, L Bijsterveld, and I.R. McGregor. 1983, Sampling Pacific halibut
 Hippoglossus stertolepis! landings for age composition: History, evaluation, and estimation.
International Pacihc Halibut Commission Scientific Report 68, Seattle, WA. 56 pp.

bycatch in the foreign and joint venture fisheries between 1962 and 1986 was
2,911 t in the eastern Bering Sea and 2,909 t in the Gulf of Alaska.

In comparison to these averages, the 1991 caps seem fairly generous, and in
fact the IPHC's Halibut Bycatch Work Group concluded that the 1991 bycatch
limits were too high  Salveson et al. 1992!. However, it is not at all clear that
history should be viewed as normative in this case. Development of an ex-
panded optimization model along the lines begun here could provide a helpful
next step in rationalizing the halibut bycatch issue.



Management of Exploited Fish ~ Alaska Sea Grant 1993 743

Quinn, T.J., II, R.B. Deriso, and S.H. Hoag. 1985. Methods of population assessment of Pacific
halibut. International Pacific Halibut Commission Scientific Report 72, Seattle, WA. 52 pp.

Salveson, S., B.M. Leaman, L.-L. Low, and J C Rice. 1992. Report of the Halibut Bycatch Work
Group. International Pacific Halibut Commission Technical Report 25, Seanle, WA. 29 pp.

Sullivan, P.J. 1990 Stock compensation for effects of bycatch. In: Stock assessment document III:
Bycatch, pp. 29-42 Internanonal Pacific Halibut Commission, Seattle, WA.

Sullivan, P.J., P.R. Neal, and B. Vienneau. 1990. Population assessment, 1989. In: Stock assess-
ment document IV. Population assessment, pp. 1-12. International Pacific Halibut Commis-
sion, Seattle, WA.

Thompson, G.G. 1989. Analytic solution of a dynamic pool model incorporating constant mar-
ginal cost and discount rates Math. Biosci. 95 139-159.

Thompson, G.G. 1992. Management advice from a simple dynamic pool model. Fish. Bull.
90:552-560.

Williams, G.H., C.C. Schmidt, S.H. Hoag, and J.D. Berger 1989. Incidental catch and mortality of
Pacific hahbut, 1962-1986. International Pacilic Halibut Commission Technical Report 23,
Seattle, WA. 94 pp.





Management of Exploited Fish ~ Alaska Sea Gran  1993 745

4~%

Allocating the Incidental Catch of Crab,
Halibut, Herring, and Salmon in the

Groundfish fisheries off Alaska

Terrence P. Smith

Institute of Social and Economic Research
University of Alaska Anchorage, Anchorage, Alaska

Abstract

Current address: NMFS, Northeast Fisheries Science Center, 166 Water Street., Woods Hole, MA 02543.

Proceedings of the International Symposium on Management Strategies for Exploited Fish Populations,
Alaska Sea Grant College Program, AK-SG-93-02, 1993.

One of the more intractable allocation problems facing management and indus-
try in the waters off Alaska is the inadvertent harvest or bycatch of crab,
halibut, herring, and salmon in the groundfish fisheries. Mortality of these non-
groundfish species can negatively impact lisheries that target crab, halibut,
herring, and salmon. Thus, since 1986 the North Pacific Fishery Management
Council  Council! has instituted controls, known as prohibited species catch
 PSC! limits, on the amount of bycatch that. can be taken by the groundfish
fleet. The total amount of crab, halibut, herring, or salmon that can be captured
by the groundfish fleet is limited, so the bycatch of one part of the fleet reduces
the amount of bycatch available to other parts of the fleet. For this reason, the
Council apportions the total available PSC to defined target fisheries.

Several fishery simulation models have been designed to predict bycatch
and to provide guidance on how the PSC limits should be apportioned. To date,
these models have estimated PSC apportionments based on the fishery's share
of total predicted bycatch expected to occur in an unregulated fishery. How-
ever, this allocation mechanism provides a disincentive rather than an incentive
for the fleet � collectively or individually � to reduce bycatch. Allocation based
on models that seek to maximize the returns to the groundfish fisheries,
assuming overall PSC apportionments are fixed, imply different PSC apportion-
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ments that not only are more efficient, but create the appropriate economic
incentives for controlling bycatch in a particular fishery. Using an approach that
attempts to optimize allocations also yields informatton on the value  increases
in total economic profit! of increased PSC limits and/or reduced bycatch rates.

The Setting: Controls on Incidental Harvest
in the Offshore Fisheries of Alaska

' The groundfish fishery off the coast of Alaska is prosecuted by a diverse collection of vessels thar range in
size from 10 meters  m! to over 200 m and use a variety of gear, including trawls, longlines, and pots. The
most important target species is pollock, with an annual catch of about 1.3 million metnc tons. Other
significant fishenes are those for Pacific cod, flatfish  rock sole, yellowfin sole, and other species!,
rockfish, sablefish, and Atka mackerel.

z In 1990, for example, total groundfish harvest was about 1. 9 million metric ions, 80% of the total harvest
off Alaska and 51% of total V.S. finfish landmgs  Smith 1992; NMFS 1990!

a Excess harvesting capacity currently exists, and the overcapamty continues to worsen as vessels that are in
the pipeline are brought on line. In 1991 total processing requests exceeded 5 million metric tons  NMFS
1990!, while total acceptable catch was 2 3 million metric tons.

The commercial fisheries off the coast of Alaska are the largest regional fisheries
in the United States, with the offshore or groundfish fisheryl accounting for
most of this harvest. The recent expansion of the Alaska groundfish fishery has
been dramatic: From 1980 to 1990, domestic catch increased by a factor of
more than 60  from 31,000 metric tons [t] to 1.9 million metric tons!, and the
value of the catch increased by a factor of more than 20  from $21.5 million in
1981 to $474 million in 1990!  Smith 1992!. At the beginning of the decade,
foreign trawlers were the dominant harvest group, taking 3.3 billion pounds, or
98'/o, of the groundfish catch. Because of the preference for domestic processors
written inl.o the Magnuson Fishery Conservation and Management Act of 1976,
the foreign fishery was phased out; first, as domestic catchers delivering to
foreign processors  joint ventures! replaced foreign harvest capacity, and finally,
as domestic processing capacity inc~eased to the point where U.S. processors
were able to handle the entire catch. The Americamzation of the fishery was
complete when foreign harvests ended in 1987 and joint venture harvests
ended in 1990  see Figure 1!.

Unfortunately, recent developments threaten this success story. The open-
access nature of these fisheries has contributed to rapid expansion and ulti-
mately I.o overcapitalization of the fleet. A race for fish has developed as
different components of the fleet rush to harvest their share of the resource
before the overall catch quota is met.3 At the same time, regulations that limit
the incidental harvest of crab, halibut, and herring in the groundfish fisheries
have become increasingly important in determining the ultimate harvest. Be-
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Figure 1. The growth of the domestic groundfish industry off Alaska.

cause the gear used in the groundfish fisheries  trawls, longlines, and pots! is
not perfectly selecnve, groundfish harvesting operations result in the harvest of
species other than those targeted. Since 1986 the responsible management
agency, the Council, has instituted PSC limits that, when exceeded, result in
closure of the relevant target fishery in an area or areas in which the bycatch
occurred. The allocation of crab, halibut, and herring between the groundfish
fisheries and the target fisheries explicitly recognizes the right of' both fleets to
harvest some amount of the total allowable catch.4 However, to prevent covert
targeting on the bycatch species, the groundfish fleet is not allowed to retain
bycatch, but instead must "return any catch of prohibited species or parts
thereof to the sea immediately..." �6 U.S.C. 1855, 50 CFR 675.20 [c] [3]l.

There is a second level of allocation of bycatch to the groundfish fleet. Since
the total amount of crab, halibut, and herring that can be captured by the
groundfish fleet is limited, the bycalch of one part of the fleet reduces the

s The rate of capture ts called the bycatch rate, usually defined in terms of animals per metric ton of
groundftsh target species or metric ton of bycatch per metnc ton of groundfish target.
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amount of bycatch available to other parts of the fleet. Thus, the Council
currently apportions the total available PSC limit to certain defined target
fisheries. Bycatch limits, as well as the total allowable catch limits, control the
fisheries. The race for fish has become a race for bycatch, and bycatch alloca-
tion has become an important determinant of the ultimate harvest of any
groundfish species  Smith 1992!.

Organization and Purpose

In the next section, we review the development of bycatch controls in the
groundfish fisheries. Following that, we discuss several fishery simulat.ion
models developed to predict the costs and benefits of various proposed bycatch
management measures and to assess the timing and pattern of fishery closures
resulting from various management regimes. The simulations are characterized
as first. and second generation models because of differences in programming
structure. However, both generations are simply electronic calculators that
multiply an expected bycatch rate by an anticipated groundfish catch to pro-
duce a predicted bycatch. In the subsequent section, we present some current
research, the development of third-generation models � simulations that pro-
vide for more economically rational bycatch allocations by incorporating incen-
tives to reduce bycarch, at least at the target fishery level. Preliminary results
indicate that more economic allocation of prohibited species bycatch can
produce increases in net income to the groundfish and traditional fisheries in
the order of several million dollars. We conclude with some suggestions on how
incentive-based allocation mechanisms might be brought down to the indi-
vidual vessel level.

We present this information for at least two reasons. The management
system that limits the incidental harvest of crab, halibut, herrmg, and salmon is
exceedingly complex, incompletely understood  at least in a historical context!,
and poorly documented. Little information describing the management regime
and the simulation models used to facilitate management controls has appeared
outside the gray literature. Examples of similar studies are also limited. In areas
other than the North Pacific several studies have examined the optimal alloca-
tion of bycatch in the context of the incidental catch of non-targeted groundfish
species rather than on the basis of prohibited species  e.g., Brown et al. 1978;
Murawski and Finn 1986; Overholtz 1985!. A study by Somerton and June
�984! did examine prohibited species bycatch issues in the North Pacific, but
their perspective was quite limited relative to the current bycatch management
regime.

More important, controls on the incidental harvest of the species prohibited
to groundfish fisheries control the harvest of groundfish and hence, the rev-
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enues, costs, and profits to the competing fleets. Given the economic impor-
tance of Alaska's fisheries to the U.S. fishing industry and the U.S. consumer, as
well as the need to provide for more efficient allocation of these scarce re-
sources, it is manifestly important to better understand the limitations of the
current management. regime and to suggest some avenues for improvement.

The Bycatch Management Regime
in the Bering Sea/Aleutian Islands

s Time/area closures are a mechanism whereby predefined areas thought to need special protection are
closed for designated periods ot time. The closures may be bhnd  i e., take place automatically! or be
triggered by some threshold level of bycatch  as in the hernng bycatch regulations!

The history of bycatch management in the North Pacific is characterized by
increasingly detailed, comprehensive, and complicated catch regulations. By-
catch controls that were first introduced in 1986 on the incidental catch of red
king crab and bairdi Tanner  snow! crab, Chionoecetes bairdi, in the Bering Sea
yellowfin sole trawl fishery were extended in 1989 to the remainder of the trawl
fleet. PSC limits on halibut were added  Amendment 12a, 1989!. In 1990 the
domestic rock sole and deep water sablefish and turbot fisheries were added to
the management system; seasonal apportionment of the PSC allowances was
authorized  Amendment 16, 1990!; and the program was extended to include
time/area closures for herring  Amendment 16a, 1990!.~ Fishery definitions
and halibut PSC limits were revised in 1991, and longline fisheries were
brought into the system in 1992  Amendment 17, 1992!.

All of these controls are area and season specific. For king and Tanner crab
and herring, areas needing special protection are defined and the bycatch of the
species in that area is monitored  in numbers of animals for crab; in metric tons
for herring!. If a specified limit is exceeded, the contributing fishery is closed in
that area for some specified period. In theory, at least, some areas remain open
to the groundfish fishery. For halibut, bycatch is counted Bering Sea wide.
Attainment of a primary limit for the species results in closure of certain areas,
and attainment of a secondary limit results in closure of the relevant groundfish
fishery in the entire Bering Sea for the remainder of the year. The suite of
controls has created an extremely Balkanized management area, and the regime
is expected to become more complicated in 1993 as additional PSC limits and/
or time/area closures for chinook salmon are added to the regulations.
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Fishery Performance

Because a fishery's PSC apportionments often are constraining, the fleet has had
to modify groundfish fishing practices. In some cases, such behavior has
resulted in lower bycatch rates; in others, it has resulted in lower groundfish
catches; and in many cases, it has resulted in relocation of groundfish fisheries
in time or space in order to reduce bycatch. Unfortunately, there are no controls
at the level of the individual vessel. Thus, although there may be an incentive to
reduce the fishery's overall bycatch rate  where fishery means a group of vessels
targeting a particular species or group of species using a particular gear and
operating under an individual PSC apportionment!, there is no incentive for an
individual operator to do so. Instead, there is an incentive to get into the fishery
early in the season, pursue an attractive target, and hope that the collective
action of the regulated fishery does not result in premature attainment of the
PSC apportionment.

For these reasons, industry pressure on the Council has been to split the PSC
apportionment into quarterly allocations, to define more disaggregated fisher-
ies, and to control the bycatch mortality of more and more non-groundfish
species. Increasingly fragmented management also may be a consequence of
backdoor management  i.e., the regulation of the directed harvest of a particu-
lar target fishery via controls on a constraining bycatch allowance!.

The regime now is so overlaid with short-term fixes to identified inequities
that it has become increasingly difficult for an individual to ascertain the
consequences of an unexpectedly hsgh bycatch rate in a given year, movement
of fishery into a new area, or any number of random events that are likely to
influence the ability to take a planned harvest. There is also an increasing
tendency to forget the objectives of bycatch management � to allow the maxi-
mal returns to the groundfish fisheries while minimizing the economic damage
due to inadvertent capture of non-groundfish species � in the pursuit of closing
another bycatch loophole.

Regardless of the fleet's ability to reduce overall bycatch rates, it is clear that
considerable groundfish catch has remained unharvested because of attainment
of fisheries' PSC apportionments. For example, in 1991 actual catch was less
than allowable catch for rock sole �4,000 t less than the total allowable catch
[TAC]!; for yellowfin sole �9,400 t!; for pollock �82,300 t!; and for Pacific
cod �6,100 t!. Some of this foregone catch may be due to nonattainability of
the mix of species implied by individual species' TACs. Nevertheless, all of the
named fisheries were closed in every quarter for reasons of attainment of one or
more PSC limits. The ex-vessel value of the foregone rock sole and cod, two
species currently much in demand, was about $48 million using 1991 prices. In
fact, the lost income due to bycatch restrictions may be even greater than
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suggested because the Council may a priori reduce the TAC in anticipation of
binding bycatch constraints.

Also complicating the bycatch management regime are changes in the
groundfish allocation system itself. In 1992 the Council adopted management
measures that allocate the harvest of pollock to onshore  shore-based! proces-
sors and offshore  at-sea! processors. An additional part of this amendment to
the fishery management plan for groundfish in the Bering Sea/Aleutian Islands
includes allocation to a community development quota  CDQ!, a set-aside of
7.5'%%d of the allowable harvest of Bering Sea pollock to western Alaska commu-
nities that have an approved fishery development plan. Logically, mechanisms
now exist to partition current PSC apportionments to the newly defined pol-
lock inshore, pollock offshore, and CDQ fisheries. At the same time, the
Council has approved a delay in the second season for pollock to the late
summer  from June I!, shifting a million metric ton fishery in time, and
possibly space, with unknown bycatch implications.

The Fishery Simulation Models
Since 1986 fishery simulation models of the Bering Sea groundfish fisheries
have been used to predict the likely levels of bycatch, given preseason appor-
tionments of groundfish to the various target fisheries. The models have been
used in at least two ways: to provide guidance on how the various PSC
apportionments should be distributed among the groundfish fleet, and to
determine the amount and value of the bycatch saved and groundfish catch
foregone relative to the status quo for the purposes of cost/benefit analysis. Due
to the increasingly complicated management system, the system now serves a
third purpose � examination of the consequences of minor adjustments in the
bycatch management regime or in the general groundfish cat.ch regulations.

The modeling vehicle has evolved over the years. The first generation
models were electronic calculators  computer spreadsheets! that simply multi-
plied expected groundfish target tonnage by expected bycatch rate to yield
predicted bycatch. The model simulated the fishery by predicting the timing
and pattern of fishery closures as bycatch limits were exceeded, and then
relocated the relevant portion of the groundfish fleet to areas that remained
open in order to continue fishing. The simulation assumed that no groundfish
catch is foregone because of the relocation; however, harvesting costs are
recalculated to predict the likely changes in fleet profitability  North Pacific
Fishery Management Council 1989; Smith and Lloyd 1989!.

The allocation of crab and halibut between use as bycatch and use as a target
species never has been economically appropriate. For example, results of the
first year's simulation, which assumed that the Council's proposed bycatch
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Limitations

The data used to implement the models are the expected groundfish target
tonnage in the upcoming fishing year and historical bycatch rates as observed
in the relevant fisheries. The PSC apportionments for a fishery are determined
by first running an unconstrained simulation  i.e., a fishery under no bycatch
restrictions!. The shares of total predicted unconstrained bycatch are then used

s The cost sub-models of the fishery simulations are based on operating profiles for various types of
harvesters and harvester/processors, and they are driven largely by changes in catch per unit of effort
 CPVE1 as the fleet relocates to second-best areas Q. Terry, personal communicanon!. Note that we have
not modeled the first level of allocation, the overall PSC limits, which may explain the unattractive
benefit/cost ratio of approximately 0.09, characteristic of the worst case scenarios.

"' The pre-processing program consists of more than 3,000 lines of code and rakes 15 minutes CPV time on
a Vax mainl'rame computer. The simulatiun proper is about 1,500 lines and has an execution time of 10
minutes.

restrictions were in place and that the fleet could not reduce its historical
bycatch rate for halibut, indicated a reduction in attainable groundfish harvest
of 889,000 t  more than half of unconstrained catch!, which, using revenue and
cost sub-models, translated into foregone profits of about $275 million  North
Pacific Fishery Management Council 1989!. In return, overall present value of
the bycatch of crab and halibut saved  and hence available to the directed
fisheries for the species! was about $20 million.6

The spreadsheet based models, however, became increasingly complicated
and intractable, at least from the analyst's point of view, as seasonal apportion-
ment, regulated subareas, additional closure areas, newly defined groundfish
fisheries, and additional species subject to bycatch controls were added to the
regime.

The second generation models continued the basic approach outlined
above, but because of the need for a more flexible analytical system, they
evolved to cotnputer programs written in the SAS programming language
 Funk 1990; North Pacific Fishery Management Council 1991!. The most
recent version is extremely complex and simulates the weekly performance of
15 different. target fisheries in 20 areas. In a simulation of the expected 1992
fishery, under the assumption that a recently enacted incentive program a
control whereby an individual fishing vessel is removed from the fishery if it
exceeds some pre-specified cumulative bycatch rate � is ineffective, adoption of
the remainder of the proposed package was predicted to result in decreases in
net revenues to the groundfish fleet of about $12 million, with gains to the
harvesters of crab, halibut, herring and chinook salmon of less than $1 million
 net present value!.
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to apportion the allowed PSC limits, and the fishery again is simulated with the
new apportionments in place  the status quo runl. Finally, a third simulation is
performed to determine the likely consequences of whatever management
changes have been proposed.

Because of the reliance on historical bycatch rates, and because bycatch is
apportioned according to predicted unconstrained bycatch, the current models
provide no incentive for reducing bycatch rate. That is, if a particular fishery
historically has experienced high bycatch rates, or if the fishery in any given
year accidentally or intentionally t.akes a larger share of bycatch, the model
would apportion a larger share of the relevant species' PSC limit. to this fishery
relative to a competing fishery. To the extent that the management system relies
on the advice of these models, there is no incentive to reduce bycatch rates. In
fact, the system imposes an external cost on any fishery that reduces its bycatch
rates relative to another fishery, because in the next fishing year the clean
fishery will be apportioned a smaller share of the overall PSC limit.

A second difficulty arises from the fact that since future performance is
predicted from past performance, the existing management system is built into
the simulation. This implies that one is unable to model measures that are less
constraining than the status quo. Fort.uitously, proposals to relax current by-
catch restrictions have not been suggested.

A third drawback of the first and second generation models is that the
simulations are predictive rather than prescriptive. That is, predicted bycatch is
computed without regard to compensating behavior on the part of the ground-
fish fleet. More importantly, the resulting bycatch apportionments are taken as
given; there is no attempt to find the set of bycatch apportionments that
minimizes the amount or cost of bycatch or maximizes the catch or value of
groundfish.

Finally, bycatch rates vary considerably both in space and time, implying
that statistical measures of those rates are determined with considerable impre-
cision. Likewise, the amount of groundfish to be captured in the next fishing
year by various competing fleets is not known. In fact, both future bycatch rates
and groundfish target tonnage are random variables; thus, the predicted by-
catch also is a random variable. Moreover, economic performance variables
used to assess gross and net revenues and gross and net bycatch impact costs
 the present value of the foregone catch to the directed fishery for crab, halibut,
or herring! also are subject to estimation errors and uncertainty.

The predictive models currently used by the Council do not account for the
stochastic nature of the fishery, and therefore are unable to provide guidance on
the likely bounds of predicted impacts or on the risks involved in choosing a
particular set of apportionments.
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Optimization Models

Using the formulation max Z NRvs subject to TC, < TAC,; ZBCvs~ < PSCtat,' TC, BC,ai > 0 for all l bycatch
species, where for target species i in area j and season k, NR is net revenue  TC x ]XP � NC]! ]Total catch
 TC! times the difference between ex-vessel pnce  XP! and net impact cost of the catch  NC!], and BC ts
bycatch computed as TCvs x BYCsst where BYCirt is the bycatch rate for bycatch species 1 in groundfish
fishery i, area j, and season k

To correct some of the above shortcomings, we have begun development of
third generation simulation models. Current research is considering the prob-
lem of optimally apportioning a predetermined PSC limit to the competing
groundfish fisheries in an economically rational way.

Ideally, we would optimize PSC allocation according to some rule, such as
profit maximization in the aggregate groundfish fishery or impact cost minimi-
zation for the tradinonal target fisheries  or a combination such as maximization
of net revenue minus net bycatch impact cost!. Full implementation will require
the use of nonlinear optimization routines, which will iteratively discover the set
of apportionments that maximizes an objective function. Here we report only
the results of linear optimization of the choice of PSC apportionments.

After revising the current simulation version to accommodate changes in the
seasonal apportionment of pollock and allocation to inshore and offshore
pollock processors as discussed above, we developed a status quo set of PSC
apportionments that reflect the current PSC allocation mechanism  i.e., appor-
tionment according to the predicted share of unconstrained bycatch!. The
simulated catch, gross and net groundfish revenues, and gross and net impact
costs predicted by this simulation are shown in Table 1. Total predicted catch is
approximately 1.8 million metric tons distributed over 12 fisheries; gross
wholesale revenues are $1.38 billion; and net revenues  gross revenue net of
fixed and variable costs! are $516 million. The present value of gross and net
impact cost  i.e., the cost to the fisheries that target crab, halibut, and hemng!
are $39 million and $20 million, respectively.

Instead, if one simply attempts to maximize groundfish net revenue via PSC
apportionments, total catch and gross and net revenue increase slightly  Table
2! as groundfish harvests readjust to the level of total allowable catch  TAC!.
However, this simulated fishery is not really any different from that depicted by
the current simulation, because current bycatch limit.s apparently are not
constraining the fishery.

The apparent lack of binding bycatch controls stems from artificially low
bycatch rates. There are two reasons for this. First, the optimization model uses
implied bycatch rates  i.e., bycatch per metric ton of groundfish harvest deter-
mined ex post!. As mentioned above, because fleet performance, both spatially
and temporally, is determined from historical data � data that reflect only the
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Table 1. Catch, value, and impact costs: status quo PSC allocation, catch in t,
revenue and cost in thousands of dollars.

Total catch lt1 Gross revenue' Net revenueFishery

$1,381,616Total 1,782,696

Gross Net Gross revenue Net revenue
impact cost' impact cost � gross cost' � net costFishery

$19,952Total

' Gross revenue or ex-vessel revenue, represents the money paid to fishermen fot their catch.
s Gross revenue minus fixed and vanable cost.
' Net present value of gross earnings to the harvesters of crab, hahbut, herring, and salmon.
s Net present value of net earnings ro the harvesters of crab, halibut, herring, and salmon.
' Gross gtoundfish revenue minus gross impact cost.
t Net groundfish revenue minus net impact cost.

Atka mackerel
Bottom pollock, inshore
Bottom pollock, offshore
Fixed gear cod
Flatfish
Fixed gear sablefish
Midwater pollock, inshore
Midwater pollock, offshore
Trawl cod
Rockfish
Rock sole
Yellowfin sole

Atka mackerel
Bottom pollock, inshore
Bottom pollock, offshore
Fixed gear cod
Flatfish
Fixed gear sablefish
Midwater pollock, inshore
Midwater pollock, offshore
Trawl cod
Rockfish
Rock sole
Yellowfin sole

$996
1,901
2,535
2,422

646
302

1,532
2,259

14,997
1,412
5,791
4,112

$38,905

43,367
75,902
95,798
59,806
11,686
4,594

415,458
774,208
123,393
29,869
50,045
98,570

$528
994

1,260
1,261

305
160
802

1,178
7,805

746
2,901
2,012

$38,525
68,259
71,406
86,497

7,663
14,220

281,557
571,570
130,014
24,028
43,452
44,425

$37,529
66,358
68,871
84,075

7,017
13,918

280,025
569,311
115,016
22,616
37,661
40,312

$1,342,711

$14,909
26,075
27,277
24,219

2,774
3,982

107,555
218,340

50,315
8,698

15,730
16,082

$515,955

$14,381
25,081
26,017
22,959

2,469
3,822

106,753
217,162

42,510
7,952

12,829
14,070

$496,003
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Table 2. Catch, value, and impact costs: revenue maximizing allocation, catch
in t, revenue and cost in thousands of dollars,

Total catch  tl Gross revenue' Net revenueFishery

$1,470,3851,960,855Total

Gross Net Gross revenue Net revenue
impact cost' impact cost � gross cost' -net cost"Fishery

$42,462 $21,797 $1,427,924Total

' Gross revenue or ex-vessel revenue; represents the money paid to fishermen for their catch.
s Gross revenue minus fixed and variable cost..
' Net present value of gross earnings to the harvesters of crab, halibut, hemng, and salmon.
4 Net present value of net earnings to the harvesters o  crab, halibut, hening, and salmon
' Gross groundfish revenue minus gross impact cost..
' Net groundfish revenue minus net impact cost.

Atka mackerel
Bottom pollock, inshore
Bottom pollock, offshore
Fixed gear cod
Flatfish
Fixed gear sablefish
Midwater pollock, inshore
Midwater pollock, offshore
Trawl cod
Rockfish
Rock sole
Yellowfin sole

Atka mackerel
Bottom pollock, inshore
Bottom pollock, offshore
Fixed gear cod
Flatfish
Fixed gear sablefish
Midwater pollock, inshore
Midwater pollock, offshore
Trawl cod
Rockfish
Rock sole
Yellowfin sole

$988
1,607
2,290
3,061
2,943

289
1,511
2,313

13,006
1,178
4,698
8,580

43,000
63,710
84,526
75,733
79,000
4,400

409,700
794,664
106,267
24,855
40,000

235,000

$523
839

1,133
1,594
1,510

153
791

1,207
6,757

622
2,346
4,324

$38,199
57,295
63,004

109,532
51,803
13,620

277,655
586,672
111,969

19,995
34,730

105,912

$37,212
55,688
60,714

106,471
48,861
13,331

276,144
584,359

98,963
18,817
30,032
97,333

$14,783
21,887
24,068
30,669
18,753
3,814

106,064
224,109

43,332
7,238

12,572
38,340

$545,628

$14,260
21,048
22,935
29,075
17,243
3,660

105,274
222,902

36,575
6,616

10,227
34,017

$523,831
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v The incentive program specifies a bycatch rate that must he attained by an individual vessel on a
cumulanve basis as measured each week. If the vessel is found to be fishing at significantly higher
bycatch rates than the incentive rate, it is not allowed to continue fishing. In practice, the program has
been of limited effectiveness due to difi'iculty in determining stanstically significant overages and in cinng
 and prosecuting! vessels that are deemed to be fishing above the incennve rates.
This model uses the same formulation as in footnote 8, excePt that the objective is to max ZNNRv>
subject to the constraints above, where NNR is net revenue minus bycatch impact cost, or NR,>�
CUBIC�>a where BIC is the bycatch impact cost for bycatch species I in fishery i, area j, and season k.

historical bycatch regime � implied rates are biased downward from true or
unconstrained rates. Second, the second generation simulation assumes that
the Council's bycatch incentive program" is completely or partially successful
and uses this fact to simulate removal of vessels that violate the various
incentive bycatch rate limits. Thus, bycatch rates are biased downward from
those that would exist absent an incentive program.

We have considered several simulations that adjust bycatch rates  Table 3!.
For example, if bycatch rates that exist.ed before the management regime are
used as proxies for unconstrained rates, C, bairdi Tanner crab bycatch amounts
become limiting. In this simulation, flatfish fisheries  yellowfin sole and other
flatfish species! are eliminated in favor of fisheries that have higher net value
 net groundfish revenue minus net impact cost!. Instead, if we assume that the
vessel incentive program is completely ineffective, the other flatfish and rock
sole fisheries are closed due to their relatively high Tanner crab bycatch rates.

These scenarios do not recognize the stochastic nature of the fisheries,
however. Accordingly, an additional simulation examined a situation where all
halibut bycatch rates were assumed to be simultaneously at the upper 909o
confidence level of a lognormal distribution specified by the true mean and
variance of the unadjusted data. Results indicated no difference from the
performance of the previous simulation. This implies that the higher bycatch
rates still are not binding on the fisheries. A final simulation In this set
considered a scenario where overall halibut PSC limits are reduced by 50 /o.  A
25'/o reduction has been suggested by the International Pacific Halibut Com-
mission, a Canadian-U.S. agency responsible for the management of the North
Pacific stocks.! For this case, halibut is the constraining bycatch species,
indicating closure of the rock sole and flatfish fisheries in deference to those
fisheries with greater net revenue per metric ton of halibut. Overall groundfish
catch is further reduced due to reduction in the attainable harvests in the cod
fisheries  both fixed gear and trawl!. For this case, the shadow price, or increase
in net revenue engendered by a I t increase in the halibut PSC limit, is $20,000
for the trawl fisheries and $72,000 for the longline fisheries. In contrast, the net
present value of the same I t of halibut is $3,%70 to the traditional target fishery.

We also considered maximizing the sum of net revenue minus net bycatch
impact cost.' This scenario was implemented by calculating a net price per
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Table 3. Summary of optimized PSC apportionments.

Closed
fisheriesScenario

$15$4791.616I. Maximize net

II. As in I., no Flatfish,
vessel incentive rock sole

161.622 478

program

Flatfish,
rock sole

214781.622

Flatfish,
rock sole

13IV. Maximize net 4581.596

Flatfish,
rock sole

164731. 622

net impact cost,
no incentive

program

revenue using
actual bycatch
rates

III. As in I., using
halibut rates

based on upper
90'/0 CI

revenue,
reduce halibut
PSC

V. Maximize
difference
between net
revenue and

Flatfish,
yellowfin
sole

Smith ~ Groundfish Incidental Catch in Alaska

Total ground- Net groundfish Net bycatch
fish catch revenue impact cost
 million t!  millions of $!  millions of $!
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metric ton of groundfish in each prospective fishery. The net price is defined as
the net revenue per metric ton of groundfish less the sum of bycatch impact
costs for halibut, herring, red king and Tanner crab, and chinook salmon per
metric ton of groundfish. This price therefore represents the collective net value
to the groundfish and traditional fisheries per metric ton of groundfish harvest.
Simulated groundfish catch under this scenario was identical to that obtained
assuming halibut bycatch rates were at their statistical upper bound  i.e., PSC
apportionments were reduced in the flatfish and rock sole fisheries!.

Results and Discussion

Although this exercise indicates the limitations of simple linear optimization of
this complex fishery, the approach represents an improvement over the current
apportionment algorithm. For example, under the scenario where the halibut
PSC limit constrained the fishery, we examined two full model simulations
using �! the PSC apportionments imphed by the current allocation rules, and
�! the set of PSC apportionments derived from maximizing net revenue. For
the optimized apportionments, predicted total groundfish catch increased by
06,000 t and net revenues to the groundfish fisheries remained essentially
unchanged, while the net bycatch impact cost declined by $1.3 million. Thus,
both the groundfish and traditional fisheries for crab, halibut, and herring are
made better off. More generally, any simulation based on optimized PSC appor-
tionments should provide a more effrcient bycatch allocation, where efficient is
defined to imply greater net revenue to the groundfish fisheries and less impact
cost to the fisheries for crab, halibut, and herring, or both.

This methodology also can be used to provide guidance on the priority of
allocation to the competing fisheries, as well as on the value of increasing a
constraining bycatch limit  the shadow price or shadow value!. Should the
Council continue to tighten its prohibited species bycatch controls, the optimal
allocation approach demonstrated here can be used to improve efficiency
relative to the status quo allocation rules.

Finally, these simulations as well as those under first and second generation
models demonstrate that, at least in terms of economic efficiency, the overall
bycatch limits should be adjusted upward to reflect a more equitable distribu-
tion of crab, halibut, and herring to the groundfish and traditional fisheries.

Future research should focus on full nonlinear optimization and simulation
of the system, not only to improve the efficiency of PSC apportionments, but
also to simulate changes in behavior  entry and exit decisions in fisheries!
caused by the addition of effective limitations on effort via limited access
management in some or all of these offshore fisheries.
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As long as the Council controls groundfish harvest by specifying the allow-
able incidental harvest, we should continue exploration of analytical methods
that will improve the efficiency and equity of those allocations.
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The theoretical advantages of individual transferable quotas  ITQs! for manag-
ing fisheries have been promoted widely. However, there is a paucity of infor-
mation with which to evaluate the performance of ITQs in U.S. fisheries,
because ITQs have not been used extensively in this country. The ITQ system
for wreckfish, Polyprion americanus, in the South Atlantic will be an important
test of the practical merits of individual quota management for finfish fisheries
in the United States.

The wreckfish fishery began in 1987 with two vessels harvesting 29,000
pounds. By 1990 the fishery had expanded to approximately 70 vessels har-
vesting more than I million pounds. Before 1990 the fishery was not managed,
due to lack of data and because it was considered relatively insignificant in
comparison to other South Atlantic fisheries. During 1990 to 1991 the South
Atlantic Fishery Management Council  Council! recognized the importance of
the burgeoning wreckfish fishery and introduced an array of management
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measures to control it. Initial measures included permtts, a spawning closure,
and a total allowable catch  TAC!. In response to the distributional effects of a
competitive fishery in late 1990, the Council promulgated a 10,000-pound trip
limit, mandatory hailing, quarterly quota releases, a control date for future
limited entry, and emergency action by the Secretary of Commerce to prohibit
bottom longlines. Finally, an ITQ system was developed and submitted to the
Secretary of Commerce for approval in September 1991.

Wreckfish is a good candidate for individual quota management because tt
has a small number of participants. In addition, it is a smgle species fishery with
no market price premiums by size to encourage high-grading. Another impor-
tant aspect is that harvesters were receptive to ITQ management because supply
gluts were greatly decreasing ex-vessel prices in the derby fishery under open-
access management with a TAC. As a new fishery, participation easily could be
established, and excess capacity was not profound. These factors combined
made wreckfish a logical choice for testing the merits of ITQ management.

This paper describes the ITQ program in detail and discusses logistical,
administrative, practical, and institutional difficulties encountered in its devel-
opment and implementation. Our experiences can help managers assess what is
involved in creating ITQ management for a fishery managed under the
Magnuson Fishery Conservation and Management Act of 1976, and can offer
some evidence to evaluate the question of whether ITQ programs actually can
accomplish the economic and conservation effects that have been described in
theoretical treatises.

Introduction

Descriptions of the failures of open-access for managing fish stocks in the
tragedy of the commons framework can be found in the economic literature as
early as the 1940s and 1950s  Gordon 1954!. In an attempt to remedy the
acknowledged problems of open-access, license limitation programs were
implemented in the United States and other parts of the world during the
1960s and 1970s  Robinson 1985!. In the late 1970s and 1980s, individual
transferable quota  ITQ! systems were conceived in reaction to the failure of
license limitation to curb the impetus for fishing firms to increase gross fishing
power, despite the fact that the number of fishery participants was held in
check under license limitation  Christy 1973!. Current.ly, about 40 individual
quota systems are operating worldwide, one of which has been operating since
19/I  Muse 1991!.

The mid-Atlantic surf clam/ocean quahog and the South Atlantic wreckfish
are the only fisheries currently managed by individual transferable quotas in
federal waters fisheries in this country. While the concept of controlled access
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did not become a formal policy initiative for the National Marine Fisheries
Service  NMFS! until 1991, it has been discussed for some time. Individual
quota controlled access systems in which harvest rights are freely tradable are
being promoted directly by NMFS as a potential solution to recurring economic
and biological problems that result from traditional input management of
fisheries in the United States, such as closed seasons, size limits, closed areas,
and total allowable catches  TACs!.

This paper will make observations on the economic and stock conservation
effects of ITQ management on the wreckfish fishery and adjacent fisheries in
the southeastern United States. Recent case studies on foreign ITQs have
provided guidance to managers on these issues  Muse and Schelle 1988; Clark
et al. 1988; Sissenwine and Mace 1991!. However, case studies of domestic ITQ
systems are needed to evaluate the performance of ITQ systems under the
constraints of the Magnuson Act and other appreciable differences between the
commercial fishing sector in this country and abroad.

One goal of this paper is to make a preliminary comparison of the stated
objectives of the wreckfish ITQ plan with available evidence from the fishery
thus far, The objectives of the South Atlantic Council's wreckfish ITQ system
are to prevent excess capacity, reduce user conflicts, provide a market-driven
harvest pace, and create incentives for conservation and regulat.ory compliance.
To broaden the reader's insights into these matters, the following detailed
discussion of the wreckfish ITQ program includes some of the logistical,
administrative, and practical difficulties encountered during development and
implementation of the ITQ system.

One particularly controversial issue for the South Atlantic Council during
the design phase of the wreckfish system was whether to place caps on share
sizes so that one or a few business entities would not acquire excessive market
power. Because of the volatility of this issue, considerable attention is given to
this topic. After analyzing consolidation that has occurred thus far in the
context of the prior structure of the lishery, the trade-off between consolidation
concerns and allowing economic efficiency to occur under ITQs is developed.

Another matter of great importance to the future of ITQ management is
determining whether ITQs can create resource conservation incentives in addi-
tion to their more widely acknowledged economic efficiency aspects. This issue
is explored in considerable detail in the context of the wreckfish fishery. The
track record of the wreckfish ITQ in regulatory compliance, changes in the
degree to which fishermen lobby managers for increases in TAC, and signs of
economic vesting in the wreckfish ITQ program are each presented as different
types of evidence that the wreckfish ITQ has created conservation incentives.

One 1'inal concern of this paper is to evaluate some effects of the wreckfish
ITQ on adjacent fisheries in the South Atlantic region. A fundamental premise
of ITQs is that harvest rights will flow to fishermen who are more efficient
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producers. But what of the captains, crew members, and vessels exiting the
fishery! Very little attention has been given to the question of what effects
egress from the fishery will have in terms of additional pressure on adjacent
fisheries not managed by controlled access. The final portion of this paper
makes some observations on the merits of developing controlled access systems
piecemeal, rather than employing an integrated approach.

The Wreckfish Fishery and
Management Prior to ITQs

Wreckfish, Poly prion americanus, is a member of the temperate bass family and
is closely related to the more widely known striped bass, Morone saxatilis.
Wreckfish are found on the Blake Plateau about 120 miles southeast of Savan-

nah, Georgia, at depths between 250 and 400 fathoms. The geographical area
where fishing takes place is indicated by the black box in Figure 1. Most fishing
activity for the traditional demersal species targeted by commercial fishermen
in the South Atlantic, such as snappers and groupers, occurs on reef habitat
inside of 200 meters depth  Figure I!.

The I'ishery for wreckfish is fairly new.  So-called new fisheries usually
amount to new interest in fishing for species that have been discarded as
bycatch for years. Formerly regarded as trash fish, these species are viewed
from a fresh perspective when traditional species of fish become depleted.! The
wreckfish fishery is an exception, however; the species was discovered in South
Atlantic waters only in the mid-1980s. Wreckfish initially were caught by
swordfish longliners while they were retrieving pieces of parted longline gear.
As one might imagine, the discovery of these 30-50 pound grouper-like fish
was a v elcome surprise because many southeastern fisheries currently are
either fully exploited or overfished. Once fishermen designed a gear and a
fishing technique called motor fishing and the idea caught on that the
wreckfish could be marketed as grouper, the fishery expanded rapidly.

The directed fishery began with two vessels landing fewer than 30,000
pounds in 1987. In 1988 six boats were in the fishery, and landings increased to
more than 300,000 pounds. By 1989 more than 2 million pounds of wreckfish
were caught by roughly 25 vessels, and the catch increased to 4 million pounds
in calendar year 1990. Finfish fisheries yielding from 2 to 5 million pounds per
year with annual ex-vessel values between $1.5 million and $8 million are fairly
typical for the Southeast  U.S. Department of Commerce 1991!. Wreckfish
represents a different type of fishery for the South Atlantic because it involves
5- to 8-day trips and from 5,000 to 20,000 pounds per trip. Given that ex-
vessel prices have varied from $0.90 to $1.35, this made wreckfish one of the
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Figure 1. Principal wreckfssh f>shing grounds.
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largest revenue per trip fishing opportunities in the Southeast  Southeast Atlan-
tic Fishery Management Council 1990b!.

The Council attempted to bring the fishery under control in 1990. In a
relatively short time, a permit system and an April to April fishing year were
established. In addition, a procedure for setttng total allowable catch, a control
date for establishing eligibility for limited entry, and a spawning closure were
put in place  Southeast Atlantic Fishery Management Council 1990a!. Later,
trip limits, mandatory hailing to NMFS enforcement before offloading, and
restricted offloading hours were established by the Council  Southeast Atlantic
Fishery Management Council 1991a!. Finally, the use of bottom longlines for
wreckfish was prohibited due to evidence of heavy gear losses and habitat
damage. The April to April fishing year allowed for a 4 million pound harvest in
calendar year 1990: the 2 million pound TAC and the 2 million pounds
harvested prior to creation of a fishing year.

As has been observed in other fisheries under total quota management
 Clark 1990!, the pace of wreckfish fishing greatly increased as boats competed
for available quota. The 2 million pound quota for fishing year 1990 was met in
approximately 0 months during the post-spawning period. This is a time when
wreckfish fishing usually is very slow and prices are low because markets are
saturated with true groupers. This rapid pace of landings brought prices at the
dock to record lows because markets were not available to absorb that quantity
of wreckfish in a short. Lime. Fishing costs were high because fishermen were, in
effect, forced to fish in bad weather and when fish were not necessarily biting
well. The rapid pace of landings also brought about intense conflicts among
fishermen who were competing for catch on the relatively small fishing grounds
before the TAC was met. These conflicts were exacerbated by the occasional use
of bottom longlines despite the prohibition on their use  Miles Mackaness,
Johns Island Fisheries, Johns Island, SC, personal communication!.

Although fishermen were advised that if they could not establish wreckfish
landings in 1990 or before, they would not necessarily be eligible for an initial
allocation if a controlled access system were promulgated, boats continued to
be rigged for wreckfish, and roughly 80 vessels were permitted for wreckfish in
1991. At the same time, the Council was looking closely at controlled access
options for the burgeoning wreckfish fishery. Wreckfish clearly represented one
of the most lucrative fishing opportunities in the Southeast, which v as a great
incentive for fishermen to enter the fishery. Conservative estimates of annual
net returns to owner/operators ranged from $35,000 to $97,000  South Atlan-
tic Fishery Management Council 1990b!. This estimate assigned all vessel and
gear fixed costs to wreckfish fishing despite their use in other fisheries for part
of the year  Dr. Edwin B. Joseph, Director, South Carolina Wildlife and Marine
Resources Division for Regional, National, and Scientific Affairs, personal com-
munication!. These are considerable annual net returns for vessels typically
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ITQ Management for Wreckfish

Over time, it became clear to many Council members that input controls on the
wreckfish fishery were able to afford only temporary relief from problems
stemming from the increasing numbers of boats in the fishery. This recognition
prompted the first serious Council deliberations over controlled access. Most of
the problems and objectives deliberated by the Council during the develop-
ment of the ITQ program addressed  in order of priority! economic concerns in
the fishery, such as a harvest pace that was not driven by market forces and the
increasing excess capacity in the fleet. The Council also addressed an objective
to decrease conflicts among fishermen and discussed the lack of mcentives for
compliance with fishery regulations. One objective of the Council's plan, which
considers potential conservation effects of ITQ management, states that the
wreckfish ITQ will vest fishermen in the fishery. This is intended to create
incentives for conservation and regulatory compliance whereby fishermen can
realize long-run benefits from efforts to conserve and manage the resource.

In 1991 arguments for trying ITQs for wreckl'ish were steadily gaining force,
and increased effort was made to have an ITQ program in place for the 1992-
1993 fishing year that started in April of 1992. The wreckfish ITQ program that

worth approximately $180,000 to $250,000. The costs to rig a 50-60-foot
vessel  with an existing hydraulic system! for wreckfish fishing was estimated
to be only $15,000, on average  South Atlantic Fishery Management Council
1990b!. Given large incentives for entry, in just a few years the fishery already
was experiencing excess capacity.

With the 2 million pound TAC, the roughly $3 million ex-vessel revenue
was not adequate to support approximately 80 full-time vessels of the size that
need upwards of $150,000 in annual revenue to make ends meet  in reality, not
all boats actually fished full time.! The small and relatively distant fishing
grounds also posed problems of conflicts between fishermen on the water and
detection and compliance problems because the fishery is prosecuted roughly
120 miles offshore, which is considerably farther than most fisheries within the
purview of the South Atlantic Council. In the Southeast, resources for at-sea
enforcement of fisheries regulations are extremely limited.

Wreckfish trips land wreckfish almost exclusively; the only bycatch of any
consequence is taken by crew members who may fish with rod and reel gear for
dolphin, Coryphaena hippurus, when available. The single species nature of the
fishery and the relatively small number of participants  compared to other
southeastern fisheries with as many as 1,500 permitted fishermen!, as well as
the absence of a recreational component, made the fishery appear to be an
excellent candidate for an individual transferable quota system.
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was implemented is fairly simple. Shares issued to vessel owners who were
historical participants in the fishery were weighted partially on catch history. To
be eligible, a vessel owner had to document catches of at least 5,000 pounds of
wreckfish in either 1989 or 1990. Applicants were responsible for providing
documentation of their catches through fish house receipts. Official landing
records were used to verify submitted records.

The initial allocation formula finally agreed upon struck a balance between
those who advocated using only historical catch to divide shares and those who
advocated for an equal division of shares among fishermen who were deemed
eligible. The formula divided 50 of the 100 available percentage shares in direct
proportion to the applicant's documented catch over the 1987-1990 period.
The remaining 50 shares were divided equally among eligible applicants. The
total share received by an applicant was the sum of the two sub-allocations of
50 shares.

For the initial allocation, a single business entity could not receive more than
10 of the 100 shares. The rationale behind placing limits on share sizes at the
outset was to prevent an entity from recei~~ng an initial share that might create
an unfair advantage in terms of purchasing shares from other entities. Another
reason initial shares were not t.o exceed 10'lo was some uncertainty about the
outcome of the initial allocation. A predictive model to simulate the outcome of
the initial allocation was developed, but the accuracy of fishermen's catch
estimates used in the modeling exercise were questioned, as were statistical
techniques used for expanding catch estimates to the population of fishermen.

Shares were issued in perpetuity and are fully marketable. One caveat on the
disposition of shares is that the program could be rescinded if the Council
determines that it is not meeting its objectives. That is a possibility for any
management measure, however, and a plan amendment would be required to
modify the wreckfish ITQ, thus requiring adherence to the tenets of the
Magnuson Act. An additional restriction is that the plan states the Council's
intent that shares are subject to forfeiture if the share owner or his agents are
convicted of a gross violation such as nonreporting of catch or using bottom
langlines.

The annual catch into which a share translates is transferable only among
shareholders. Sale of annual catch when the percentage share is retained by the
seller is commonly referred to as leasing a share. In actuality, for the wreckfish
ITQ, sale of annual catch allocation is accomplished by selling catch coupons
that are issued to percentage shareholders each year. The purpose of allowing
sales of catch coupons only among shareholders was to establish a level playing
field where all participants owning a share of some sort  there is no minimum
share size requirement! are thus subject to the same potential share forfeiture
penalty for enforcement purposes. No restrictions were made on the maximum
size of shares after the initial allocation,
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One of the most difficult questions for the industry advisory panels and the
Counctl during the development phase was whether to cap the size of shares
after the initial allocation. The possible negative effects of share consolidation
were debated extensively. Some advocates of controls on share sizes predicted
that a few businesses soon would own the majority of the shares, which would
allow them to determine prices for wreckfish. Those opposed to restricting
share sizes after the initial allocation argued that the core fishermen in the
industry would not sell out, because they had found a valuable business
opportunity in wreckfish fishing that would not be eroded by unrestrained
entry. Another argument was that wreckfish is sold as a grouper substitute, and
even if only a few parties controlled the wreckfish industry, that would not
create price-determimng power, because wreckfish is a small part of the overall
supply of grouper and grouper substitutes. Throughout the early phase of
Council debate, it frequently was difficult to ascertain what different parties
meant by a few businesses and the core of wreckfish fishermen.

The notion of how to determine what exactly constitutes a single business
entity partially determined why the Council decided not to restrict the size of
shares after the initial allocation. For the initial allocation, busmess receipts and
vessel title abstracts could be used to determine whether an applicant was a
single business entity. However, businesses could do a number of things to
strategically conceal the size of the share they control after the initial allocation,
such as dividing into separate but singly controlled corporations. For this
reason, those who advocated against placing limits on share sizes prevailed. In
the end, the Council resolved to let existmg antitrust laws determine whether
concentration of shares, to the degree it occurred, was detrimental to the
consumer or other parties. Proponents of caps on share sizes also pointed out
that the record would reflect their concerns over consolidation, which would
facilitate reconsideration of this matter in the future, if necessary.

Another area of contention in the development of the wreckfish ITQ was the
characterization of rights fishermen would receive. Some Council members
who viewed shares as property rights objected because they were being granted
in perpetuity. Others had no objection to the characterization of property rights
or quasi property rights, but wanted to restrict the marketability of shares so
that fishermen given shares would not be able to quickly sell their rights and
capture a windfall from the initial allocation. Ultimately, it v,as decided that
shares amounted to a harvest right, or an opportunity to perform the  profit-
able! service of bringing wreckfish to the consumer who would probably not
obtain them in any other way. Rights were not considered to be property rights,
because the Council could modify or rescind the program through the amend-
ment process if it did not accomplish its objectives.

The Council also debated whether to create sale restrictions and/or "use it or
lose it" clauses. Nearly unrestricted marketability of rights was deemed neces-



770 Gauvin et al. ~ Wrecbfish Fishery and ITQ

sary by opponents of sale restrictions so that the number of harvesters would be
determined by market forces. Use requirements were not considered prudent,
because they would encourage behavior that counters economic efficiency, one
of the central objectives of the plan. Over the course of this debate, it slowly
became clear that for the most part, managers lack the ability to determine
whether or not a sale of ITQ rights has been made to a different business entity,
given the way corporations and other business forms commonly are structured.
The same can be said for determining whether a share was used by its owner.
This allowed opponents of sales restrictions and use requirements to prevail,
and no restrictions were placed on the use or sale of shares.

The Council obviously faced a number of difficult decisions throughout the
development of ITQs for wreckfish. Probably the most troublesome was the
limitation on collecting from shareholders anything more than the costs of
issuing permits, despite the fact that shareholders benefit from the ITQ pro-
gram. The Magnuson Act specifically does not allow for the recovery of admin-
istrative costs beyond those associated with issuing permits. Hence, recovery of
any portion of rents from the fishery also is not allowed, either at the initial
allocation  i.e., ITQs must be given out and cannot be auctioned! or later on.
This posed a philosophical problem for many Council members and hampered
the development of the wreckfish ITQ program. After all debates subsided,
however, the Council agreed that a provision should be included in the plan to
advise ITQ shareholders that the Council intends to collect some portion of
administrative costs in excess of the costs for issuing permits, should that be
allowed under the Magnuson Act in the future. The cost of issuing permits
currently is calculated at approximately $36 per year for the wreckfish ITQ
program. According to the Council's provision, additional fees to offset the
NMFS costs of tracking and monitoring ITQs will be collected if and when that
becomes legal under the Magnuson Act. The rationale for moving ahead despite
very fundamental objections was that the Council already was spending a great
deal of fiscal resources devising greater and greater input controls to slow the
fishery down under open-access. The total cost of managing the wreckfish
fishery under ITQ was expected to be lower under ITQs than under open-
access, given the escalating problems and increased requirement of Council
time to manage the fishery within the fishing derby that had evolved.

The Wreckfish ITQ Program Seven
Months after Implementation

To evaluate the effects of the wreckfish ITQ, it probably is better to begin with
implementation and operating costs because such costs require little interpreta-
tion. Although catch tracking costs were not an explicit Council objective, they
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certainly were discussed at length by the Council during the development
phase of the ITQ. Decisions about which type of catch tracking system to use
for the wreckfish ITQ involved considerations about NMFS costs prior to ITQs
and expected costs under ITQs.

Administrative tracking costs for both individual quotas and shares have
been shown to be more expensive in some ITQ experiences abroad than had
been projected  Copes 1986!. The contrary is true for wreckfrsh; Compared to
open-access, the ITQ system has proven to be a cost-effective solution for
tracking catch. Actual NMFS costs for setting up the ITQ program, including
development of a tracking system for individual quotas and allocating shares,
were approximately $38,000  Table 1!. Annual operating costs for issuing and
tracking coupons and for updanng share certificates following share sales and
other ongoing tasks are approximately $24,000 per year  Table I!. It has been
estimated that NMFS was spending 3-5 times more on an annual basis to track
the TAC and trip limits for wreckftsh under open-access. The variation in
estimated tracking costs prior to ITQ management stems from differences in the
way various departments account for their time and resources. In all probabil-
ity, if controlled access had not been developed, separate trip limits for two
different vessel classes would have been required to decrease growing conflicts
among fishermen over the distributional effects of the 10,000 pounds trip limit
that was in place. Different trip limits by vessel class would have meant even
greater NMFS monitoring costs than expenditures prior to ITQs.

In describing ITQs and their objectrves for fisheries management, econo-
mists have pulled together elements of theory and expectation as well as
experiences from agriculture, where firm quotas have been used  Dr. James
Easley, North Carolina State University, personal communication!. They also
have added some recent information on experiences from other countries
where ITQs have been put in place. Most fishery economists agree that the
primary use of ITQs is to address overcapitalization that results in an inherent
market failure under open-access  the lack of property rights in the fishery!.
Overcapitalization, which is inherent in most open-access fisheries in the
developed world, sometimes is aggravated by total quota management under
open-access or license limitation schemes, due to the inherent competitive
nature of those management programs.

Economists theonze that if markets are reasonably unrestricted and informa-
tion flows freely between potential buyers, harvest rights will flow to the
fishermen with the highest-valued use of the resource. Thus, fishing firms that
are more profitable because they have lower per unit fishing costs, or firms that
are able to get a higher price per pound because of better handling of product
or other factors, will have incentives to bid fishing rights away from less
profitable firms. This should make the fishing industry more efficient in terms
of the operatrons of those who remain in the fishery and the total amount of



Gauvrn et al. ~ Wreckfish Fishery and ITQ772

Table 1. Administrative costs of the wreckfish ITQ program.

CostCategory

One-time costs:

Initial allocation

Application Oversight Committee
Coupon system development
Coupon reader hardware
Share certificate issuance

$15,000

5,000

10,000

4,000

4,000

Subtotal $38,000

Annual costs:

Coupon allocation
Printing/mailing coupons
Tracking coupons
Issue dealer R' vessel permits
Share certificate transfers

Vesse Vdealer logbooks

Subtotal

$2,000

3,000

10,000

4,000

2,000

3,000

$24,000

$64,000Total outlay for FY 1992-1993

harvest capacity remaining in the fishery. The Council's objective to address
overcapitalization and increase efficiency through the use of ITQs is based on
this reasoning.

In the interval since implementation of ITQs for wreckfish, the number of
fishing firms has decreased from 49 shareholders who v ere given initial alloca-
tions in February 1992 to 37 shareholders in the fishery  Table 2!. Thirty-five
vessels currently are permitted to fish for wreckfish. Obtaining a vessel permit
requires that the applicant be a shareholder or have a demonstrable business
relationship with a shareholder. Any definitive determinations as to whether the
wreckfish fishery is more economically efficient will require a follow-up study to
the cost and earnings data collection conducted prior to ITQ management. At
this point, however, it can be assumed that the number of vessels in the fishery
prior to ITQs probably exceeded the number needed to take the TAC efficiently.
Early analyses indicated that the number of participants in the fishery would
decline under a market-driven system of harvest rights, because economic data
suggested the fishery could support between 20 and 25 vessels at likely future



Management of Exploited Fish ~ Alaska Sea Grant 1993 773

Table 2. Share ownership.

Initial allocation As of 8/15/92

Number of shareholders

Median shares owned

Average shares owned

37

I .743

2.703

49 1.62
2.041

39.482

7.896

58.823

5.395

11.326

Shares held by largest 5
Average held by largest 5
Shares held by largest 10
Shares held by smallest 5
Shares held by smallest 10

23. 805

4.761

39.931

5.454

11.165

TACs and wreckfish prices  South Atlantic Fishery Management Council
1990b!. This was based on a recognition that the typical wreckfish vessel needs
to take in at least $150,000 to $200,000 in ex-vessel revenue per year.

Observations on changes in fishing patterns suggest that fishing vessels are
being used more efficiently under ITQs. Under open-access, fishing began
when the fishing year opened despite fishing and weather conditions which
generally made fishing more costly at that time of year  South Atlantic Fishery
Management Council 1990a!. The pace of wreckfish landings in the early
portion of the current fishing year is slower than occurred under open-access
 Figure 2!, and the number of trips made in the early part of this season is lower
than the prior year  Figure 3!. This suggests. that fishermen are avoiding high
fishing costs associated with fishing early in the year when fish are more spread
out and weather tends to be adverse.

An unconventional way to compare efficiency before and after ITQs can be
borrowed from the central planning approach in v hich market forces of supply
and demand are not deemed critical to economic decisions. If the objective is to
catch wreckfish as fast as possible during the time when wreckfish are most
difficult to catch, then a large number of fishing vessels would be needed. In
effect, open-access drove the fishery to that outcome. The property rights mecha-
nism of ITQs appears to have changed incentives in the fishery considerably.

Determinations about efficiency changes are clouded by past management
constraints on efficiency. For equity reasons prior to ITQs, the Council chose to
set a trip limit of 10,000 pounds to more evenly spread the catch over the
season and among the fishermen. Vessels in the fishery typically are between 50
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Figure 2. Accumulated wreckfish landings, whole weight.

and 65 feet in length overall  LOA! because the 120-mile trip to the fishing
grounds makes the use of smaller vessels dangerous. Most boats in the fishery
have a hold capacity of well over 10,000 pounds, and these vessels were
landmg trips in excess of 10,000 pounds prior to trip limits. Under ITQs, trip
limits were removed, which probably allowed more efficient use of vessels in
the fishery. In this sense, some of the efficiency gains may have come from
removing trip limits and not necessarily from the tradable catch rights aspect of
the ITQ, because efficiency would have been greater than it was under open-
access if trip limits had not been implemented.

Some fairly persuasive but inconclusive evidence leads one to believe that
efficiency objectives of the wreckfish plan already are starting to be realized.
The substantial amount of share tradhng that already has taken place also raises
questions about concentration of shares. Some advocates of caps on share sizes
predicted that the preponderance of shares soon would be owned by a few
wreckfish fishermen and fish dealers. Those who opposed restrictions on share
sizes predicted that the number of share owners would decrease, but would
stabilize at approximately 20-25, which was depicted as a more appropriate
number given the economics of the fishery. At what point does efficiency begin
to become a problem?
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Figure 3. Number of wrechfish trips.

Consolidation worries some managers because it can be used to cast the ITQ
system in an unfavorable light. Regardless of one's opinion of consolidation, it
may be instructive to examine systematically the consolidation that has oc-
curred to evaluate whether monopoly or price determining power is in the
hands of the reduced number of shareholders.

Economists view monopolies and cartels as structures that afford the ability
to produce considerably less quantity than would be produced in a competitive
market, thus driving market prices higher. By definition, monopolists produce
where marginal revenue is equal to marginal cost, while in theory, firms in a
purely competitive market produce where average revenue is equal to marginal
cost. This makes monopolies and cartels inherently more prolitable than com-
petitive market structures. Although economic theory offers a concise defini-
tion of the difference between monopoly and perfect competition, the underly-
ing problem when one attempts to apply these ideas is that estimation of
average and marginal revenue functions as well as marginal cost functions
requires firm-specific information that is almost never readily available.
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Not only are marginal costs, average revenues, and marginal revenues actu-
ally difficult to estimate, other information such as market share of firms, which
also provides relevant information about how competitive markets operate, is
equally difficult to obtain in most cases. The wreckfish ITQ program, however,
wherein market shares are known and available to the public by reporting
provisions specified in the program, affords a privileged opportunity to evaluate
market power.

To evaluate the current structure of the wreckfish industry, standard eco-
nomic diagnostics such as Lorenze curves and Gini coefficients were examined
to select an unbiased diagnostic to characterize consolidation that has occurred.
The basic problem with concentratton tables, graphics such as Lorenze curves,
and diagnostic coefficients to interpret those graphics is that those measures are
not particularly well-suited or unbiased when there are large numbers of small
firms, or when there is a relatively small number of firms but. share sizes among
that small number appear to be mostly equal. For this reason, the Herfindahl
index was selected because it is destgned to provide an unbiased assessment of
concentration, given the number and type of market players in an industry that
is made up of a relatively small number of firms with small nominal differences
in market share.

The Herfindahl index is specified as:

iV
H=QS,' �!

1=i

where S, is the market share of the ith firm. The index squares the shares of
firms and then sums the squares. The index thus varies from close to zero to 1
at its highest value, with 1 being a perfect monopoly  market share of a single
firm of 1009o, thus yielding a Herfindahl index of 1!, while values close to zero
are indicators of near perfect competition  Scherer 1970!.

Herfindahl indices for wreckfish shares at the time of the initial allocation in

February 1992 and share holdings as of August 14, 1992, were examined. The
Herfindahl index has changed approximately 0.021, from 0.027 initially to
0.048  Table 3!, comparing the initial composition of the industry at the time of
the initial allocation and its makeup after 12 shares had been sold. Although
the change in Herfindahl index percentage terms appears to be large, because
both the initial value and the value after trading are both very close to zero  see
Scherer 1970!, a reasonable interpretation based on the index is that the
industry went from not very concentrated to slightly more concentrated. How-
ever, the market still is very close to perfectly competitive, which would have a
value close to zero. Thus far, the Council's decision to allow the market to work
without impediments such as caps on shares after the initial allocation appears
to be reasonable, although future monitoring of market power should be
undertaken
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Another objective of the plan was to provide a mechanism to allow the pace
of landings to better match market forces. If the ITQ allows fishermen to meet
the demands of the market they face more effectively, ex-vessel prices should be
higher, all other factors held equal. Significant price increases to fishermen
would be expected if temporary supply gluts were a problem before ITQ
management, or if ITQ management allows for better marketing or better
product quality.

Prices received by fishermen have behaved according to theoretical expecta-
tions and the Council's objectives thus far. Prices on a monthly basis have been
approximately 30-40'lo greater than in the year prior to ITQ management
 Figure 4!. Numerous fishermen reported during the pre-ITQ phase of the
fishery that when large quantities of wreckfish were landed in a short time,
prices dipped precipitously  South Atlantic Fishery Management Council
1990a!. Advisory panel members suggest that being able to fish, when fishing
makes sense, has allowed fishermen to get higher prices this year.

Some caution must be taken in attribut.ing this increase in ex-vessel prices to
ITQs, because prices are jointly determined, and one most likely factor in the
overall determination of wreckfish prices is relative changes in the quantity of
substitutes supplied during the period of comparison. ~Vreckfish prices prob-
ably respond somewhat to the overall supply of grouper and grouper substi-
tutes. There probably has been no decline in the quantity of grouper supplied
through domestic landings and imports, although import data for the period in
question is not yet available. Imports probably have not decreased at all,
because a trend of increasing grouper imports from Latin America has not
changed much in the last 8 years  Adams and Lawlor 1990!. A dedicated study
of the determinants of wreckfish prices should be undertaken so that definitive
conclusions can be made about the role of the ITQ in price determination.

One of the more difficult determinations to make in evaluating the wreckfish
ITQ program is whether conservation incentives have been created. Some
theorists see conservation incentives through ITQs, because if fishermen are
effectively vest.ed in the long-run viability of ihe resource, then conservation
essentially becomes in their long-run economic interest  Dr. Lee Anderson,
University of Delaware, College of Marine Science, personal communication!.
Not all theorists have proposed or accepted this notion. Certainly, the effective
discount rates of fishermen would influence the degree to which conservation
incentives are created from vesting. After reviewing the arguments on both
sides of this issue, the Council was sufficiently persuaded that fishermen would
have a vested interest in the viability of the resource as a result of the ITQ
system.

Although the ITQ has been m place for a short time, there is anecdotal
evidence that conservation motivations have increased. Before ITQs, some
wreckfish fishermen repeatedly requested that the Council set much higher
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Table 3. Herfindahl indices for wreckfish shares.

Shares as of
8/14/92 squared

Initial allocation
shares squaredYear

m of squares

Sum ol squares

1

2 3

4 5 6 7
8
9

10
ll
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

45
46
47
48
49

0.000116
0.000119
0.000119
0.00012
0.000121
0.000126
0.000127
0.00013
0 000132
0.000137
0 000138
0.000143
0 000144
0.000147
0 000147
0.000154
0 000162
0.000177
0.000179
0.000193
0 000194
0.000197
0 0002
0.000229
0.000262
0.000295
0.000304
0.000315
0 000322
0.000323
0.000394
0.000417
0.000402
0 000436
0.000443
0.000473
0.00052
0 000736
0.000774
0 00081 9
0.001026
0 001079
0.0011
0.001197
0.001314
0.001377
0.00222
0.002862
0.004105
0.027165

0. 0001
0.000117
0.000119
0 000121
0.000127
0.00013
0.000137
0.000143
0.000147
0 000147
0.000154
0.000162
0.000177
0.000179
0.000193
0.000194
0.0002
0.000262
0.000304
0.000315
0.000322
0.000394
0.000443
0.000473
0.00049
0.00052
0.000774
0.001026
0.001079
0.0011
0.001314
0.003495
0.003811
0.00393
0.005345
0.007498
0.012254
0.047696
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Figure 9. Wrechfish pnces for 1991-1992 were calculated based
on the port agent report price. Prices for 1992-1993
were based on the weighted average price recorded on
dealer monthly report.

TACs for the fishery, such as 6 or 8 million pounds  South Atlantic Fishery
Management Council 1990a, 1991b!. The fishermen repeatedly argued that
there is no good biological evidence that wreckfish are being overfished. It also
was pointed out that no evidence exists that the stock cannot support greater
harvest rates. This lack of hard evidence of what sustainable yields are for this
fishery always has been somewhat problematic for the Council. In fact, no
significant decrease in catch per unit effort or average size in the catch has been
detected since biological monitoring of the fishery began in 1989.

At the public hearing to set TAC in February 1992, there was a conspicuous
absence of lobbying of the Council for grossly larger TACs. Again, one cannot
say for sure whether this stems from conservation incentives, but given the
persistence of fishermen who requested larger quotas prior to ITQs, it could be
a sign of change in attitude or perspective on the part of some fishermen.

From an economic perspective, a measure of conservation incentives can be
derived by examining markets for catch rights in the fishery. In theory, if the
ITQ ties fishermen's economic futures to a sustainable fishery, then it will be in
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their best interest to promote conservation of the resource. To paraphrase a
remark that seemed influential during the development of the wreckfish ITQ: If
fishermen are acting in the long-run interest of the fishery, they should be
trying to harvest the interest on the stock, not the principal. The differences
between share prices and the price of annual wreckfish catch rights  coupons!
during the present season can be used to provide insights on how far into the
future fishermen are looking.

Fishermen are responsible for reporting coupon and share sales prices under
the wreckfish ITQ system. Reports thus far indicate that coupons are selling for
roughly $0.20 on a per pound of catch basis, while shares  or permanent harvest
rights! are selling for approximately $0.50 per pound. One can argue that there
are problems with knowledge of what. shares and coupons really are worth, as
fishermen are in a position to trade harvest rights for the first. time. There also
may be some incentives for underreporting share sales prices. Both of these
factors argue for viewing the information presented here with some reservation.

With the above caveats acknowledged, coupon prices are the best available
evidence of the average profit margin among fishermen in the wreckfish fishery
for a pound of fish that is still in the sea. In the market for coupons, a price of
somewhat less than $0.20 per pound indicates that the seller feels he can make
less than $0.20 per pound by fishing, or he would not be inclined to sell the
coupons for less, but instead would use them to fish for wreckfish. The buyer
believes he can make more than $0.20 per pound by catching the amount of
wreckfish designated by the coupons, or he would not purchase them. Thus,
the price of $0.20 per pound is a reflection of the effective average profit margin
on a pound of wreckfish for the industry at this time.

Considering that shares were granted in perpetuity and that each pound of
wreckfish into which a share translates has an average profit margin of $0.20
per pound, then if fishermen embrace the I'uture perfectly in the wreckfish
program, they would be expected to view the share asset as the source of an
infinite stream of discounted profits. One might not expect all fishermen to
have the same rationale given above for making a decision to sell or retain a
share, but the impetus for behavior should match fairly well. According to this
way of looking at the difference between coupon and share prices, fishermen
are, in effect, embracing the future in the ITQ program because the price for
shares is greater than the price for coupons. To see this, one need only take a
net revenue stream of $0.20 per pound into the future and discount it at, say,
10'fo annually; Over the next 50 years, the present. value of that discounted
stream of net revenues is approximately $2.00 per pound  Table 4!. Extending
the number of years beyond 50 years has virtually no effect on the outcome,
because the annual discount rate means the stream of net revenues approaches
$2.00 per pound after 40 or so years  Table 4!. Then why are shares selling for
$0.50 per pound instead of $2.00 per pound as one would expect from theory7
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A number of possible explanattons for this discrepancy include some based
on speculations about our knowledge of the wreckfish resource; some based on
uncertainty about what the Council will do with the TAC  remember, with
percentage shares, smaller TACs automatically mean smaller amounts of
wreckfish to catch per shareholder!; and speculations about v hether fishermen
really understand what they are trading. The reported price of $0. 50 per pound
for shares amounts to the current value of about 3 years of estimated profits on
a pound of wreckfish, if a 10'/o annual discount rate is used  Table 0!. Thus,
according to this fairly simple application of economic reasoning to view the
discrepancy between share and coupon prices, fishermen are embracing the
program and the conservation of the resource out to 3 years into the future.
Hence, the program is vesting fishermen in the long er! run viability of the
resource, as some ITQ theorists predict, but the duration of effective vesting is
shorter than that which would indicate vesting is a primary incentive for
conservation at this time.

This degree of vesting may seem rather low to some observers. Consider,
however, that under open-access, the actions of some fishermen often demon-
strate almost no regard for the long-run importance of the resource. One has
only to examine the fishery for tilefish, Lopholatiltts chamaeleontieeps, in the
Southeast in the late 1970s and early 1980s to see this poirtt. Ftshermen under
open-access and no controls fished tilefish down to levels where today, some 15
years later, only modest recovery is beginning to take place.

Another indhcator of conservation motivations for the wreckfish fishery is
that compliance with the prohibition on the use of bottom longlines is thought
to have improved since controlled access was implemented. When the fishery
was managed by open-access, fishermen had large tncenttves to use bottom
longlines despite the fact that the gear is thought to destroy the fishing grounds,
because at depths where wreckfish are caught, the longhne mainline is easily
parted  South Atlantic Fishery Management Council 1991a!. Ftshermen began
using longline gear because it caught fish so much faster than vertical hook and
line gear and paid for itself, even if the boat lost all or most of its mainline cable
each trip. Fishermen openly admitted at public hearings that they would not
have used longline gear if no one else in the fishery was ustng Lt, because the
large pieces of parted cable were destroying some of the ftshing grounds. The
cable that was used  '/~2 and '/s inch diameter! probably is capable of doing
significant damage to the coral and ledge habitats of the Blake Plateau. Yet
fishermen claimed they had to use bottom longlines in order to catch as much
as they could before the TAC was filled. At-sea enforcement of the fishing
grounds was mtnimal, and reports of the continued use of longline gear
following its prohibition were widespread.

Ending the ftshing derby probably defeated most of the incentives for using
bottom longlines in the fishery, yet there always will be Lncenuves for using very
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Table 0. Present value of a stream of discounted profits from a pound of wreckfish
ITQ.

Present. value ol'
accumulated proftts

Annual proftt
per ITQ poundYear

1

2 3 5 6 7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

$0. 20
0.20
0. 20
0.20
0. 20
0. 20
0.20
0. 20
0. 20
0.20
0.20
0. 20
0. 20
0.20
0. 20
0.20
0.20
0.20
0 20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0. 20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20

$0. 20
0. 35
0. 50
0. 63
0. 76
0.87
0.97
1.07
1.15
1 23
1.30
1.36
1.42
1.47
1. 52
l. 56
1 60
1.64
1.67
1.70
1.73
1. 75
1.78
1.80
1 82
1.83
1.85
1.86
1 87
1.89
1.90
1.91
1 91
1.92
1.93
1.94
1 94
1.95
1.95
1.96
1 96
1 96
1 97
1 97
1.97
1.98
1.98
1 98
1.98
1.98
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efficient gear if it makes fishing more profitable. This is where incentives from
aligning the long-run interests of fishermen more closely with the interests of
the resource may play a role. In this particular case, conservation incentives
have been observed in the form of vigilance on the part of fishermen in
providing information to enforcement agents when a fisherman is suspected of
usmg bottom longline gear. Coast Guard and NMFS Iaw enforcement officers
repeatedly have commented on the increased willingness of fishermen to coop-
erate and provide information to enforcement officials under the ITQ system
 Paul Raymond, NMFS, Southeast Region Law Enforcement Office, St. Peters-
burg, FL, personal communication!. Tips made available to enforcement offi-
cials greatly increase the effectiveness of enforcement of the longline prohibi-
tion for the wreckfish fishery. It is generally believed that fishermen are now
more willing to offer enforcement tips because they view violation as an
infringement on their future earnings.

The track record of ITQ management when it comes to compliance with
fishery regulations exceeding total quota has been observed in some fisheries
under ITQs through quota busting, in the form of exceeding individual quotas,
nonreporting of discarded bycatch, or htgh-grading of quota fish  Copes 1986!.
The original theorists of ITQs probably did not envision the degree to which
incentives to cheat, discard, or high-grade might influence the behavior of
fishermen. Quota busting defeats the resource conservation effects of the TAC
by allowing fishing mortality to exceed safe levels of fishing for the st.ock, as
identified through biological assessments. Evidence of quota busting would
suggest that fishermen are not embracing the conservation incentives the
Council feels the ITQ program will create.

Thus far, enforcement officials report very good compliance by fishermen
with requirements to fill out catch coupons to report catch prior to landing,
Fishermen are required to sign and date the back of the appropriate number of
catch coupons in ink and to sensory mark  as is done with state lottery tickets!
their permit number on each coupon, effectively canceling the coupons. The
intent of issuing small denominations of coupons �00 pounds is the largest!
was to require a significant amount of signing and markmg of coupons so
fishermen would not be able to wait until an enforcement officer approached
their vessels before beginning to cancel coupons. It takes approximately 3 to 5
minutes to cancel coupons for a 10,000-pound trip of wreckftsh. The violation
for a fisherman to pre-sign or mark his coupons is the equivalent of a quota
busting violation. Only one case so far has been made for alleged quota busting.
In that case, a fish house owner has been charged with cooperating with a
fisherman to offload wreckfish outside of legal hours. Quota busting is consid-
ered a major infraction in the plan, and the Council's intention that exceeding
individual quotas should result in a share forfeiture may be brought into play in
this case.



780 Gauvin et al. ~ Wreckfish Fishery and ITQ

At this point, there is no evidence that quota busting is widespread in the
wreckfish fishery. If regulatory compliance wtth the rules against quota busting
for the wreckfish ITQ is occurring, it may be due partially to conservation
incenttves or to other reasons, such as the high penalty for violation. Another
reason for regulatory compliance may be the low price of catch coupons and
percentage shares at this point, which probably allows fishermen to acquire
additional catch rights at a price lower than the expected penalty for violation
times the probability of being detected and convicted.

Decreasing conflicts among fishermen also was an important objective of the
ITQ program. The Council heard repeated and extensive testimony from fisher-
men on the nature and extent of conflicts in the fishing grounds under open-
access  South Atlantic Fishery Marketing Council 1991b!. As mentioned above,
the pressures of the fishing derby and the relatively small fishing grounds lead
to near boat collisions and gear conflict when vertical hook and line gear
becomes entangled with bottom longline gear. Some of the longline gear was
being ftshed actively in the areas where vertical ftshing was taking place. In
other cases, fishermen's gear became entangled in parted longline cable.

The prohibition on bottom longline probably resolved many of the most
serious conflicts among fishermen, but there is evidence that illegal bottom
longlining continued after the prohibition. Many fishermen attribute the share
forfeiture penalty of the ITQ with the final elimination of the practice of bottom
longlining. Beyond the high penalty for bottom longlining under the ITQ, the
removal of the impetus to catch fish as fast as possible probably decreased
incentives to use bottom longlines. In any case, public hearing testimony and
advisory panels have produced no evidence of significant conflict occurring on
the fishing grounds at this point.

When one evaluates the wreckfish ITQ, taking a broader view of its effects
on adjacent fisheries also is important. Because some consolidation has oc-
curred and further consolidation can be expected, one has to inquire about the
effects that fishermen and vessels leaving the fishery are likely to have on the
already stressed fisheries of the Southeast. While no systematic attempt has
been made to determine the effects of egress from the wreckfish fishery on
other fisheries of the region, it can be argued that some potentially serious
problems may arise, based on the scenario described below. The following
discussion is based mainly on anecdotal evidence provtded by fishery partici-
pants. Some economic reasoning is applied to this evidence for illustrative
purposes.

As mentioned before, the Magnuson Act currently does not allow fee charges
in excess of the administrative costs of issuing permits. Therefore, even if a
program to restrict access to a fishery is undertaken, fishing rights essentially
must be granted to participants based on historical participation and other
factors stipulated by the Magnuson Act. Fees or assessments for recovery of a
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portion of economic rents cannot be collected either when riglus initially are
allocated or thereafter. Thus, rents from the fishery are, in effect, captured by
the grantee when shares received from the initial allocation are sold.

An economic survey of wreckfish vessel owners in 1990 revealed that most
of the fishermen who then were fishing for wreckfish had been fishing the
inshore reef fisheries before starting to fish for wreckfish  South Atlantic Fish-
ery Management Council 1990b!. As mentioned earlier, most of the vessels in
the wreckfish fishery range from 50 to 65 feet in length, which is the upper
length range for vessels in the snapper and grouper fisheries of the South
Atlantic. Fishing firms in the South Atlantic snapper and grouper fisheries with
vessels in the 50- to 65-foot range typically are highliners  infra-marginal!
rather than marginal firms. Assuming that shareholders who have sold out of
the wreckfish fishery have knowledge and experience in the snapper and
grouper fisheries, one might expect them to return to fishing snapper and
groupers upon selling their shares, unless a new and profitable fishing  or
other! opportunity has developed in the meantime. Since wreckfish was discov-
ered, no new fishery promising high profits has developed. The appeal of
leaving fishing for a non-fishing type of employment depends on the indi-
vidual, of course, but no apparent economic trends suggest that gett.ing into or
out of the fishing industry in the South Atlantic has become relatively more
attractive recently.

Most fishermen who left the fishery as soon as the ITQ was implemented
probably did so because it was preferable in economic terms to exit rather than
to stay. It is possible that entry during the rapid expansion phase of the
wreckfish fishery  before ITQs! reduced profits in the fishery over time to the
extent that returning to the inshore snapper and grouper fishenes may have
been preferable to staying in the wreckfish fishery for some firms. It is also
possible that some firms continued to fish for wreckfish even when doing so
represented a significant opportunity cost, because impending controlled ac-
cess held the possibility of receiving an initial share that would be a marketable
asset. This would explain why some firms left the fishery virtually as soon as
ITQ shares were allocated.

If wreckfish gear already had been paid for by the relatively high profitability
of the wreckfish fishery in the early days of the fishery, then wreckfish share-
holders who have opted to sell their shares may have realized some financial
gains by selling out. Sales of shares would provide liquid financial resources for
fishermen who sold shares. Proceeds from selling wreckfish shares could be
invested in new fishing or fish-finding gear that might give former wreckfish
fishermen a competitive advantage as they returned to the inshore snapper and
grouper fisheries. The potential return of wreckfish vessels to the snapper and
grouper fisheries has implications for the biological conditions of snapper and
grouper stocks. Greater than proportional increases in fishing mortality are
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possible with each wreckfish vessel that returns to the snapper and grouper
fisheries because wreckfish boats probably have more fishing power than the
average reef fish boat. In addition, the possibility that liquidated shares could
be used as a source of free and clear funds for investment in more effective

fishing gear can mean that even greater than expected increases in fishing
mortality may occur.

Virtually all snapper and grouper species in the South Atlanttc currently are
considered overfished or fully exploited. As with all open-access fisheries,
economic forces can be expected to squeeze some firms from the fishery over
time if total costs exceed total revenues and the fishery adjusts toward equilib-
rium. In the meantime, however, the potential increase in fishing mortality may
significantly impact these stressed fisheries and lead to low yields and potential
recruitment overfishing problems in the near future, because snapper and
grouper stocks now are tnanaged by input controls such as closed spawning
seasons and gear and size limits. Input control measures are not necessarily
effective in controlling fishing mortality in the short-term, because fishermen
can alter their fishing strategies to circumvent input control measures. Because
assessments use fishery-dependent data exclusively and because the data col-
lection system in which assessment data are obtained typically is 2 years behind
the current period, overfishing may increase insidiously. The effects of overfish-
ing these generally slow growing, long-lived species could have profound and
enduring effects.

Effects on adjacent fisheries in the South Atlantic are not the primary focus
of this paper, but they are mentioned here to point out that the wreckfish ITQ
may aggravate economic and biological conditions in the inshore reef fisheries
of the South Atlantic. Some of these problems will be alleviated if the Council
moves to ITQs in those other South Atlantic fisheries. Although the Council
currently is considering an ITQ for deepwater groupers and tilefish, and per-
ceived success with the wreckfish program is helpmg to promote that idea,
rapid development of those ITQs is unlikely. Those fisheries are multispecies
and have price by size premiums to complicate the development of a controlled
access system. The fact that the snapper and grouper fisheries have a longer
history of exploitation and a greater number of players to be considered for an
initial allocation also considerably complicates the task of implementing ITQs.

It recently has been argued that the Council should have attempted to put
into ITQs the fisheries that wreckfish fishermen are likely to enter, at the same
time as the wreckfish fishery. The argument for using an integrated approach
rather than a fishery by fishery approach, as was used for wreckfish, certainly
has merit. The practical problem here is that the wreckfish fishery was consid-
ered to be a relatively uncomplicated fishery for development of an ITQ, while
other South Atlantic fisheries offer varying but generally greater levels of
difficulty for development of rationalization schemes. If the Council had waited



Management of Exploited Fish ~ Alaska Sea Grant 1993 787

for suitable ITQ plans for adjacent fisheries before moving ahead with the
wreckfish ITQ, in all probability there would not be an ITQ program in place in
South Atlantic waters. The reason for expediting the process by considering
wreckfish in isolation was that it would allow the Council to test what ITQs
really accomplish and to resolve some pressing confl>cts in the wreckfish
fishery. The fact that wreckfish was a new fishery, and that an initial allocation
would give most participants only slightly less than they would have caught in
the near future under open-access, also convinced the Council to act expedi-
tiously with wreckfish.

Summary and Conclusions

This paper has described the wreckfish fishery and its management under
open-access and since the implementation of ITQs in April 1992. Detailed
attention has been given to the South Atlant.ic Council's reasoning for shaping
the ITQ program as it did and to the concerns of Council members, fishery
participants, and observers about such subjects as characterization of rights,
initial allocation formula, and consohdation. In addition, some of the debate
during the development of the wreckfish ITQ over the present inability of
management to recover administrative costs or rents has been summarized.
Overall, the paper examined the design of the wreckfish ITQ and how it may be
affecting the degree to which economic and conservation objectives of the
program are being realized.

Preliminary analysis suggests that most of the plan's objectives are being
realized to some degree. The number of shareholders has decreased, and there
is at least preliminary evidence that harvest rights are flowing to fishing firms
with the highest-valued use of the resource. There is some evidence that the
total amount of fishing effort applied to the fishery is decreasing and that more
efficient use of the remaining capital in the fishery is occurring. Prices to
fishermen have increased significantly over pre-ITQ levels, although economet-
ric work to establish that ITQ management is responsible for this increase has
not been undertaken.

Analysis of share consolidation reveals that shares are somewhat more
concentrated than before trading began, but markets still are competitive, and
price-determining power has not. been established to any measurable degree,
according to diagnostics performed for this paper. The degree to which t.he
Council has accomplished its objective to create conservation incentives by
vesting fishermen in the long-run interest of the fishery is more difficult to
analyze. Observations on regulat.ory compliance and decreases in industry
lobbying for higher TACs suggests that resource conservation incentives have
been created. Diagnostics performed reveal that fishermen are, in fact, embrac-
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Abstract
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Current New Zealand fisheries legislation defines the Total Allowable Catch
 TAC! in terms of the Maximum Sustainable Yield  MSY!. The criterion for
setting or altering TACs is that the TAC must be set at a level that will move the
stock toward a size that will support the MSY. There is only limited knowledge
of the biology of and fishery for many of the 30 species and 179 fishery
management units in the Individual Transferable Quota  ITQ! system, and for
many species the only information available is reported landings. To deal with
the large differences in the quality and quantity of information available for the
various stocks, an assessment strategy based on two interpretations of MSY has
been developed. The first is a static interpretation called Maximum Constant
Yield  MCYl, which is defined as the maximum constant catch that is estimated
to be sustainable, with an acceptable level of risk, at all probable future levels of
biomass. Five different methods, dependent on the amount and type of infor-
mation available for each stock, are used to estimate MCY. The second is a
dynamic interpretation called Current Annual Yield  CAY!, which is defined as
the one-year catch calculated by applying a reference fishing mortality, F�,>, to
an estimate of the fishable biomass present during the next fishing year. F�> is
the level of instantaneous fishing mortality that. if applied every year, would,
within an acceptable level of risk, maximize the average catch from the fishery.
CAY is estimated using the Baranov catch equation with Fnf usually equal to
Fo 1, The use of these two interpretations of MSY for the stock assessment of and
the development of management strategies for a number of fisheries is summa-
rized and discussed.
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Introduction

I
I

QMA 10

/////
/

I Ie QMA 6
I

I I //lx

 ///

Figure 1. Locations of the 10 Quota Management Areas
 QMAs! in New Zealand's Quota Management
System  QMS!.

A Quota Management System  QMS! using Individual Transferable Quotas
 ITQs! was introduced into New Zealand's ftsheries on 1 October 1986. As of 1
April 1992 there were 30 species or species groups in the QMS. The fishery for
each species is divided into a number of different fishery management units,
officially designated as Fishstocks. The number of Fishstocks range from 2 to
10 for any given species, with a total of 179 different Fishstocks in the QMS.
There are 10 different Quota Management Areas  QMAs!  Figure I! in the
QMS, and each Fishstock is composed of one or more QMAs. Each of the 179
Fishstocks has a Total Allowable Catch  TAC! which is reviewed annually.
Under current New Zealand legislation, TACs are set and altered to allow the
stock to move toward a size that vill support the Maximum Sustainable Yield
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 MSY!. Decisions on changes to and the setting of TACs are made by the
Minister of Fisheries at the conclusion of a formal decision-making process.

Maximum Sustainable Yield

In the Nev. Zealand fishery assessment process, MSY is viewed using two
different interpretations. The first is a static interpretation and is called Maxi-
mum Constant Yield  MCY!. It is based on taking the same catch from the
fishery year after year. MCY is defined as "the maximum constant catch that is
estimated to be sustainable, with an acceptable level of risk, at all probable
future levels of biomass."

The second is a dynamic interpretation and is called Current Annual Yield
 CAY!. It is recognized that fish populations fluctuate in size, so to get the best
yield from the fishery it is necessary to alter the catch every year. CAY is defined
as "the one-year catch calculated by applying a reference fishing mortality, F�,I,
to an estimate of the fishable biomass present during the next ftshing year. F�> is
the level of  instantaneous! fishing mortality that, if applied every year, would,
with an acceptable level of risk, maximize the average catch from the fishery."

The strategy of applying a constant fishing mortality, F�,<, from which the
CAY is derived each year is an approximation to a strategy which maximizes the
average yield over time. In New Zealand fishery assessments the Maximum
Average Yield  MAY! is the long-term average annual catch when the catch each
year is the CAY. The MAY is how MSY is often interpreted by fisheries workers.

CAY

MAY1.0
CdO
d!

ld
0.5

MCY

0.0
0 10 20

Year

Figure 2. Relationships amoung Maximum Constant Yield  MCY>;
Current Annual Yield  CAY!; and Maximum Average
Yield  MAY!.
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Reference Fishing Mortalities

Reference fishing mortalities that are recognized for use in New Zealand's
fishery assessment are: Fp y the level of fishing mortality at which the slope of
the yield-per-recruit curve is 0.1 times the slope at F = 0; F, the fishing
mortality that produces the maximum yield-per-recruit; F,, the fishing mor-
tality corresponding to the deterministic MSY; F, the fishtng mortality corre-mey'
sponding to the maximum sustainable economic yield; and M, the instanta-
neous natural mortality rate. Fp > is the most commonly used value of F�f. If Fp
cannot be estimated, then M is commonly substituted.

Estimation of Maximum Constant Yield

Five methods are used to estimate MCY. The method chosen for a particular
Fishstock depends on the data available and the exploitation history of the
fishery. The five methods are:

1. New fisheries.

MCY = 0.2.5F�Bp

where Bp is an estimate of virgin recruited biomass. The equation 0.5MBp is
often used to approximate MSY  Gulland 1971!, so this equation may appear
overly conservative. However, various simulat.ion studies  including
Beddington and Cooke 1983; Getz et al. 1987; Mace 1988! have shown that
0.5MBp often overestimates MSY. New fisheries become developed fisheries

The relationship between MCY, CAY, and MAY is illustrated in Figure 2. MCY
is generally less than MAY because CAY will be greater than MCY in most years.
However, when fishable biomass becomes low because of overfishing, poor en-
vironmental conditions, or a combination of the two, CAY will be less than MCY.

Estimates of MCY and CAY are used as biological reference points when
recommending TACs and don't necessarily translate directly into TACs. MCY
and CAY are used to evaluate whether the current stock is at a size that will
support these two interpretations of MSY. If the current stock is smaller than
that which will support the MSY  B,!, then the TAC may be reduced to move
the stock toward that size. If the current stock is at a size larger than that which
will support the MSY, then the TAC will not be reduced, and may be increased,
depending on the management strategy for the stock.  See Annala 1992 and
references therein for more details of the application of the MCY/CAY concept in
New Zealand fisheries.!
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once F has approximated or exceeded M for several successive years, depending
on the lifespan of the species.

2. Developed fisheries with historic estimates of biomass.

MCY 0 5FO ~B

where B�� is the average historic recruited biomass and the fishery is believed to
have been fully exploited  i.e., F is near the level that will produce the MAY!.
This method assumes that Fot approximates the average production of the
stock.

3. Developed fisheries with adequate data to fit a population model.

MCY = ~MSY

where MSY is the deterministic maximum sustainable yield. This reference
point is slightly tnore conservative than that used by other stock assessment
agencies that use equilibrium yield corresponding to '/3 of the fishing effort  or
fishing mortality! associated mth deterministic MSY. However, it is in line with
simulation results  Mace 1988! that show that MCY may be as low as 60% of
the deterministic MSY.

4. Catch data and information about fishing effort  and/or fishing mortality!,
either qualitative or quantitative, without a surplus production model.

MCY =cY�

5. Sufficient information for a stochastic population model.

This is the preferred method, but it requires the most information. It allows the
specification of the maximum constant catch that can be taken for a given level
of risk. The level of risk may be specified as the probability of stock collapse
within a specified time period.

where c is the natural variability factor, which depends on M and ranges
between 0.6 and 1.0, and Y�, is the average catch over an appropriate time
period. The period chosen to estimate Y,�will depend on the following four
factors:  a! behavior of the fishing effort or fishing mortality time series � there
should be no systematic change;  b! prevailing management regime � there
should be no large change in quotas;  c! behavior of the catch time series�
there should be no systematic change in catch; and  d! lifespan of the species-
the period should be half the exploited lifespan.

If catch data are from a period when the stock was fully exploited, then the
method should provide a good estimate of MCY. If the stock was under-
exploited, then the method gives a conservative estimate of MCY.
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Estimation of Current Annual Yield

Two methods are used to estimate CAY.

1. Catch equation.

Where there is an estimate of current recruited biomass, CAY may be calculated
by the appropriate catch equation. The appropriate form of the catch equation
depends on the way that fishing mortality occurs durrng the year, For many
fisheries it is reasonable to assume that fishing is spread evenly through the
year, so the Baranov catch equation is appropriate and CAY is given by

CAY = "' � � e " '!Bb,�
F�!+M

where Bb, is the stock biomass at the beginning of the fishing year.beg

2. Status quo methods.

Where information is limited, but the current fishing mortality is thought to be
near optimum, various status quo methods may be applied  Pope 1983;
Shepherd 1984, 1991!.

Fishery-Independent Stock Assessment Research
in New Zealand

Before the QMS was introduced in 1986, there had been only limited directed
stock assessment research in New Zealand. Most fisheries research had been
directed at gathering basic biological information on a few commercially impor-
tant species. For many species in the QMS, basic biological data on age, growth,
mortality, fecundity, etc., is still not available. Moreover, because of the lack of a
mandate to carry out stock assessment research, estimates of relative abun-
dance were not available for most species. The following is a summary of the
biomass estimates available for species in the QMS by species grouping  in-
shore, middle depths, deepwater!.

Inshore

Inshore is generally 0 to 200 m �8 species; see Table I!. The most important
species in this group is snapper with a total landed value of NZ $24 million in
1991  out of a total landed value for all commercial fisheries in 1991 of NZ
$582 million!. Random stratified trawl surveys using Mintstry of Agriculture
and Fisheries  MAF! research vessels to estimate biomass have been carried out
in the most important fishery  QMA 1; see Figure I! since the early 1980s. The
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results of these surveys have not been used to estimate recruited biomass
because of uncertainties concerning the catchability of large, adult snapper in
single trawls. They have, however, been used to derive indices of pre-recruit
abundance. These trawl surveys were extended to QMAs 8 and 9 in 1989.
Tagging experiments to estimate biomass were carried out in QMA 1 in 1984-
85, QMA 7 in 1986, and QMAs 8 and 9 in 1990.

Only limited biomass estimates are available for the other 17 inshore spe-
cies. Trawl surveys designed to estimak.e biomass began in QMAs 3 and 7 in
1989. Once a time series is developed, these trawl surveys will provide biomass
estimates for only about four species. For the remaining 13 inshore speckes, no
fishery independent estimates of biomass are available.

Middle Depths

Deepwater

Deepwater is generally 800 to 1,500+ m  two species, see Table 1!. The fisheries
for orange roughy and oreos are very new, having been first developed only in
the late 1970s, mainly in QMAs 3 and 4. The fisheries for these two species
have continued to develop steadily, with new fishing grounds being found right
up to the present date.

Middle depths are generally 200 to 800 m �0 species: see Table 1!. Fishery
independent. estimates of biomass in QMAs 4, 5, and 6 were first obtained be-
ginning in the mid-1970s during joint surveys using foreign  japanese, Soviet,
and West German! research vessels. These surveys were continued through to
1990, with chartered New Zealand commercial vessels replacing the foreign
vessels in the late 1980s, and extended to QMAs 7, 8, and 9. Major problems
have been experienced in interpreting the results of these surveys because of the
use of different vessels and gears having dhfferent fishing powers and catchabilities.

The most important species in this group is hoki, with total reported
landings in the 1990-91 fishing year � October to 30 September! of about
210,000 tonnes  t! and a total landed value of NZ $113 million in 1991. The
biomass estimates obtained from the earlier foreign research and New Zealand
commercial vessel surveys have suffered from the same problems of compara-
bility as experienced with the other middle depth species. The main fishery
independent estimates of biomass come from a time series of yearly
hydroacoustic surveys that began in 1988.

The arnval of the 70-m fisheries research vessel Tangaroa in 1991 has
allowed the initiation of a time series of relative abundance estimates using
random stratified trawl surveys for the middle depth species in QMAs 4, 5, and
6. However, at least 3 years of surveys vill be requkred before the results can be
used with any degree of confidence to estimate biomass.
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The most important deepwater species is orange roughy, wtth a total landed
value of NZ $65 million tn 1991. Random stratified trawl surveys to estimate
biomass began in 1982 using chartered foreign and New Zealand commercial
vessels. Fortunately, the same or similar vessels have been used to carry out
trawl surveys in the historically most important orange roughy fisheries in
QMAs 4 and 7, which has resulted in reasonably reliable biomass estimates for
these species. However, major problems have been experienced in estimating
biomass for other areas because of the rapid expansion of the fishery to new
grounds and the use of different vessels for surveys.

A series of random stratified trawl surveys using the Tangaroa has been
initiated for the tnajor deepwater fisheries in QMAs 2, 3, 4, and 5. However, as
with the middle depth species, at least 3 years will be required before the results
can be used with any confidence to estimate biomass.

Analysis of Commercial Catch Per Unit Effort Data

Methods Used to Estimate MCY and CAY

The methods used to estimate MCY and CAY for the 179 Ftshstocks in the QMS
during the 1992 fishery assessment meetings are shown in Table 1. The follow-
ing is a summary of the methods by species grouping.

Inshore �20 Fishstocks!

MCY could not be estimated for 37 �0,8k! of the Fishstocks. The most
common method used to estimate MCY was method 4  cY�!, which was used

Widespread, systematic collection of commercial catch per unit effort  CPUE!
data for the major finfish fisheries first began only in 1982-83. Previously,
CPUE data had been collected for some selected species using specialized
logbook schemes. Because of the relatively short time series of data and serious
problems with data quality and tntegrity resulting from major changes to the
data collection system in 1988-89, analysis of commercial CPUE data has been
limited until the last 2 to 3 years. However, increasing use of these data in stock
assessments has been made using primarily standardized CPUE analyses for the
following Fishstocks;

Inshore � alfonsino  QMA 2!; bluenose  QMA 2!; blue rnoki  QMA 2!; rig
 QMAs 1, 3, 5, 7, 8, and 9!; rock lobster  all stocks!; snapper  QMAs 1, 8, and
9!; and trevally  QMAs I, 8, and 9!,

Middle depths � hake  QMA 7!; hoki  QMA 7!; silver warehou  QMA 7!.
Deepwater � orange roughy  QMAs 2, 4, and 7!; oreos  QMAs 3 and 4!.
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for 63.5 �2.9%! of the Fishstocks. This reflects the lack of biomass estimates
for most inshore species. MCY was based on biomass estimates  using methods
1 and 2! for only seven �.9'! of the Fishstocks. The eight Fishstocks for which
method 5  stochastic population model! was used were all rock lobster stocks,
for which considerable surplus production modeling has been carried out.

CAY estimates were available for only two �.7'%%d! of the Fishstocks. Both
are snapper Fishstocks for which biomass estimates are available from the
results of tagging studies and CPUE analyses.

Middle depths �6 Fishstocks!

MCY could not be estimated for 14 �0.4 /0! of the Fishstocks. Biomass based
methods  methods 1 and 2! were used for 13.83 �0'/o! of the Fishstocks. This
reflects the relatively greater amount of fishery independent biomass data
available for middle depth species from the results of trawl surveys. Method 4
 c Y,! was used for 12.5 �7.2'%%d! of the Fishstocks.

A CAY estimate was available for only one �.2/o! of the Fishstocks. This
estimate is for the major hoki fishery, for which biomass estimates are available
from a combination of trawl and acoustic surveys and CPUE analyses.

Deepwater �3 Fishstocks!

MCY could not be estimated for four �0.8'%%d! of the Fishstocks. Method 5
 stochastic population model! was used for five �8.5'/o! of the Fishstocks. This
reflects the relatively greater amount of biomass data available for orange
roughy compared with other species. Method 4  c Y P was used for the remain-
ing four �0.810! Fishstocks.

CAY estimates were available for two �5.4%! of the Fishstocks. These are
both for orange roughy for which estimates of current biomass are available
from the results of random stratified trawl surveys and CPUE analyses.

Relationship Between MCY/CAY and TACs
The following three examples illustrate how estimates of MCY and CAY are used
as reference points when setting and/or adjusting TACs.

Hake in QMA 7

The TAC for hake in QMA 7 was 3,310 t for the 1990-91 fishing year. An
assessment was carried out in 1991 using two different stock indices  Colman
et al. 1991!. The results using four combinations of these indices suggested that
the current biomass was greater than B, CAY was calculated from the Baranov
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catch equation with F�> � � Fo, and ranged from 3,830 t to 25,850 t for the four
combinations of the indices. The value of 6,770 t was chosen as the best
estimate of CAY, and the TAC was increased to this level for the 1991-92 fishing
year.

Hoki in QMA 7

Orange roughy in QMA 4

The orange roughy 3B Fishstock comprises most of QMA 3 and all of QMAs 4,
5, and 6. The main fishery within the Fishstock has been centered on the
Chatham Rise in QMAs 3 and 4. Annual assessments from 1988 to 1992 have
indicated that sustainable yields have been considerably less than the TACs.
TACs have been reduced from 38,300 t in 1988-89 to 23,787 t in 1991-92.

The 1992 assessment for the Chatham Rise  Francis et al. 1992! indicated
that the current biomass �59oBO! was substantially less than B�, �4 kB<!. For
the 1992-93 fishing year, MCY was estimated as 3,800 t and CAY as 3,200 t. The
long-term sustainable yield using a CAY strategy was estimated as 7,500 t. A
total of six catch reduction options was examined. An immediate reduction to
6,000 t for the 1992-93 fishing year is required to prevent further stock decline.

The TAC for all of the orange roughy 3B Fishstock for 1992-93 was reduced
to 21,300 t. However, this was combined with an agreement with industry to
catch a maximum of 14,000 t from the main fishing grounds on the Chatham
Rise. The remainder of the TAC has to be caught in QMAs 5 and 6.

Hoki is managed as one Fishstock all around New Zealand with a TAC in 1991-92
of 201,897 t. However, it. is assessed as two separate stocks, a western and an
eastern stock. The main fishery is in QMA 7  western stock!, where an average
of about 150,000 t has been taken during the past few years. The remainder of
the catch is taken from the eastern stock.

Two separate assessments were carried out for the western stock in 1992
 Sullivan and Cordue 1992; Pikitch et al. 1992!. The MCY estimates ranged
from 100,000 t to 237,000 t.. CAY was calculated from the Baranov catch
equation using F > � � uo t, which is the exploitation rate analogue of Fp ]. CAY
ranged from 189,000 t to 394,000 t. Both stock assessments indicated that
current biomass was greater than B, and that catches greater than 150,000 t
were available for the 1992-93 fishing year. However, the short-term manage-
ment strategy for this stock is to maintain catch levels at about 150,000 t during
the fishing down phase, and the TAC was not increased for the 1992-93 fishing
year.
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Conclusions
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The QMS and New Zealand legislation have not really constrained the types of
data collected for stock assessment. Data are still collected on biomass, age,
growth, mortality, etc. However, the legal requirements of the QMS have
influenced the way the data have been analyzed. The emphasis has been on
estimating MSY  or its analogues of MCY and CAY! and current stock size and
B, rather than on estimating, for example, spawning stock biomass per
recruit, percent maximum spawning potential, minimum spawning stock bio-
mass, etc., that might be used in overfishing definitions.

The limited amount of data for many species in the QMS was an important
stimulus for the MCY/CAY approach to estimating MSY, where MCY can be
estimated with less information than CAY. MCY estimates were based on catch
data only  method 4! for 80 �4.7'/o! of the Fishstocks in the QMS. Data were
available for estimating MCY using the more analytical approaches  methods
1,2,3, and 5! for 44 �4.6/o! of the Fishstocks. This reflects the lack of
quantitative biomass data for most Fishstocks. MCY could not be estimated for
55 �0.7/o! Fishstocks for two main reasons: �! The conditions required for
estimating MCY from catch and effort data were not satisfied; �! Some
Fishstocks are nominal stocks only and have been included in the system
simply for completeness. CAY could be estimated for only five �.8'/o! of the
Fishstocks. This reflects the lack of current biomass estimates for all except
some of the important fisheries for snapper, hoki, and orange roughy.

New Zealand legislation has constramed the ability to vary TACs. The
criterion, that TACs are set and changed to allow the stock to move toward a
size capable of supporting the MSY, has been interpreted very strictly. In this
interpretation, MCY and CAY estimates have been used as reference points
when varying TACs and have not necessarily translated directly into TACs.
TACs cannot be changed unless it can be demonsl.rated that this criterion is met
even when other data suggest that TACs have been set at inappropriate levels.
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Scientific nameCommon name

Alfonsino

Arrow squid
Barracouta

Blue cod

Blue moki

Bluenose

Blue warehou

Elephant fish
Flatfish

Beryx splendens, B. decadactylus
Nototodarus gouldi, N. sloanii
Thyristes atun

Parapercis colias
Latridopsis ciliaris
Hyperoglyphe antarctica
Seriolella brama

Callorhynchus milii
Colistium guntheri; C. nudipinnis; Pelotretis flavilatus;
Peltorhamphus novaezelandiae; Rhombosolea leporina;
R. plebeia; R. retiara; R. tapirina
Rexea solandri

Mugil cephalus
Poly prion oxygeneios; P. moene
Merluccius australis

Macruronus novaezelandiae

Trachurus declivis; T. murphyi; T. novaezelandiae
Zeusfaber
Genypterus blacodes
Hoplostethus atlanticus
Allocyttus sp.; Neocyttus rhomboidalus; Pseudocyttus
maculatus

Haliotis australis; H. ins

Pseudophycis bacchus
Chelidonichthys kumu
Mustelus lenticulatus

Jasus edwardsii; j, verreauxi
Galeorhinus australis

Seriolella punctata
Chrysophrys auratus
Kathetostoma giganteum
Nemadactylus macropterus
Caranx georgi anus

Gemfish

Grey mullet
Groper
Hake

Hoki

Jack mackerels
John dory

Ling

Orange roughy
Oreos

Paua

Red cod

Red gurnard
Rig
Rock lobster

School shark

Silver warehou

Snapper
Stargazer
Tarakihi

Trevally

Appendix I

Species Included in the Quota Management System
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Size-Dependent Reproductive Processes in
Pacific Salmon  Oncorhynchus spp.j and

Their Implications for Size-Selective
Harvesting Strategies

L. Scott Forbes and Randall M. Peterman
School of Resource and Environmental Management
Simon Fraser University, Burnaby, B.C., Canada

Abstract

LS Forbes' current address is Department of Biology, University of Winnipeg, Winnipeg, Manitoba,
Canada.

Proceedings of the Internauonal Symposium on Management Strategies for Exploited Fish Populations,
Alaska Sea Grant College Program, AK-SG-93-02, 1993.

Growing eridence on Pacific salmon  Oncorhynchus spp.! suggests strongly that
other components of reproductive success besides fecundity are dependent on
the size of female spawners, for example,  a! increased success in intraspecific
competition among females for spawning sites,  b! ability of large spawners to
dig nests deeper in gravel, which makes eggs less vulnerable to dig-up by other
females and to scouring during flooding, and  c! increased size of eggs from
large spawners, resulting in larger, faster growing juveniles that are less vulner-
able to starvation and predation. However, managers usually estimate the
reproductive potential of a stock in terms of the �! total number of spawners,
�! number of female spawners, or �! potential egg deposition given a mean
size of spawners without specific reference to body size composition of the
spawning population. Such measures cannot account for the potential benefits
of large body size noted above  except for the fecundity component in measure
[3]!, and variation in body size among spawners may thus result in errors in
assessing the reproductive potential of a salmon stock.
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We developed simple size-structured models of recruitment and harvest of
Pacific salmon and used these to determine optimal size-selective harvesting
strategies. Depending on the situation, these optimal strategies range from the
commonly used large-fish harvests, where larger-than-average fish are caught,
leaving smaller fish to spawn, to small-fish harvests, where the reverse is true. If
the body mass  M! of individual spawners increases more rapidly than repro-
ductive success  RS! with respect to length of adult females  i.e., RS/M de-
creases with increasing length of females!, then the sustainable biomass yield is
maximized by the current large-fish harvest. This would be the case if simple
numbers of eggs alone were the best measure of reproductive success. However,
if RS/M increases with increasing length of females  as would be the case if
reproductive success were better correlated with total biomass of eggs, for
instance!, then the sustainable yield is maximized by a small-fish harvest.
Evidence suggests that some salmon populations may show this latter pattern
in RS/M. In such cases, the current common strategy of harvesting larger-than-
average fish may result in sub-optimal yields. Complete details of this research
are reported in Forbes and Peterman �990!.
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Incorporating Uncertainty into the
Establishment of Total Allowable Catches

Shane W. Frederick and Randall M. Peterman
School of Resource and Environmental Management
Simon Fraser University, Burnaby, B.C., Canada

Abstract

Proceedmgs of the International Symposium on 41anagement Strategies for Fxpfoned Fish Populations,
Alaska Sea Grant College Program, AK-SG-93-02, 1993

Fisheries harvest policies are usually formulated in the face of uncertainty
because estimates of stock size and other biological parameters are imprecise.
Since this uncertainty is essentially ignored if harvest quotas are based solely on
point estimates, many have advocated reducing such quotas by a safety factor
or "uncertainty adjustment." Few, however, have adequately supported this
position with quantitative evidence that such uncertainty adjustments actually
improve management performance  as measured by discounted harvest value,
for example!, or, if so, exactly how large these adjustments should be.

To evaluate the merits of such adjustments, we developed a Monte Carlo
simulation model that incorporated three major sources of uncertainty facing
managers � recruitment variability, errors in estimates of stock abundance, and
uncertainty in the underlying stock-recruitment parameters. We then simulated
different uncertainty adjustment strategies and compared their performance  in
terms of average discounted harvest over 20 years! to a management strategy
that ignores uncertainty. The latter set harvest quotas solely on the basis of
point estimates of stock abundance and other biological parameters,

We used biological parameter values from the Atlantic menhaden  Brevoortia
tyranntts! stock for the baseline conditions, but altered these parameters in
sensitivity analyses to simulate other types of stocks with different growth rates,
productivity, or length of life. In addition, we varied the discount rate applied to
future harvests from 0 /o to 10 /o and the coefficient of variation in estimates of
stock abundance from 0.1 to 0.5.

We found that a management strategy that sets harvest quotas solely on the
basis of point estimates is close to optimal over a wide range of stock types,
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discount rates, and uncertainty in stock abundance estimates. The only set of
conditions tested for which a conservative "uncertainty adjustment" policy
substantially increased the expected long-term yield  > 10k! was when an
extremely imprecise stock abundance estimate  CV > 0.4! was coupled with the
potential of commercial extinction of the stock resulting from overharvests.
Therefore, in many situations the direct value of including uncertainty when
formulating harvest policy decisions may not justify the additional effort re-
quired to do so. Nevertheless, incorporating uncertainty in harvest decisions
may be valuable under certain circumstances that were not fully explored in
this analysis, such as when �! either the probability distribution describing an
uncertain quantity or the loss function is highly asymmetric, �! the decision
maker is risk averse, �! uncertain information from several sources must be
combined, �! the costs and benefits of additional information are being com-
pared, and �! decision criteria other than net present value are used. Complete
details of this research are reported in Frederick and Peterman �994!.
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Interactive Decisions: Modeling Responses
of Fishing Fleets to Alternative

Management Strategies
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'Department of Biological Sciences

Simon Fraser University, Burnaby, B.C., Canada
-'School of Resource and Environmental Management

Simon Fraser University, Burnaby, B.C., Canada
3Fisheries Research Institute

University of Washington, Seattle, Washington

Abstract

Proceedings of the international Symposium on Management Strategies for Exploited Fish Populations,
Alaska Sea Grant College Program, AK-SG-93-02, 1993.

The incorporation of fishermen's responses into evaluation of proposed man-
agement actions is gaining recognition as an important step in fisheries science
 Hilborn 1985; Lane 1988!. One method of predicting fishermen's reactions to
changing management regimes is to use the principles of foraging theory as a
basis I'or computer simulations of the behavior of fishermen. We chose this
technique to study the potential influence of varying regulations on the high-
grading type of discarding behavior in the Oregon trawl fishery for sablefish
 Anaplopoma fimbria!.

Discarding is both economically and biologically costly to fisheries. The
immediate fate of discarded fish is difficult to estimate, but values range
between mortalities of 1.8 lo and 100 yo, depending on the fishery  Ricker 1976;
IPHC 1991!. Fish that die after discarding represent an immediate economic
loss to the fishery. In addition, the mortality of discarded young fish is a loss of
reproductive potential from the population that may incur future economic and
biological costs.
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Discarding may occur for many reasons. Regulations that limit or prevent
the landing of certain species or size classes of fish may increase the frequency
of their disposal at sea if these fish are incidentally caught while pursuing other
fish  Pikitch 1991!. Alternatively, v hen fishermen high-grade, fish are dis-
carded when they could have been legally landed in order to make room for
more valuable fish in the landed catch. We focused on this discarding due to
high-grading behavior.

The sablefish component of the Oregon trawl fishery offers a unique oppor-
tunity to study the mechanism of high-grading behavior. Sablefish are pur-
chased from fishermen by weight, and large sablefish are worth more per kg
than smaller ones. Furthermore, aside from a conservation limit on the smallest
size class, the regulations limit the total tonnage of sablefish that can be landed
frotn a trip; they do not distinguish among the size classes. The decision about
which size classes to keep during a fishing trip is similar to the decision for
non-human foragers about which prey types or parts to keep during a feeding
period  Houston and McNamara 1985; Kaspari 1990!. In both human and
non-human cases some currency is being maximized  Darwinian fitness for
non-humans, monetary gains for the fisherman! and in both cases foragmg can
be constrained by limits to the amount of prey that can be taken and the time
available to pursue the prey.

Dynamic programming  Bellman 1957; Mangel and Clark 1988! provides a
numerical technique for the prediction of the decisions that will maximize the
final value of some variable when actions are constrained by time and the state
of the decision maker. Furthermore, it allows the effects of qualitatively differ-
ent factors on the decisions to be examined through a common currency: the
final value of the variable that is being maximized. We constructed a dynamic
program  Gillis 1992! to predict the discarding decisions that would maximize
the dollar value of landed catch when fishing was limited by the maximum time
at sea and the amount of sablefish that. could be landed. The program consid-
ered the choice made by fishermen among three size classes of fish. The
parameters included in the analysis were; �! the number of hauls remaining in
a trip  time!, �! the amount of fish that could be landed from the trip  Trip
Landing Limit [TLLI!, �! the average availability of fish in a haul, and �! the
value of each of the size classes. An observer study  Pikitch et al. 1988!
provided the data used to estimate the availability and value per kg of the three
size classes in the model and the maximum duration of a trip �4 hauls!, and to
specify the TLLs used.

The result of the dynamic program was a 4-dimensional matrix describing
conditions in which fishermen should discard one or more size classes of

sablefish as a function of �! the space remaining in the hold and �! the
maximum number of hauls remaining in the trip. These results indicated that:
�! the most valuable size class would never be discarded, �! generally,
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Figure 1. The performance of four indicators under different management options. In this
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discarding should become more common as a fishing trip progressed, �!
highly restrictive trip landing limits could result in the greatest amount of high-
grading occurring at the beginning of a trip, and �! the proportion of a size
class that is discarded may not increase equally for all of the lower valued size
classes when the availability of fish increases. In general, high-grading became
more common when the probability of filling the TLL wtth the most valuable
size classes increased.

Field data from the Oregon trawl fleet supported predictions of t.he dynamic
program. In the presence of trip landing limits, the proportion of the total catch
that was discarded increased with the availability of fish in the catch. Further-
more, the proportion of a haul that was discarded tended to increase as a trip
progressed.

To examine the potential effect of different management actions on high-
grading and other measures of performance, we constructed a simulation
model of a fishery in which the decisions made by vessels were defined by the
state- and time-dependent 4-dimensional decision matrix resulting from the
dynamic program. The parameters of this fishery were the same as those used
to solve the dynamic program. A fishing season was simulated by repeatedly
simulating trips until the total allowable catch  TAC! had actually been landed.
Two types of management actions were modeled in the fishery: �! limitation on
the number of hauls in a trip, which is a surrogate for the duration of a trip
 called trip effort limit [TEL]! and �! trip landing limit or quota per trip  TLL
in tonnes!. For every combination of management actions, 1,000 seasons were
simulated. Management alternatives were evaluated in terms of several indica-
tor variables relevant to both fishermen and managers. They tncluded: �! the
number of trips per season, �! the proportion of the TLL landed, �! the value
of fish that were discarded, and �! the value of the landed catch.

The effects of varying the management regime differed among the indicator
variables  Figure 1!. For example, managers may want to extend a season in
order to spread its economic benefits through time. Clearly, low TEL and TLL
values would achieve this, but at the expense of low landed values of the catch.
A manager may also want to avoid setting regulations that result in a low
proportion of the trip quota being landed or a high value of discarded fish. The
decision of how to weight and trade off the various indicators to choose the
management actions will be subjective, but by employing the techniques out-
lined here, the rationale of that decision can be documented so that future
decisions can more easily build on past experience, More complete write-ups of
this research are being prepared for submission to behavioral ecology and
fisheries journals  Gillis et al. 1993a and 1993b!.
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