
Intera n
Envi n

:-af-the- u



j OWN COPY ONLY

YEAR
YEAR

hlATfONAL SEA GRANT DEPOSITORY
PFLL Lf BRAIfY 8UiLUf NG

UR}, NARRAGANSETT 8AY CAMPUS
NARRAGANSETT, R f 02ff82



I.OAN COPY OgL 

YEAR
YEAR

Interannual Variability of the
Environment and Fisheries

of the Gulf of Alaska and the
Eastern Bering Sea

%arren S. Wooster, Editor

A Washington Sea Grant Publication
University of Washington s Seattle



First published in 1983 by
Washington Sea Grant Program
University of Washington

Printed in the United States of America

Support for publication of these proceedings was provided 1n part
by grant number NA81AA-D-00030, project A/PC-5, from the National
Oceanic and Atmospher1c Administration to the Washington Sea Grant
Program.

The U.S. Government is authorized to produce and distribute reprints
for governmental purposes notwithstanding any copyright notation
that may appear hereon.

"Interannual Variability in the Ab1ot1c Environment of the Bering
Sea and the Gulf of Alaska" by J. 0. Schumacher and R. K. Reed is
Contribution f647 from the Pacific Marine Environmental Laboratory,
Seattle, Washignton

" Interannual Var1ability of Phytoplankton and Zooplankton Production
on the Southeast Bering Sea Shelf" by R.N. Sambrotto and J.J. Goering
is Contribution ij524 from the Institute of Mar1ne Science, University
of Alaska, Fairbanks, Alaska,

KEY WORDS: 1. Fish abundance-- variab1lity Z. Fish abundance--
determinants 3. Fish abundance-- environmental causes 4. Environ-
mental variability

LIBRARY OF CONGRESS CATALOGING IN PUBLICATION DATA
Main entry under title:

From year to year,

 A Washington sea grant publication!
Bibliography: p.
1. F1shery resources--Environmental aspects--Alaska,

Gulf of--Congresses, 2, Fishery resources--Env1ronmental
aspects � Bering Sea--Congresses. I. Wooster, Warren S.
II. Series.
SH214,45.F76 1983 333,95'6 83-19804

Washington Sea Grant Program
Col'lege of Ocean and Fishery Sciences
University of Washington 98195

WSG-WO 83-3
October 1983



Contents

Preface vii

ON THE DETERMINANTS OF STOCK ABUNDANCE 1
Warren S. Wooster

Fishing as a Cause of Variable Abundance 1
The Environmental Variability Paradigm 3
On Sca'les and Sampling 6
On the Development of a Research Strategy 8
References 10

COMMENTARY: ON THE DETERMINANTS OF STOCK ABUNDANCE 11
John R. Hunter

"The planktonic stages of the life history are most
affected by environmental conditions" ll

"The key goal of research on interannual variabi'lity of fish
stocks is prediction of survivorship until the strength of
the year class is identified" 12

"It is uncommon to encounter larvae dead of starvation" 12
"One must conclude that in recent years meso-scale ichthyo-

plankton surveys have not greatly improved understanding
and Rothschild et al. propose as an alternative, a more
holistic approach on trophodynamics of micro- and fine-scale
ecosystem" 14

References 15

REVIEW OF THE BIOLOGY AND ABUNDANCE TRENDS OF PACIFIC HERRING
Clu ea haren us allasij 17

Vidar G. Wespestad and Stephen M. Fried

Introduction 17
Geographic Distribution 17
Seasonal Distribution 17
Spawning Requirements 18
Egq Survival 19
Larval Survival 19
Growth, Natural Mortality, and Maturity 20
Variations in Commercial Catches 21
Stock Size Fluctuations 23
Summary 26
References 26

COMMENTARY: ABIOTIC VARIATIONS IN REGIONAL ENVIRONMENTS 30
William Pearcy

Introduction 30
Coherence Among Year-Glasses 30
The El Nitro Connection 32
Periodicity 32
Conclusion 33
References 33



FACTORS AFFECTING RECRUITMENT OF SELECTED GADOIDS IN THE NORTHEAST
PACIFIC AND EAST BERING SEA 35
Robert C. Francis and Kevin M. Bailey 35

Introduction 35
Fishery Production of Whiting and Pollock 35
Mechanisms Which Might Affect Recruitment of Whiting and

Pollock 42
Pacific Whiting 44
Po'l lock 48
Suiivnary 54
Acknowledgments 57
References 57

COMMENTARY: INTERANNUAL VARIABILITY OF THE ENVIRONMENT AND GADDID
FISHERIES OF THE GULF OF ALASKA AND EASTERN BERING SEA 61
Donald R. Gunderson

An Overview of the Pacific Cod Resource and Its Biology 61
Environmental Variability and Its Relation to Gadoid

Recruitment 64
References 67

POTENTIAL FOR THE STUDY OF ENVIRONMENTAL EFFECTS ON INTERANNUAL
VARIABILITY !N FLATFISH 70
Donald A, McCaughran

Data Description 70
Possible Environmental Relationships 71
Analysis of Flatfish � Environmental information 76
References 79

COMMENTARY: THE STUDY OF ENVIRONMENTAL EFFECTS ON INTERANNUAL
VARIABILITY IN FLATFISH 81
A.V. Tyler

References 84

VARIATION IN THE ABUNDANCE OF CRAB AND SHRIMP WITH SOME HYPOTHESES
ON ITS RELATIONSHIP TO ENVIRONMENTAL CAUSES 86
Murray L. Hayes

Life History and Survival 86
Biology of King Crabs 86
Harvest Variation, Stock Structure, and Fishery Independent

Stock Assessments 89
Conclusions 100
References 100

COMMENTARY: CYCLIC CRAB ABUNDANCE AND RELATIONSHIP TO ENVIRONMENTAL
CAUSES 102
David A. Armstrong

Dungeness Crab, C'ancer ma@7',ster: The Fishery 102
Hypotheses for the Cycles 104



Hypotheses for the Demise of the San Francisco Crab Fishery 106
Population Fluctuations of Red King Crab: Research Needs 107
References 109

INTERANNUAL VARIABILITY IN THE ABIOTIC ENVIRONMENT OF THE BERING
SEA AND THE GULF OF ALASKA 111
James D. Schumacher and R.K. Reed

Introduction 111
The Eastern Bering Sea 112
The Gulf of Alaska 118
Future Fisheries Oceanography Cooperative Research 126
Acknowledgments 128
References 128

COMMENTARY: INTERANNUAL VARIABILITY IN THE ABIOTIC ENVIRONMENT
OF THE BERING SEA AND THE GULF OF ALASKA 134
Thomas C. Royer

COMMENTARY: INTERANNUAL VARIABILITY IN THE ABIOTIC ENVIRONMENT
OF THE BERING SEA AND THE GULF OF ALASKA 139
S. Tabata

Introduction 139
Sea Surface Temperature 140
Temperature at Greater Depths at Station P 140
Baroclinic Transport across Line P 140
Comparison of Transports of Alaska and California Current 144
Conclusion 144
References 145

INTERANNUAL VARIATION OF ZOOPLANKTON STANDING STOCK IN THE OPEN
GULF OF ALASKA 146
Bruce W. Frost

Introduction 146
Material and Methods 146
Results 147
Interannual Variation in Other Oceanic Regions of the North

Pacific Ocean 155
References 155

COMMENTARY: INTERANNUAL VARIATION OF ZOOPLANKTON STANDING STOCK
IN THE OPEN GULF OF ALASKA 158
Charles B. Miller

References 159

INTERANNUAL VARIABILITY OF PHYTOPLANKTON AND ZOOPLANKTON PRODUCTION
ON THE SOUTHEAST BERING SEA SHELF 161
R.N. Sambrotto and J.J. Goering

Introduction 161
Results and Discussion 162
Acknowledgments 175
References 175



COMMENTARY: YEAR-TQ-YEAR BIOLOGICAL VARIABILITY IN THE BERING SEA 178
T. Saunders English

NUMERICAL SIMULATIQN IN FISHERIES OCEANOGRAPHY WITH REFERENCE TO
THE NORTHEAST PACIFIC AND THE BERING SEA 180
Taivo Laevastu

The Essence of Fisheries Oceanography and Its Past in the
Northeast Pacific 180

Empirical Correlations in Past Fisheries Oceanography Studies
and the Need for Causal Mechanisms 182

Nature and Avai'lability of Data and Methodology of
Numerical Rendering 183

Some Open Avenues for Numerical Simulation in Fisheries
Oceanography l87

References 194

COMMENTARY: NUMERICAL SIMULATIQN IN FISHERIES OCEANOGRAPHY 196
Vincent F. Gallucci 196

References 198

ON THE DEVELOPMENT OF STRATEGIES FOR THE STUDY OF OCEAN FISH
INTERACTIONS 199
Warren S, Wooster, Karl Banse, and Donald R. Gunderson

General Comnents 199
Selection of Species 201
Species Schemata 202
Design of Investigation 203
Monitoring 205

PARTICIPANTS IN WORKING GROUP DISCUSSIONS 207







stock and in the species with which it interacts, and variations
in the abi otic environment.

This simple natural system can be perturbed by human activity
whi ch may affect the stock itself  through fishing! or may trans-
form its environment  through pollution!. I shall set pollution
aside at this point, since until now, its effects have been large-
ly localized and transient.

lf the stock of interest, or any of the species with which it
interacts, is subjected to a fishery, an important source of
variability is introduced. Fishing pressure will be variable, and
its effects will vary depending on the nature and condition of the
target stock and on the abundance levels of the interacting spe-
cies. But this variability of fishing pressure itself seems un-
likely to be a major cause of the observed interannual variability
in fish stock abundance.

For one thing, the frequency and amplitude of change in fish-
ing pressure is quite different from that in the abundance of its
victims. The immediate effect of fi shi ng is, of course, to de-
crease the numbers and biomass of the stock. But we are interest-
ed in effects on future abundance. The population responds to the
fishery in such a way that the fish that are removed are replaced
i n roughly comparable amounts unless the stock is heavily over-
fished. In that case, spawning biomass is reduced below the
critical level where adequate recruitment will, on the average, be
produced. I would argue that only then does fishing pressure
become an important direct contributor to interannual variability
of fish stocks. At that point, recruitment to the stock becomes
much more vulnerable to envi ronmental effects.

Experimental determi nati on of this critical level can be
expensive, and even dangerous to the health of a stock  e.g., the
Peruvian anchovy!. For management purposes, a value is sometimes
arbitrarily assumed -- e. g., "keep the spawning biomass above 5
million tonnes" -- but the uncertainties in such numbers can cause
the fishery either to forego valuable harvest or to flirt with
disaster.

A fishery on one stock can contribute indirectly to variabil-
ity in the abundance of another with which the target species i n-
teraCts. ThiS other Species may appear as predator, prey, or
competitor during the larval and later stages of development of
the species of interest, and it is conceivable that the abundance
of the latter could be affected by an increase  or decrease! in
the abundance of the former, as might arise from the differential
effects of fisheries. Of course, when species "A" is depleted by
a fishery and species "B" increases, there is not necessarily a
cause and effect relationship. In any case, these interacti ons
can be regarded as a special case of the variability in abundance
arising from fluctuations in the biotic envi ronment.



The Environmental Variability Paradigm

Apart from these fishery effects, the principal cause of
variability in the abundance of stocks appears to be environmental
variab1lity, both biotic and abtoti c, with the former being driven
by the latter. Same evi dence far this belief i n the importance of
the environment includes the fallowing. Where adequate pre-histor-
ic records ex1st, it can be shown that fluctuations in abundance,
includ1ng the replacement of species, occurred long before comeer-
ci al fisheries had been established an the stocks in question
 Sautar and Isaacs 1974!. Variations observed in modern fish
stocks and in the envi ronment both contain strong interannual si g-
nals. There exists a vartety af plausible mechanisms and poten-
t i al ly testable hypotheses that link envi ronmenta1 vari abi 1 i ty
with that of fish stocks.

Most studies of the effects of environmental variations have
attempted correlations with rather simple indices of environmental
conditions, for example mean monthly sea surface temperatures or
sali niti es at a coastal location, without much regard for the ex-
tent ta which the index represents the environment experienced by
the species in question, and 1n particular by some critical stage
i n its development, or without exploring mechanisms by which the
environmental 11nkage with abundance could be established.

Bakun and Parrish �980! have discussed some physical charac-
teristics of the environment that are likely to have important ef-
fects on recruitment, namely �! the field of horizontal advection,
�! the field of vertical stability, �! the field af temperature,
and �! the fie'td of convergence/dt vergence of flaw at the sea sur-
face  linked with the field of vertical advection!. These charac-
terist1cs vary in three dimensions, at a variety of scales and fre-
quencies. Unfortunately, data on such characteristics are seldom
available at the appropriate scale and with a sufficient duration
of record, although surrogate data can sometimes be found  e.g.,
sea level as an index of hortzontal advectton!. Hut it is with
environmental characteristics such as these that plausible mechan-
isms accounting for environmental influence over recruitment
success are likely to be constructed.

Wht le the abundance of fish stacks could presumably be estab-
lished at any life history stage, for many stacks there ts evidence
that the early stages are most critical. Of course, as discussed
earlier, conditions before spawn1ng w111 determine whether there
is a sufficient quantity of v1able eggs. During the weeks follow-
ing hatching, survival success is determined primari ly by the
coincidence in time and space of hungry larvae and a food supply
of adequate concentration and quality. In the absence of such a
supply, larval grawth is retarded, and vulnerability to predation
is enhanced. The coincidence in time of predator and prey is
governed by the timing af events, of spawning and hatching on the
one hand, and of primary and secondary productivity on the other.
The coincidence in space is governed by the physical processes of
advection and diffusion. In both cases, the coinci dence is in
large part a product of environmental variability.



These interactions take pl are for the most part while the
developmental stages are part of the plankton when it is reason-
able that they will be most affected by the surrounding environ-
mental conditions. From the point of view of the stock, the
plankton contains its eggs and larvae, food for its larvae, compe-
titors for that food, predators of its eggs and larvae  other pre-
dators are in the nekton!, and alternative prey for its predators.
The abundance and distribution of each of these elements is sub-
ject to the vicissitudes of environmental change. The period of
greatest mortality may not be at the time of first feeding, the
"critical" period of Hjort, but the mortality curve is steep
throughout the early weeks when slight differences in survivabil-
i ty can have large consequences in abundance at a later stage
 Houde, 1982!, lt is the prediction of this survivability to the
time when year class strength is established that can be regarded
as a key goal of research on interannual variability in fi sh
stocks.

Some of the determinants of year class size are shown in
Table l.

To look at potential environmental effects more closely, it
is useful to divide the early life history into two stages. Stage
A extends from spawning through egg development to hatching. It
is presumably the stage most susceptible to disease, although the
importance of disease as a source of mortality in the ocean is not
known. In Stage A, envi ronmenta1 conditi ons  scalar and vector!
affect the timing and location of spawning; rate of development;
extent of aggregation  patchi ness!; and the relative location of
eggs and their predators.

Stage B includes first feeding and subsequent larval develop-
ment. Some larvae may feed well, grow quickly, and pass safely
through the period of high vulnerability to predation. Most, how-
ever, feed poorly, grow slowly, and because of their impaired per-
formance are eaten  some may also die of starvation or disease!.
In Stage B, environmental conditions affect the rate of develop-
ment and the duration of vulnerability to predation; the extent of
aggregation; the location of larvae relative to their predators
and prey; and the abundance, concentration, and quality of food
and the timing and location of its availability.

The relative importance of starvation and predati on as causes
of larval mortality continues to be a matter for debate. Fish lar-
vae are rare organisms in the plankton, especially when coapared
with potential food, and death by starvation appears to be rela-
tively uncommon. Of course, all prey organisms, even when of the
same size, are not the same when it comes to meeting the nutri-
tional requirements of larvae, nutrition being affected by the
quality  species, size, biochemical composition!, as well as the
availability  concentration, catchabi lity! of the food. So.
despite the relative abundance of potentia'I food, there may wel'I
be competition for specific kinds of food.



TABLE I

DETERMINANTS UF YEAR CLASS SIZE

De end on
numbers o success of

present success as predators on envi ran-
sta e redator resent sta e ment

Initial number
and viability
of eggs  I!

+�!**�!mortality of eggs

growth of larvae,
juveniles ae�!�! *�!

mortality of lar-
vae, juveniles ** B! ** 9!*�! *�0!

Notes:  I! depend on numberS and COndition of spawni~g StOck; �!
predators on eggs include later stages of same species, other ver-
tebrates and invertebrates; �! apart from extreme condi ti ons,
principal effect is on rate of development and on dispersion, af-
fecting vulnerability to predation; �! density dependent growth
expressed through competition; �! growth rate principally affect-
ed by availability of food; �! growth also affected by tempera-
ture, by dispersion and its effects on availability of food, and
by other abi ot i c envi ronmenta 1 condi t i ons; �! dens 1 ty-dependent
mortality expressed through vulnerabi lity to predation;  8! larvae
are especi ally vulnerable to starvation soon after hatching;
starvation may cause mortality directly or enhance vulnerabilty to
predation,  9! presumably the princi pal cause of mortality at
these stages;  IO! direct effect of environmental variability on
mortality is usually less important than indirect effects through
starvati on and predation.

If it is uncorwaon to encounter larvae dead of starvation, what
is the importance of variable success at feeding in determining
year class strength? The answer is suggested by the attempts to
relate recruitment success to upwel ling and hence to the level of
primary production, namely that larval growth is as important as
larval mortality. Another way to put this is that a greater than
normal growth rate improves the likelihood that a larva wi 11 es-
cape predation by shortening the period when it is most vulner-
able. It also seems likely that the performance of a larva in
escaping predation depends upon its nutritional stage. Unfortun-
ately, there is little quantitative information on performance
impai rment. I t i s not known, f or exampl e, to what extent the



vulnerability to predation of well-fed larvae is reduced, or
whether underfed larvae can regain peak performance when their
nutritional state is improved.

Predation is not, of course, solely determined by character-
istics of the victims, but also depends on the kinds, numbers, and
performance of the predators. Since predation requires physical
contact between predator and prey, their relative distributions
must also be taken into account, a matter that involves knowledge
of the fine and even micro physical structure, The rates of preda-
ti on are influenced by the abundance of alternative prey; most
predators are not specific for fish larvae, and their numbers are
regulated independently. Hence, predatory mortali ty may not
depend on the density of larvae, when a preferred prey is also
ava i la bl e.

Clearly, recruitment is not just a simple function of spawn-
ing stock size. The relative size of a cohort is also determined
by its function as predator and prey at one or more stages of
development in a variable environment. To describe all of the
interactions and to evaluate them quantitatively will be di ffi-
cult; furthermore, the relationships will not always be determi-
nistic, Factors that influence recruitment success are likely to
differ significant ly among taxa, and perhaps even within taxa  i n
different environmental regimes! ~ For the problem to be solved in
any practical way, it will be necessary to find some generalities
i n the responses of similar speci es in analogous environments and
some simple indices of environmental variability.

On Scales and Sampling

A fundamental di lemma in the study of recruitment is that
while interannual variability of year class strength is a meso-
scale or larger event, the factors that determine the survival of
the few successful 'larvae operate on much smaller scales. Dimen-
sions of the ambit of an individual larva and of its interactions
with food and predators are of the order of centimeters or less to
a meter or so. The average abundance and availability of larval
food is related to fine and microscale patchiness and to the con-
gruence of patches of prey and larvae. The quality of the food
might depend on rsesoscale or larger events, but its availability
is probably determined on much smaller scales.

The interannual environmental variations associated with re-
cruitment variations are compounded of higher frequency  smaller
scale events!. For example, the environmental difference between
two years may lie in the timi ng, frequency of occurrence, or dura-
tion of such small events. The aggregation of srsall causes into
large consequences poses considerable difficulties in designing
experimental approaches to recruitment research. Whi'le much of
the work on scales of lU-~ to 10~ m can, or must, be done in the
laboratory or in enclosures, field studies on similar scales are
also required to tie these findings together with thoSe at larger
scales, since large scale variability determines the overall
productivity of the stock.



Problems in samp'I ing both the bi ata and the environment at
the various necessary scales are formidable.

A major difficulty in attempting ta determine the effect of
environmental change on stock abundance is that abundance is so
poorly measured. If there is a fishery, the conditions under which
catch per unit effort is a useful measure of abundance are limited.
If there is no fishery  e.g., for a collapsed stock!, fishery-
independent measures are essentfal, yet they are costly  hence
unlikely to be used! and often inaccurate. Useful estimates of
recruitment are also hard to obtain and time series af year class
strength tend to be scarce, so it is not surprising that the
dependence of recruitment on environment has not been established
and that the stock-recruftment relationship is so uncertafn.

There are, in fact, difficulties in measuring key variables
at al 1 seal es. The usual sampling methods for plankton, whi ch
capture fish larvae and their food and predators, give little or
na information an details of their distributions and aggregations.
While structure at scales of meters down to centimeters may be
critical, for example, in showing the probability of encounters
between larvae and thei r prey, the usual i ntegratfng tow can at
best only resolve hundreds of meters' To the extent that nets are
avoided by fish larvae, estimates of larval abundance and mortal-
ity are inaccurate.

Not only are there serious methodological problems in sampl-
ingg various elements af the biota, from pi coplankton to nekton, at
appropriate scales, but there are few good ways to process and
analyze the mass of samples that can be collected, to transform
the samples inta data. Thus, there is an urgent need for physical
 e.g ~ , optical! techniques for mass analysis of samples, as well
as for better methods for collecting them. However, with the best
of foreseeable methods, it wi 11 not be possible to sample all
scales with equal intensity, sa it wi 1 1 be necessary ta optimize
sampling at selected scales based on available information on
those and other scales.

Another important approach is to measure physical attri butes
of organisms of interest, for example, particle size and concentra-
tion with a Coulter Counter or by acoustic methods, or fluorescence
with a towed fluorimeter. Such measurements can be combined with
those of purely physical parameters  e.g., temperature and salini-
ty! in a towed, porpoising body, to obtain a continuous, two-dimen-
sionall description of distributions in the upper layer of the
ocean. While the biological variable so determined is seldom that
which is really of interest for a given problem, the relationship
to the latter can sometimes be established by separate sampling.

Of course, sampling problems are not confined to biological
variables. Scales of interest in the abiotic environment extend
from � to as nuch as 10 meters, and the same problems arise of
determining small scale variabi liity in the context of that at
larger scales.



On th» I!evelopm»tit of a Research Strategy

As Rothschild et al �982! point out, four approaches have
until now monopolized research on recruitment variability:  I!
evaluation of its dependence on stock size variability; �! deter-
minationon of the amount of food that causes starvation of fish
larvae: �! correlation between environmental variability and year
class strength; and �! meso-scale surveys of fish larvae and eggs.
As the preceding discussion has suggested, these approaches miss
large areas of the problem, and indeed one must conclude that in
recent years they have not led to greatly improved understandi ng.
Rothschild et al. proposed as an alternative, a more holistic
approach focusel on the trophodynamics of the micro and fine scale
ecosystem. Work at such scales nest to a great extent be done in
the laboratory or in enclosures.

In more general terms, Fish Ecology III participants
considered the following recruitment hypotheses and ways in which
they might be tested:

I. Wide variability in larval growth results when food is
limiting. This would be tested in large volume systems with equal
stocking densities and little or no predation, compari ng high and
low food levels.

II. Food-limited individuals are more susceptible to
predators than are well -fed ones; for a given size, fast-growing
individuals are less susceptible to predation than are slower
growing individuals. This would be tested on aquarium or mesocosm
scale, depending on predator size and stocking density. One would
identify appropri ate predators, determine the susceptibility of
individuals to predation as a function of nutritional stress, esti-
mate predation rates, and define behavioral interactions between
prey and predator.

I II. Food limited populations are more susceptible to preda-
tion than well fed ones. This would be tested in a large volume
system with equal stocki ng densities and would requi re a matrix
comparison of high and low food and predation levels.

IV. The effects of food and predation are modulated by phy-
sicall variability at all scales. This could only be tested ex-
perimentally in an experimental system where physical structure
could be introduced and its effects observed on food, fish larvae,
and their predators.

Specific attention was paid to research on �! patches, �!
event variability, �! role of starvation, �! role of advection,
and �! role of predation.

The patch Study was seen aS a free-form equivalent of an en-
closure experiment that would avoid the unnatural features of en-
closures such as boundary effects and the absence of stratification
and mixing. The purpose would be to study predator-prey relation-
ships and important rates from yolksac through metamorphosis �0
days or more! while at the same time measuring transport and
mi xi ng. It was generally agreed that there were large practical
problems in carrying out such experiments.



The event ~variabilit study would be based on the hypothesis
that the f requency and intensity of hi gh energy events an the
scales of days to weeks  e.g., storms! which affect nutrient fluxes
ta the euphotic zone and spatial relationships among plankton or-
ganisms are major sources of interannual variatian in recruitment.
Optimal conditions maximize food supply and minimi ze predation
pressure, and the study would examine in detail the consequences
of such events on both factors.

The starvation study would be based on the hypothesis that
iarvai gro~wth an survivai depend on the energy available in food,
and that food in the natural envi ronment can be sufficiently
limiting to cause recruitment variation. The study would require
identifying food items at each developmental stage and determining
their caloric values. Statistical information would be needed on
the distribution of contacts between larvae and thei r food, with
activity levels measured at different concentrations of preferred
foods. This information would then be applied to evaluate
observed field densities af food organisms.

The advective study would examine the relative magnitude of
advective ~asses of larvae from salubrious habitats compared to
other causes of mortality. lt would require defining the boundar-
ies of important domains, calculating the fluxes of eggs and lar-
vae into  out of! the domains, and making a mortality budget that
would include estimates of starvation and predation.

The redati on study would be based on the hypothesis that
interannua c anges in predation an eggs and larvae cause
variations in egg and larval mortality. The latter could arise
from variations in the level and kind of predation or in the vul-
nerability of the prey. For a given stock at a gi ven site, one
would identify several candidate keystone predators  those that
significantly alter coomxgnity structure by removi ng large numbers
of specific prey!, determine the eggs and larvae in their stom-
achs, estimate consumption rates and compare them with observed
natura'1 mortality rates, develop functional relationships between
predatory consumption and prey density and size, verify and cali-
brate the predati an model against field data on distribution,
growth, and mortality af the ichthyoplankton, and the distribution
and density of the predators.

These propositions apply to research on recruitment variabi 1-
ity in a general sense, but we are seeking a mare species-specific
strategy. For the stocks selected for investigation, an initial
approach would be to develop a systematic catalog of essential
informati on on each species that would identify critical informa-
tion that is missing and would eventually provide the basis for
hypothesis formulation.

Criteria for the selection of stocks were suggested at a
meeting in October 1982 on cooperative research on ocean-fish
interactions in the northeast Pacific. These were �! that their
recruitment exhibits large i nterannual variati ans, �! that their
life histories at all stages are reasonably well known, and �!



that a relevant data base is available. It is clear that stocks
of greatest commercial importance and those whose abundance is in
decline will be of particular interest. It also seems likely that
variability in some stocks is more amenable to understanding than
that in others.

For each selected stock, the requi red information includes
�! time and place of spawning and the duration of early stages of
development. �! food used by larvae and their rate of development
as a function of food quantity and quality, as modified by temper-
ature and other envi ronmental conditions, and �! predators of the
larvae and juveniles and their rate of i nduci ng prey mortality un-
der various conditions. The status of knowledge will, of course,
differ from stock to stock. Often critical information, such as
rates of encounter, growth, or mortality, will be missing and can
only be obtained in the laboratory or in enclosures. Thus, in one
case, some very basic experiments may be essential, while in anoth-
er enough will be known to warrant a full scale field operation.

Apart from the temperature regime, which influences the rates
of processes menti oned above, two kinds of environmental questi ons
are particularly relevant. First, what environmental factors con-
trol the timing and magnitude of production of the food organisms
used by the larvae? Second, what are the processes that concen-
trate, disperse, and transport eggs and larvae and their predators
and prey? Combining such biological and environmental information
will permit the formulation of hypotheses concerning the abundance
of a given stock that can be tested in experiments such as those
proposed in Fish Ecology III.
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migration. The onset of school fng reverses a trend of continuing
d1spersfon and declining patchiness of larvae to one of increasing
contagion  Hewitt, 1981; Hunter and Coyne, 1982!. By the end of
the planktonic phase mortality rates are much lower than during the
highly vulnerable embryonic period. This fact plus the rapid
increase in body weight reverses a trend of rapidly decl1ning
cohort biomass to one of fncreasing cohort biomass. The increase
in the biomass of the cohort, and fncreased aggregation due to
schooling imply that nektonfc larvae occupy the habitat more
fntens1vely than planktonic larvae. Nore intensive occupation of
the habitat may increase the likelihood of larval density dependent
effects on growth.

Thus the planktonic larval phase i s characterized by a pattern of
declinfng contagion  increasing dispersion!, high mortalfty rates,
decreasing cohort biomass and a larval existence almost entirely
dependent upon the fmmediate planktonic habitat. In the nektonic
larval phase, the larvae becaae progressively more fndependent of
the fmmedfate planktonfc habitat, are capable of extensive vertical
movements in search of food, become more aggregated because of
schooling, the biomass of the cohort beg1ns to increase and the
11kelihood of density dependent effects on larval growth increase.
Thus interpretation of the effects of the envfrotvsent on larval
survivorship depends upon a thorough knowledge of these
developmental changes and the tim1ng of transition from the
planktonic to nektonic states. The timing of the transition
depends, of course, on the availability of food, as well as
temperature specffic growth rates.

"The key goal of research on interannual variability of ftsh
stocks is prediction of survivorship until the strength of the
year class is identi6ed"

It may never be practical to use the results of larval counts or
extensive envfronmental measurements to provide timely and accurate
estimates of year-class strength. In addition, methods already
exist for early est1mation of year class strength including
commercial catches of small fish, trawl or acoust1c surveys. I
believe the key goal of research on year class variability is to
establish how the abundance of the adult stock affects the strength
of 1ncoming year classes and to fdentify the conditions which cause
the occasional and remarkable r1ses or falls in populations  Hunter
et al., 1976.! Clearly, the effect of stock size on recruitment is
a critical issue since the only option avaflable to managers fs
regulation of catch.

"It is uncotntnon to encounter larvae dead of starvation"

I feel partially responsible for thi s quotation as it ref 1 ects
perhaps an extreme position that I took in my report for Fish
Ecology III. Consequently, I sunmtarfze below some of' the more
important evidence for the relative role played by starvatfon and
predation of marine fi sh larvae.



Evidence for larval starvation

Most laboratory work indicates that marine larvae at the onset
of feeding are highly vulnerable to starvation because they
search such a small volume of water, have low feeding success,
and are unable to withstand prolonged starvation  Hunter, 1981!.

The food densities required for high survival in the laboratory
are not found in the open sea, implying that larvae must depend
on the patchiness of food and stable oceanographic conditions
to survive  Hunter, 1981!.

In inshore areas, the incidence of starving anchovy �-10 mm!
using histological cri teria  in my mind the only reliable
method! was 8%  O' Connell, 1980! and no larvae >10 mm long were
starvi ng. In offshore areas about S C of first feeding jack
mackerel larvae were starving but the fraction of starving
larvae decreases rapidly with larval age, reaching zero in 2-
week-old larvae  G. Theilacker, pers. cane.!. These fractions
were not adjusted for the duration of the larval stage and can-
not be compared to daily mortality rates. On a daily basis the
fraction of starving larvae may be lower as the first feeding
stage of jack mackerel persists for 2-3 days.

Evidence for predation

The highest losses occur during the embryonic period  egg and
yolk-sac stages! where starvation can be eliminated as a
source of mortality.

A great variety of invertebrates and fishes are known to con-
sume eggs and larvae  Hunter, 1981; Bailey and Yen, 1983! and
high consumption rates of eggs or larvae have been documented
in a few cases  Hunter and Kimbrell, 1981; Mdller, 1980!.

Our most accurate mortality estimates for post-embryonic
anchovy �980-1983! larvae give no sign of an increase in
mortality at the onset of feeding. Inaccurate aging might mask
the critical period; the first feeding period is the most dif-
ficult life stage to assign an age or duration because otoli ths
cannot be used to age larvae.

Growth rates of clupeoid larvae in the sea based on daily
increments in otoliths seem to indicate that they grow at the
same rates as they do at the laboratory when given abundant
food  Blaxter and Hunter, 1982!.

In large enclosures cod larvae have extremely high survival
when predators are excluded and food densities are equivalent
to those in the sea  Ellertsen et al., 1981!.

These assertions are based on very few field studies and clearly
the dominant mechanism may vary among species, habi tats and years.
What is certain is that the incidence of starvation or slow growth
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can be documented with greater ease and accuracy than rates of
predation because of the existence of starvatfon-histology and
otolfth-ageing methodologies. Mo sfmflar advances have been made
that facilitate studies of predation.

"One must conclude that in recent years meso-scale
ichthyoplanltton surveys have not greatly improved
understanding and Rothschild et al. propose as an
alternative, a more holistic approach on trophodynamics
of micro- and fine-scale ecosystem"
This paint of view reflects an fnteresting hypothesiS whiCh links
survival of planktonic larvae to the envfroreent fn a novel and
functional way  the stability hypothesis, Lasker. 1981!. On the
other hand, I believe that this fs mf sleadi ng advice for an overall
program on recruftment mechanisms when the species spawn over a
large geographic area and the localities fram whfch the survivors
originate vary unpredictably in space and time. Under these
ci rcumstances surveys which delfmft the spawning habitat  meso-
scale surveys! are essential for the followfng reasons:

1. Testing af the stability hypothesis or arly other larval sur-
vival mechanism must be set in the context of the spawnfng dis-
tribution of the population and thfs fnformation can only be
provided by meso-scale surveys. Knowledge of events fn a small
segment of the population is not sufffcient for estfmatfng
effects on the population as a whole.

2. Rates of mortality are powerful research tools but they require
meso-scale surveys. Mortality rates cannot be measured over a
segment of the population because of dispersion and advection
of larvae.

3. The annual production of eggs and larvae aver the season must
be known fn order to determine whether changes in year class
size are a result of differences fn larval mortality or due ta
differences fn the annual or seasonal production of eggs. If
the annual egg production fs unknown one f s unable to use a
powerful tool, the bfr thdate distribution of the Juveniles, for
assaying the quality of the enviromaent  Methot, 1981!.

4. Many of the hypotheses of survfvorshfp of larvae can only be
studied on a meso-scale, for example, the larval drift hypoth-
esis and the expansfan of spawnfng range hypothesis of MaCCall
  1980! and Lasker and MacCall �983!.

5. Most of the significant advances that have been made fn recent
years on the ecology of northern anchovy were made chief'ly as
a result of meso-scale surveys.

These camments apply to most of the clmnercially important marine
fish stocks that spawn over a broad geographic area. On the other
hand, micro-scale, site fntensfvs studies alone wou'ld be
preferable under several special circumstances: when the young
destined to perpetuate the population originate from a small area
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that is constant in location and time; or when they originate from
an oceanographic feature which is predictable in space and time; or
when they suffer the same fate over the entire spawning habitat.
Host importantly. the answer to the question of whether or not
these special circumstances apply to a given species probably
requires spawning-habitat-scale  meso-scale! surveys. Perhaps the
failure of many meso-scale surveys has been that they were not
sufficiently extensive to delimit the spawning habitat in space and
time nor sufficiently intensive to reveal biological processes.

In summary, to limit work on recruitment mechanisms to site
intensive microscale studies is not advisable unless documentation
exists that the site is truly representative or that it contains
most of the potential survivors. If these conditions are not met
then use of only site intensive work is to focus on only a few of
the possible mortality processes without adequate geographic and
temporal. context, and to ignore some of the most powerful tools for
understanding  bi rthdate distributions, juvenile abundance, life
stage specific mortality rates and variation in spawn
distribution!. It is certainly important to do such work, not as
an alternative to meso-scale research, but in conjunction with it.
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Fig. l.--Herring migration routes to and from eastern Bering
Sea winter grounds. Large solid arrow: direction of
movement in offshore waters as determined by Soviet
research and Japanese catches. Large dashed arrow:
area of autumn reappearance in offshore waters re-
ported from Soviet research. Small arrows: possible
summer feeding routes and autumn migration routes
 from Wespestad and Barton l98l!.

feeding areas are located in open straits, but wintering areas are
usually in sheltered, deep water close to spawning beaches  Carl son,
1980!, In the eastern Bering Sea feeding areas are located in coasta1
waters  Bakkala and Wakabayashi, 1983; Rumyantsev and corda, 1970!,
while wintering areas for most stocks are northwest of the Prlbilof
Islands, near the shelf break, more than 700 km from the maJor spawn-
ing area in northern Bristol Bay  Wespestad and Barton, 19Rl;
Rumyantsev and Darda, 1970, Shaboneev, 1965!  Fig. 1!. But not all
eastern Bering Sea Pacific herring stocks undertake such extensive
travels; some Norton Sound stocks may remain closer to their spawning
areas during the winter  Wespestad and Rarton, 1981!. Chukchi Sea
stocks may also winter under the sea ice, close to spawning areas
 Whitmore and Bergstrom, 1983!.

Spawning Requirements

Pacific herring are considered to be spring spawners, although stocks
in the southern portion of their range  e,g. southern California!
spawn during winter and early spring  Oecember to mid-April!  Spratt,
1981!. Peak spawning for the most abundant stocks  i.e. British
Columbia through the eastern Bering Sea! occurs April to early Rune
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 Wespestad and Barton, 1981; Kasahara, 196'1!. In the Chukchi Sea
spawning does not begin until June and extends into at least July
 Whitmore and Bergstom, 1983!.

Most spawning occurs at water temperatures of 5'C or above.
Alderdice and Velsen �971! suggested that temperatures between 5.5
and 8.7'C may be optimal for egg development and survival. While
some stocks may spawn in temperatures as low as O'C and as high as
14'C, the most abundant stocks  i.e. British Columbia through the
eastern Bering Sea! are found in areas where spawning temperatures
fall between 5 and 9'C  Barton and Steinhoff, 1980; Alderdice and

Velsen, 1971; Kasahara, 1961!.

Egg Survival

During spawning eggs are deposited on aquatic vegetation  kelp,
Laminaria spc I roCkweed, FuCuS Sp.; eel grass, ZoStera sp.! in the
intertidal and shallow subtsdal zones. Eggs may also be deposited
upon bare rock, cobbles and gravel, Egg survival has been found to
vary with thickness of the deposited egg mass  Taylor, 1971!. Best
survival occurs at light to moderate substrate coverage  i.e. 1 to 6
egg layers!. Increased morta'lity at higher egg densities may be due
to suffocation of eggs in 'lower layers, increased concentrations of
toxic metabolites and disease induced by stress. Eggs are also subject
to other sources of mortality including wave action, predation and,
within the intertidal zone, desiccation, Mortality within the inter-
tidal zone may be high due to these factors; Taylor �964! and Outram
�958! estimated egg loss due to wave action and bird predation to
be 37K and 39K, respectively. Mortality within the subtidal zone is
often assumed to be lower  Haegele et al., 1981!. However, predation
by fishes  e.g. yellowfin sole, Limanda ~as era, in Bristol Bay; hump-
hack whitefish. ~Core onus dsidschian, in the Chukchi Sea i and wave
action from storms may take a considerable toll on Pacific herring
eggs deposited in the subtidal zone  Whitmore and Bergstrom, 1983;
Barton and Stefnhoff, 1980!. Unfortunately, no quantitative esti-
mates are available.

Eggs hatch within 6 to 21 days after deposition at temperatures of
14 and 4'C, respectively  Alderdice and Velsen, 1971!. Within Bristol
Bay hatching has been documented to occur wi thi n about 14 days at
temperatures of 8 to ll'C  Wespestad and Barton, 1981! and 18 days
at temperatur es of 5 to 9'C  Barton and Steinhoff, 1980!,

Larval Survival

Pacific herring hatch as 8 mm larvae and metamorphose in 6 to 10
weeks at a size of about 30 mm  Taylor, 1964!. Mortality is high
during the larval stage and most investigators believe that future
adult abundance is determined at this time  Blaxter and Hunter, 1982;
Cushing, 1981!. Predation and starvation both play major roles in
determining larval survival. In British Columbia the direction and
magnitude of wind induced surface stress affects larval survival; net
offshore flow is associated with poor year classes  Outram and
Humphreys, 1974; Stevenson, 1962!. Such studies have not been done



for AlaSkan stocks, but storms or deviations in current patternS may
affect survival of these stocks by transporting larvae away from
nursery areas and into less productive offshore areas where they may
starve or be subject to predation.

trrowth,  natural Mortality, sud Maturity

Pacific herring stocks inhabiting the central portion of their dis-
tributional range have larger age specific sizes  Fig. 2!. Along the
North American coast Pacific herring are largest in Bristol Bay;
stocks both to the north and south are characterized by progressively
smaller mean age specific lengths  Fried et al. 1982; Whftmore and
Bergstrom, 1983; Wespestad and tlarton, 1981 !.
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Fig. 2.--Growth io length of Pacific herring by area: San
Francisco  ~!, puget Sound  +!, Bristol Bay   ~ !I
t otsebuk Sound �!.

Natural mortality rates follow a similar pattern, but estimates are
not available for individual eastern Bering Sea stocks or for any
Chukchi Sea populations. However, age specific instantaneous rates
are generally 'lower for eastern Bering Sea Pacific herring  Wespestad,
1982! than for either southeast Alaska  Skud, 1963! or British
Columbia  Tester, 1955! stocks  Table 1!,

Age of sexual maturity also varies by geographic area. In California
Pacific herring enter the spawning population at age 2 or 3  Spratt,
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Table l. Age specific estimates of instantaneous natural mortality
rates for Pacific herrfng from different areas in the northeastern
Pacific Ocean, Data for British Columbfa from Taylor �964! and
Tester �955!. Data for the Guff of Alaska from Skud  l963!. Data
for the eastern Bering Sea from Mespestad �982!.

A e

Area 1 2 3 4 5 6 7 8 9 10

British
Columbia 0.11 0.25 0,38 0,43 0,63 0.75 0.82 1.03 l.l8

Gulf of
Alaska - - 0.20 0.33 0.46 0.59 0.72 0.85

Bering
Sea 0.25 0.25 0.25 0.15 0.18 0.23 0.29 0.36 0,45 0.57

Variations in Commercial Catches

Pacific herring stocks, like those of other clupeofd fishes, tend to
undergo great fluctuations in abundance. These fluctuations are
often reflected in commercial catch records. While the best index
of abundance would be catch per unit of effort, this fnformatfon fs
not presently available for most of the stocks fn Alaskan waters.
Therefore, total annual catches will be used to illustrate abundance
fluctuations.

In Alaska Pacffic herring fisherfes for cured herri ng and reduction
to ofl and fertilizer began in the 1880's  Reid, 1972; Rounsefell,
1929!, The southeast Alaska reduction ffshery peaked in 1929 when
over 70,000 t were harvested  Ffg, 3!. This fishery declined fn the
post-war years and finally ended in the 1960's due to economic causes
rather than a decline in Pacific herring abundance. With development
of a market for sac roe  egg skeins! in Japan the harvest gradually
climbed through the 1970's, averaging about 5,500 t. In 1982 the
sac roe and bait catch totaled about 8,000 t

Pacific herring fisheries in Prfnce William Sound, Cook Inlet and the
Kodiak Island area began during the early twentieth century �914 to
1920's!  Reid, 1972; Rounsefell, 1929!. Earliest fisheries were for
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1981!, In British Columbia  Outram and Humphreys, 1974! and the Gulf
of Alaska  Rounsefell, 1929! Pacific herring mature at age 3 or 4.
In the eastern Berfng Sea  Mespestad and Barton, 1981; Naumenko, 1979!
and Chukchi Sea  Mhitmore and Bergstrom, 1983! maturity is reached
between the ages of' 3 to 5.



cured herring, but reduction fisheries developed and catches rose to
a peak of over 100,000 t during the 1930's and then declined  Fig. 3!.
With the advent of sac roe fisheries catches from these central Alaska
areas rose during the 1970's. In 1982 about 6,600 t of Pacific her-
ring were taken in Prince William Sound, 180 t in Cook Inl et and
2,500 t in the Kodiak Island area.
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.--Catches of herring in the northeastern Pacific
Ocean, 1900-1980. Southeastern Alaska  dashed
line!, central Alaska  dash-dot!, and British
Columbia  solid line!.

Fig, 3
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In the eastern Bering Sea Pacific herring fisheries first developed
in Norton Sound  Wespestad and Barton, 1981; Rounsefell, 1929; Marsh
and Cobb, 1910!. By 19Z8 a salt fishery developed at Dutch Harbor in
the Aleutian Islands. Lack of demand kept harvests low  about 3,000 t
during peak years!, and these fisheries disappeared during the 1940's.
In 1 969 trawl vessels from the U.S.S .R. began harvesting Pacific her-
ring near the Pribilof Islands during the winter. This fishery grew
rapidly and peaked in 1 970 when the U,S.S.R. and Japan havested over
140,000 t  Fig. 4!. Catches dropped due to decreased Pacific herring
abundance and were further curtailed by estab'iishment of the U.S,
Fishery Conservation Zone in the late 1970's. As the foreign offshore
fishery was phased out a domestic fishery began to develop in coastal
waters for sac roe. Catches in the domestic fishery have steadi'iy
incr eased . In 1 982 over 27,000 t was harvested . Stocks appear to
have recovered from the '1970's decline and seem to he fairly stable.
British Columbia is the only area south of Alaska which supported
larger Pacific herring fisheries  Fig. 2!. During the height of the



reduction fishery �935 to mid-1960's! annual catches as high as
250 ~ 000 were taken before the stocks declined in the late 1960's
 Hourston, 1980!. Recent catches for food, bait and roe total about
45,000 t annually  Webb, 1983!.

StoCk Size AuctuatiOnB

Pacific herring populations lack strong density-dependent regulatory
lilechansims and thus are subject to large fluctuations in recruitment
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Fig. 4.--Catch of Pacific herring in the eastern Bering Sea
by nation, 1960-1 982.

and population size due to environmental change and heavy fishing
pressure  Blaxter and Hunter, 1982; Cushing, 1981!. ?t is generally
believed that most variation in year class strength is determined
during the early life stages, but it has proven difficult to
establish well defined 7 elationships between abiotic and biotic
variables and Pacific herring survival. Favorite and HcLain �973!
found a close correlation between winter sea surface temperature
anomolies in southeast Alaska and Pacific herring year class strength.
Year classes spawned during warm years were usually more abundant
than those spawned during cold years. Rounsefell �930! reported
a similar correlation between mean annual spring temperatures in
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Prince William Sound and Pacific herring year class strength. 1n
the eastern Bering Sea Laevastu and Favorite �978! hypothesized
that variatians in Pacific herring biomass could be explained by
predation  walleye pollock, Thera ra chalca Yamma, and sperm
whales, ~hh aeter m~acroce hates. etng t e most Important predators!
and winter water temperature anomalies  cold surface temperatures
causing abundance declines!. Finally, Wfckett �975! proposed a
relationship between salfnfty and year class strength for British
Columbfa stocks. He used salinity as a measure af winter storm
mixfng of the water column which caused movement of nutrfents into
the euphotic zone and, thus, fncreased production. Changes in
Salfnity aCCOunted fOr abOut 85% af the VarYatiOn WhiCh OCcured
in stock size and year class strength.

Although we have not yet analysed other Alaskan Pacific herring data
to examine causes of abundance fluctuatfons, we can offer some
observations and make some hypotheses concerning eastern Bering Sea
stocks. As has been noted for other clupeafd fishes, variation in
recruitment is extreme, Fram 1958 ta 1979 year class size at age 1
has varied from 53,000,000 to 10,600,000,000 individuals for all
major eastern Bering Sea Pacific herring stocks combined  Wespestad,
1982!  Fig. 5!. Mean recruitment was estimated to be 1,280,000,000
individuals with a coefficient of varfatfon of 178K  Fried and
Wespestad, in press!. Na year class since 1957 has approached the
abundance of that apparently extraordinary cohort. Conditions which
produced the 1957 year class are not known.
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Fig. S.--EstimatedS numbers of age I herring in the eastern
Bering Sea by year-class, 4957-77.
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Relative abundance of individual stocks within the eastern Bering
Sea may largely be a function of extent of suitable spawning sub-
strate  Fig, 6!. However, estimates of spawning substrate are
crude and do not fully account for density, type or subtidal extent
of vegetation. Lack of large spawning concentrations of Pacific
herring along the north side of the Alaska Peninsula cannot be
explained by a paucity of aquatic vegetation, however. Izembeck
Lagoon contains one of the largest known stands of eel grass in
the world  McRoy, 1968!. Yet, no major spawning concentration of
Pacific herring has been reported from this area. Abundance of
stocks may depend upon availability of a suitably large larval
retention area as well as presence of large amounts of spawning
substrate, as uas found for Atlantic herring  C. ~haren us ~haren us!
stocks  Ilies and Sinclair, 1982!.

Species interactions may also play a major role in determining
eastern Bering Sea Pacific herring stock abundance, An inverse
relationship appears to exist between walleye pollock and Pacific
herring in this area  Fig. 7!. This could be due to predation by
walleye pollock on Pacific herring  Laevastu and Favorite, 1978!
or to competition for food by both species

Whatever the factors are which affect recruitment in eastern Bering
Sea Pacific herring populations, they must operate over a large area
since relative year class strength is similar for all major spawning
groups  Fried et al. 1 982 !.

Fig. 6.--Distribution of Pacific herring spawning areas in
the eastern Bering Seas the relative abundance of
herring in each area, and the estimated spawning
habitat in each area. Relative abundance of
1 = 1% or less.
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Fig. 7.--Relationship between pol!OCk and herring abundance
in the eastern Bering Sea.

Summary

Pacific herring 1s the only pelagic Alaskan marine fish that seems to
provide an opportunity for examining interannual variation 1n
abundance. Long time series of catch data are available for several
areas in the northeastern Pacific Ocean. All Pacific herring stocks
undergo large fluctuations in abundance. However, the resiliency
of individual stocks is variable, and fishing may intensify or
increase the poss1bility of stock declines. Many explanations and
hypotheses have been offered concerning the causes of recruitment
variability, but most recognize that environmental factors may be
of most importance in controlling year class strength unless spawning
stocks have fallen below a cr1tical threshold level. Examination of
data available for Alaskan Pacific herring stocks could yield valu-
able insights on responses of stocks to long term oceanographic
trends and local abiotic and biotic variations.
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Commentary

Abiotic Variations
In Regional Environments
%'illiam Pcarcy
School of Oceanography, Oregon State University

Introduction

Wespestad and Fried have given us an excellent review of the bio-
logy of herring and the status of stocks off Alaska. Although
other pelagic animals  e.g., capelin, smelt, squids! are undoubt-
edly important in the ecosystem of subarctic waters, the Pacific
herring is the most amenable of the pelagic, non-salmonid species
to studies of interannual variations of year-class strength. This
is because: �! long time-series of catches and age compositions
are available, �! large fluctuations occur in year-class strengths
and dominant year classes may sustain the fishery of an area for
several years, and �! many separate stocks of herring exist along
the Pacific coast, each with a spawning area that is generally
geographically isolated in nearshore, protected bays, estuaries
and inlets. These many distinct and geographically widespread
stocks permit analysis of the coherence of fluctuations of year-
class strengths and hence the spatial scales of the environmental
variables that are responsible for interannual fluctuations.

Since large variations in year-class success of Pacific herring
have been recognized and studied since the 1920's, and since a
cogent under1ying cause for these fluctuations has not yet been found,
we can conclude that the mechanisms are mu1tiple and complex. I
will mention several features of year-to-year variability that are
hints of the spatial of temporal scales involved and that I believe
merit further study.

Coherence Among Year-Classee

Some year-classes of herring appear to be strong in more than one
region, suggesting that common, large-scale environmental events
affect survival of several stocks in the same year. For example,
Dahlgren and Kolloen �943! noted that the 1926 and 1931 year
classes were exceptionally strong in waters of southeastern Alaska,
Prince William Sound and Kodiak, supporting the fisheries in these
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districts from 1929 to 1937. The 1957 and 1958 year classes were
strong in southeastern Alaska  Favorite and McLain, 1973! as well
as in the eastern Bering Sea  Wespestad and Fried, this volume!.

Figure 1 shows the percentage of age I II herring in the catches
from southeastern Alaska, 1929-1966  data from Reid, 1971!, plotted
as estimates of relative year-class strengths. These data also
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Figure 1. The percent of age III herring in the samples of herring
from the southeastern Alaska reduction fishery, 1929-66  from Reid,
1962! plotted as relative year-c'lass strengths at age 0. Percent
of age I I I for years lacking data �940 and 1942 ! were estimated
from the percent of age IV and the average differences between age
III and IY.

Moreover, after the strong year classes of the late 1950's a series
of weak year classes occurred through the 1960's in the Bering Sea,
southeastern Alaska and off northern British Columbia. Wespestad
and Fried found that year c'lasses in the eastern Bering Sea were
weak from 1956-77 compared to the strong 1957 and 1958 year
classes. Mysak, Hsieh and Parsons �982! show that herring re-
cruitment for northern British Columbia was poor in the 1960's
and 1970's following the strong 1957 and 1959 year c'lasses and a
moderate 1962 year class. Mysak et a!.'s data for Vancouver
Island, on the other hand, showed an opposite trend, with increas-
ing year-class strengths from the 1940's to 1980, illustrating
that different trends may prevai 1 for stocks from different geo-
graphic regions.



sugqest that the strong 1957-78 year classes were followed by a
series of weak year classes. Strong year classes in the late 50's
and weak year classes in the l960's in these widely separated
regions, northern British Columbia to the eastern Bering Sea, may
be related to common environmental conditions during this period,
Wickett �973! found a positive correlation between year-class
strengths of British Columbia herring and mean annual surface
salinity at Station "P" between 1957 and 'l966. Salinities at "P"
were relatively high from 1958 through 1961 and were low from 1962
to 1968. 2ooplankton biomass at "P" was also high from 1958-1961
and low 1962-1966  Fulton, 1983 and unpublished!. However,
increased salinity and zooplankton in the late 60's and the 70's
were not correlated with increased year-class success of herring
ln the northern regions.

The Kl Nino Connection

The strong 1953, 'l957 and 1958 year-classes in southeastern Alaska
 Favorite and McLain, 1973! and the strong 1957 and l958 year-
classes in the eastern Bering Sea  Wespestad and Fried, this
volume! were all produced in El Nina years. Other El NiNos of
strong or medium intensity  see quinn et al., l978! colnclded with
years of strong year classes in southeastern Alaska during 1926,
1929, 1939-40 and 1951 and 1953  Fig, 1!.

Of the strong year classes indicated in Fig. 1, 1926 and 1931 were
also noted as "phenomenal'ly successful spawnlnqs" by Dahlgren and
Kolloen �943! and 1926, l931, 1935, 1942 and 1944 were identified
as strong year classes by Hanamura �961! for herring in south-
eastern Alaska. Of the eleven year classes with peaks of age III
comprising 45% or more of the catches of a year, seven were from
moderate or strong El Nino years and four were from anti-El Nino
or weak El Ni no years. Of the 27 year classes contributing less
than 45'K of the age III catches, one occurred during a moderate
�930! and one during a strong �941! El Nino event; the rest
occurred during anti-El Ninos or weak El Ninos. The chi-square
resulting from a 2 x 2 contigency table of these data is signifi-
cant, suggesting a correlation between El Ninos events and strong
year classes of herring.

Periodicity

Spectral analysis of the data of Fig. 1 shows a large peak at about
0.45 cycles per year, or two years. Relatively strong year classes
are often found two years apart. Only twice in the series for
southeastern Alaska did strong year classes occur in two consecu-
tive years. This happened in 1939-40 and 1957-58. Interestingly,
both these periods coincide with prolonged El Nino events. These
trends suggest that high surviva'I of two succeeding year classes is
a rare event, probably because of density-dependent interactions
among age groups.

From cross-spectral analyses, Mysak et al. �982! reported high
coherence between year-class strengths of herring and sea level in
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northern British Columbia at about 0.17 cycles per year, or 6
years. They also found high coherence between sea level at
Victoria and temperature at Amphitrite Point, B.C. at a 5-year
period. Favorite and Ingraham �978! noted a 5- to 6-year periodi-
city in 12-month running mean sea level from Astoria, Oregon to
Kodiak, Alaska, with peaks in sea level usually occurring in El
Nino years �953, 1958, 1963, 1968-69, 1972-73! and largely in
phase with 5- to 6-year sea-surface temperature maxima reported by
Favorite and McLain �973!. White �975! identified a 6-year cycle
in large-scale baroclinic transport across the North Pacific. Long-
term periodicity and coherence in variations of year-class stren-
gths among different herring stocks may be a fruitful subject for
future research.

Conclusion

Environmental variables that affect year-class success of herring
probably range from single, short-term events such as a storm or
freshet that affect the survival of a cohorts in an isolated inlet
to large-scale events that affect the productivity and circulation
of large areas of the northeastern Pacific for a year or more. The
synchrony of strong year classes in distance stocks during El Ninos
supports the idea that large-scale ocean events are important. But
we lack information on interannual differences in oceanographic
conditions in the northern North Pacific, as well as on specific
mechanisms on how varying ocean conditions modify year-class suc-
cess of herring. Are the warm temperatures and high sea levels
accompanying strong El Ninos due to a strong California Counter-
current  McLain and Thomas, in press!, propagation of baroclinic
waves  Mysak et al., 1982!, or increased flow into the Gulf of
Alaska from the south and west  e.g. as in 1958, Dodimead, 1963!?
High sea levels are associated with onshore convergence and reduced
offshore transport of water along the coast, a situation that may
be conducive to high retention and good survival of herring larvae
in inshore nursery grounds  Stevenson, 1962!.
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Factors Affecting Recruitment
Of Selected Gadoids in the
Northeast Pacific and East Bering Sea
Robert C. Francis and Kevin M. Bailey
northwest and Alaska Fisheries Center
IVational Marine Fisheries Service

Introduction

Marine fish production is a function of the popu'l ation characteris-
tics of growth, recruitment, and post-recruitment mortality. In some
species, and possibly most, the pre-recuitment life stages are the
most important in determining subsequent fishery production.

ln this paper, we describe the fishery production of Pacific whiting
Nerluccius roductus! in the Washington-Oregon-California coastal

region an Wa eye po lock  Thera ra chalco ramma! in the eastern
Bering Sea  EBS!. We then suggest ypot eses a out causes of
recruitment fluctuations in these two gadofd stocks, hypotheses which
reflect some of the fundamental differences fn the two ocean areas
these stocks occupy. The dynamics of the pollock resource of the
Gulf of Alaska are not discussed here, although the resource sup-
ports a significant and developing fishery, primarily on spawning
fish in the Shelikof Strait region.

Fishery Introduction of Whiting and Pollock

The most recent synopses of the biology and fisheries of whiting and
EBS pollack are those of Bail ey et al. �982! and Smith �981!,
respectively. The coastal stock of Pacific whiting occupies the
continental shelf and slope area of the California current system,
ranging from a summer feedfng area as far north as central Vancouver
Isl and to a winter spawning area as far south as the southern tip of
Baja California  Ffg. 1!. Juveniles remain off central and northern
California during the northward feeding migration of adult fish. The
feeding population tends to stratify on a north-south gradfent by
size. Between 1973 and 1981, the estimated numbers of age 3 recruits
ranged between O. 1 billfon and 3.0 billion individuals with a coef-
f ici cot of variation of 124II.

A small, rather insignificant domestic fishery for whiting, used in
the manufacture of pet food, has existed since at least 1879. Sinre
1966, whiting has been the target of a large foreign fishery off the
west coast of the U.S. and Canada. Estimated catches have ranged
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Figure l. migratory patterns of Pacific whiting.

fran 91 to 236 thousand mt. The average all-nation reported catch
fOr 1966-1982 waS 164 thOuSand 1st. 1n reCent yearS, a dOmestic joint
venture for whiting has begun to develop. The U.S. joint venture
catch was estimated at 3, 13, 41, 45, and 67 thousand mt in 1978
through 1982, respectively. Figure 2 provides the estimated age
structure of the whiti ng catch in U .S. waters for 1973-1981. The
importance of strong year classes   1970, 1973, 1977! is clearly
shown. Between 1973 and 1981, these three year classes accounted for
43$ of the estimated whiting catch i n numbers. Hhi ti ng has been
found to represent a large fraction of the standi ng stock of west
coast demersal fishes  Dark et al. 1980!. Between 1973 and 1982,
whi ting constituted 66% of the total catch of groundfish along the
west coast of the U.S. Comprehensive statistics on the whiting
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Figure 2. Relative age-frequency of Pacific whiting catch in U.S.
waters, 1973-1981.

fishery in U.S. waters have been collected since the expansion of
the foreign fi sheri es observer program in 1977. Extensive trawl-
hydroacoustic surveys of the stock are performed by HOOFS on a
triannual cycle. Reliable estimates of stock biomass and biological
structure are currently available from the 1977 and 1980 surveys'
A third comprehensive survey is planned for the summer of 1983.
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EBS stock s! of walleye pollock are widely distributed over the con-
t1nental shelf, slope and Al eut1an Basin but show highest densities
al ang the shel f edge  Figs. 3 and 4!. These pollock exhibit seasonal
movement on and off shelf. Dur1ng winter, the entire population
tends to concentrate along the deep outer shelf area and extend
pelagically into the Aleutian Basin. Over the Aleutian Basin, pol-
lockk are dispersed throughout the upper 40 m of the water column
during the summer and fall and then form spawning aggregations
during late winter and early spr1ng. Ouring and after spring spawn-
ing of adults along the outer shelf, onshore movements occur which
result in a dispersal, primarily of juveniles  ages 1 and 2!, into
the central and inner shelf regions  Fig. 5!.

There i s some controversy over the stock structure of pollock in the
EBS  see Fig. 6!. There appear ta be some fundamenta'l d1fferences
between the outer continental shelf areas northwest and southeast of
the Pribil of Islands  Smith 1981!. Temperature conditions are colder
i n the northwest area and, as a result, the timing of po'llock spawn-
ing and associated phenomena appear to lag behind the southeastern
region. Studies by Lynde et. al  in prep.! indicate that both feeding
and growth rates of pollock caught northwest of the Pribilofs are
significantly lower than those caught southeast af the
Pribilofs.

Many different estimates of the dynamics of E. Ber1ng Sea pollock
recruitment have been made. Bakkala and Wespestad �982! estimated
that recruitment at age 1 between 1973 and 1979 varied fram a low of
20 bil'lion to a high of 46 bil 11on individuals with a coefficient
of variation of 30%. Based on some of our ongoing work, we estimate
that recruitment at age I between 1974 and 1980 varied between 5
bi'l 11 on and 35 billion individuals with a coefficient of variation of
44%. When separate cohort analyses are performed on the catch data
from northwest  INPFC areas 52 and 53! and southeast  INPFC areas 51
and 54! of the Pribil ofs for the years 1974 through 1981, the coef-
ficient of variation of recruitment is estimated ta be fram 3 to 6
times as large in the southeast as 1n the northwest. Figure 7 gives
some preliminary estimates of a normalized pollock year class index
based upon estimates of recru1tment at age two. Regi ona'l trends in
poll ock recrui tment, although similar over much of the time period,
diverge not1ceably during 1972 and 1978. This is corroborated by the
recent �973-1982! d1stribution of pollock catch between the two
a reas  Fig. 8!. Strong year classes in 1972 and 1973 appear ta have
supported the f1shery in the northwest in the early and mid 70's
�2T of the catch between 1973 and 1977 was taken in the northwest!,
whereas a strong 1978 year class appears to be supporting the recent
fishery in the southeast �5% of the 1981-82 catch was taken in the
southeast!. This is further illustrated in Figure 9 by data on the
age-frequency of catch by area. Later in the paper, we speculate on
why regional d1fferences in recruitment m1ght occur.

Since 1964, pollock has been the target of a large foreign fishery
in the EBS. Estimates of annual catch  Bakkala and Wespestad 1982!
range fry 0.175 to 1.874 million mt. In recent years, a domestic
joint venture far pollock has developed. The U.S. joint ven-
ture catch was est1mated at 10, 42, and 55 thousand mt in 1980
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Figure 3. Distribution and abundance of pollock in the E. Bering Sea
in 1979 based on combined results of the Japanese � U.S.
demersal midwater trawl surveys  Source: Bakkala et al 1982!

thr ough 1982. figure 9 gives the estimated age structure of the
pollock catch in the EBS for 1974 through 1981 separated by area. As
with whiting, strong pollock year classes appear to play an important
role in supporting the fi shery. For example, between 1974 and 1981
the 1972, 1973, and 1978 year classes accounted for 51% of the
estimated pollock catch in numbers. Surveys reveal that poll ock
represent a large fraction of the total standing stock of EBS demer-
sal fishes  Pereyra et al ~ 1976, Bakkala and Wakabayashi in prep.!.
Ln 1982 pollock constituted 78% of the total foreign and joint
venture groundfish catch from this region.

Statistics on the EBS poll ock fishery are comprehensive since the
full implementation of the foreign fisheries observer program in
1977. Limited observer coverage has exi sted since 1973. Compre-
hensive trawl -hydroacoustic surveys of the stock s! are performed by
NNFS on a tri annual cycle  alternating with surveys of the Gulf of
Alaska and U.S. west coast!. Reliable survey estimates of stock
biomass and biological structure were made in 1979 and 1982. Esti-
mates of biomass and age-structure based only on bottom trawl surveys
have been shown to be inadequate for stock assessment purposes
 Bakkala and Wakabayashi in prep!. For example, Fig. 10 compares
estimates based on hydroacoustic and demersal components of the 1979
comprehensive Bering Sea survey for the shelf and slope area north-
west of the Pribil ofs.
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Figure 5. Stations with high  +mean no/station! catches of ages
1, 5, 68 8 year old pollock in 1975 ÃNAFC bottom trawl
survey  Aug-Oct! and location of O' C and 2 C bottom
temperature isotherms from survey.
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Figure 6. Hypothetical seasonal movements of pollock in the south-
eastern Bering Sea based on the concept of one stock
 Adapted from Takahashi and Yamaguchi 1972! and two stocks
 Adapted from deeda 1972! .
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Figure 8. Estimates of quarterly catch �000 t! of pollock in the
E. Bering Sea northwest and southeast of the tsribilofs,
1973-1982.

Mechanisms Which Might Affect Recruitntent of Whiting ansi Pollock

The chance of demonstrating a significant mathematical relationship
between spawning biomass and recruitment is more di fficul t for most
gadoids than, for example, herrings because variation in the spawning
biomass of most assessed gadoid popu1 ations appears small compared
with that of most assessed populations of herring. Figure ll shows
estimates of variation in recruitment and spawning biomass of
selected stocks of gadoids and herrings, drawn primari'ly from cohort
analyses reported in ICES documents as well as NWAFC reports. We
argue that, even if an underlying stock-recruit relationship exists
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for whiting or poll ock, the existing time seri es of reliable data is
so short that it precl udes a statistical, as opposed to a mechani s-
tic, approach to determining the nature of this relationship, For
examipl e, the coefficient of variation of stock biomass of the south-
eastern Bering Sea poll ock  INPFC Areas 51, 54! from 1974 through
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Figure 9. Relative age-frequency
of pollock catch in the
E. Bering Sea northwest
and southeast of the
Pribilofs, 1974-1981.
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Figure 10. Estitaates of biolaass
and age-structure for
1979 NWAFC survey in
the shelf and slope
area northwest of the
Pribilofs.
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1981 is estimated to be around 20% whereas the coefficient of
variation of annual recruitment coul d be well over 100%  Francis
and Bailey, unpubl . data!. Likewise, the coeffi cient of variation
of estimated whiting biomass fram 1973 through 1981 is around 30%
whereas the coefficient for recruitment is well over 100%.

PaciAc Whiting
Bailey {1981, 1982! documented the current state of knowledge of
early life history and its effect on subsequent recruitment in
Pacific whiting. His studies point to conditions during the first
few months of life as being critical in determining year class
st rengt h.

The distribution of eggs and small larvae �-3 mm! indicates that
whiting spawn from Cape Mendocino to southern Baja California.
Almost all eggs and larvae are 1 ocated in waters over the continental
slope, except in the Los Angeles Bight, where eggs and larvae are
often found over very deep water and far out to sea �00 km!. Over
these depths, eggs are normally located at the base of the mixed
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Figure 12. Large catches of Pacific whiting eggs and larvae  all
size classes! in January surveys, 1950-1979, plotted
on a chart showing geostropic flow at 200m depth
 Source: Wyllie 1967! .

layer, usually 40-60 m. Bailey �981! postulated that whiting spawn
in the California Undercurrent, which usually occurs over the contin-
ental sl ope at depths of 200-400 m, but spreads seaward some 200-400
km in the Los Angeles Bight and some other places where eddies occur.
Large concentrations of eggs and larvae are found in areas overlying
northward geostrophic flow at 200 m depth. Based on the northward
di stributi on of larvae, spawning appears to commence when the south-
ward migrating adults arrive in the warm and saline waters of the
southern transitional water mass  Fig. 12!. The location of the
northern front of spawning has been correlated to water temperature;
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Figure 14. Logari thm of year
class index against
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index  Source:
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transport  Fig. 13!. Although there is a good deal of variability
in this relationship, it is statistically significant and indicates
that larvae may be transported offshore during winter periods of high
upwel ling.  Alternatively, adults could be spawning further offshore
in these years; nevertheless the result is the same!. Since the
juvenile nursery is inshore over the continental shelf, advection of
larvae offshore is expected to be detrif0ental to survival and, in
fact. Ekman transport during the spawning months is negatively
correlated with year class strength  Fig. 14!.
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Figure 13. The distribution of
larvae offshore in
January-February
surveys versus the
January upwelling
index, 1959-l979
 linear correlation
coefficient, r=o.70,
P=0.001!  Source:
Bailey l98l!.

Figure 15. Observed index of
year class strength
compared to the pre-
dicted index from
the multiple re-
gression model
 Source: Bailey
1981!.
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Recruitment is also related to sea surface temperature, possibly due
to the predation-temperature interactions noted above and the
previously described influence of temperature on the location of
spawning. Together with Ekman transport these two factors account
for 68'5 of the observed variation in an index of year class strength
 Fig. 15!.

While Bailey �981! and Swartzman et al. �983! point out that off-
shore transport of larvae tends to cause unfavorable conditions for
the production of strong year classes, those conditions that
ultimately result in strong year classes are not well understood.
What is apparent is that in years of low upwel ling  either little
offshore transport or some onshore transport! at the time of spawn-
ingg, there is a large amount of variability in year class strength
and that the likelihood of a large year class is significantly
greater than 0; whereas in years of high upwelli ng at the time of
spawning there is little variability in year class strength and the
likeli hood of a large year class is very small.

Compared with whiting, relatively little seems to be known about
pre-recruitment dynamics of pollock in the EBS. Information presented
in Smith �981!, Nishiyama and Haryu �981!, Wal dron �978, 1981!,
Serobaba �975!, and Moi seev and Bulatov   1979! as well as di scus-
sions at the recent NWAFC Pollock Ecosystem Review Workshop of May
2-4, 1983, provide the foll owing picture of pollock spawning and
early life history in the EBS' Spawning occurs from February to June
in large midwater aggregati ons in the open ocean  >200m depth! to the
west of the shelf break and over the outer �00-200 m depth! and,
occasionally, middle shelf �0-100 m depth! domains from Unimak Pass
as far west as 179' W. Relatively 1 i ttl e is known about spawning and
early life hi story northwest of the Pri bil ofs except that it appears
to be delayed in timing when compa red with the southeast  Smith
1981!. Southeast of the Pri bil ofs, it appears that spawni ng com-
mences in Februa ry west of the shelf break and progresses easterly
over the outer shelf. Researchers hypothesize that the onshore
extent of spawni ng is limited by the 1 ocati on and movement of the
2' C bottom i sotherm. Accordingly in warm years  such as 1978!,
spawning s houl d extend into the middle shelf, an area of limited net
transport, whereas in cold years  such as 1972 and 1973 !, spawning
shoul d be limited to the open ocean and outer shelf where the net
transport of eggs and larvae will be to the northwest. This inter-
action between water transport and the location of spawning would
tend to support the relatively strong recruitment of the 1972 and
1973 year classes of pollock in the area northwest of the Pribilofs
and the relatively strong recruitment of the 1978 year class in the
area southeast of the Pribil ofs  see Fig. 16!.

There is much speculation as to whether pollock are multiple spawners
and it is therefore unknown whether the di stributi on and timing of
spawning represented in Fig. 16 is a result of migration of the
spawning population or of different groups of fish spawning at di f-
ferent times and locations. Yoon �982 ! shows evidence that pollock
are definitely capable of batch spawning. M. E. Clarke  Scripps
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Figure 16. Bstimated mean circulation in the E. Bering Sea  source:
Kinder and Schumacher 1981! and composite view of the
major concentrations of pollock spawning in March � May
1978  Sources1 Waldron 1978, �ishiyama and Haryu 1981,
Hoiseev and Bulatov 1979! .
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Institution of Oceanography! expressed the view at the recent Pollock
Ecosystem Review Workshop, based on her nine years of observations of
pollock spawning in the southeastern Bering Sea, that the multiple
spawning/migration hypothesis is qui te possible.

Nishiyama and Haryu   1981! report that pollock egg size appears to
vary both by season and geographic location in the southeastern
Bering Sea with a tendency for larger eggs to be pr'oduced in the
north than i n the south. More recently, Ni shiyama  pers. comm.!
indicates that spawni ng females tend to produce smaller eggs over the
middle shelf later in the year than over the outer shelf and open
ocean earlier in the year. There are several possible reasons for
this. First, if EBS pollock are multiple spawners, one might expect
a seasonal decline in egg size attributable to a reduction in energy
reserves over the spawning season  Bl axter and Hunter 1982!. Since
spawning over the middle shelf tends to occur later than over the
outer shelf and open ocean  presumably due to seasonal warming of
middle shelf bottom water!, this inshore migration of spawning
females would tend to produce the observed seasonal and geographic
distri buti on of egg size. On the other hand, if EBS pollock are not
multiple spawners, then perhaps the smaller eggs found over the
middle shelf reflect spawning of smaller younger females in the
middle shelf domain.

Wal dron   1981! presents a survey of the distribution of pollock
larvae from 1955-1979. Figure 17 shows the distribution of pollock
larvae fran a Soviet survey in June 1982  Fadeyev et al. 1983! and
the distri bution of 0-age pollock from a NMFS hydroacoustic survey
of August 1982  Jim Traynor, unpubl. data!. From these figures
it appears that there is a rapid dispersion of larvae  primarily
in the surface layer! during the summer, over both the outer and
middle shelf areas.

The state of knowledge of the dynamics of larval and juvenile pollock
i s quite limited and somewhat contradictory. If one looks at the
timing and biomass of potential food  copepod eggs, nauplii, and
copepodids: Cooney 1981! for larval pollock over the outer versus
the middle shelf domain  Walsh 1983!, one finds higher year to year
variability in copepod production over the middle shelf than over the
outer shelf, perhaps due to the higher interannual variability in
temperature in the middle shelf region. One might speculate that if
recruitment to the southeast component of the adult pollock stock is
a result of successful spawning and larval/juvenile development over
the middle shelf domain, then this might explain the greater vari-
ability in estimated recruitment in the southeast as compared with
the northwest, as reported earlier.

Walline �980! reports that potential food items for fi rst feeding
pollock tend to be smaller over the middle shelf domain  the eggs,
and naupli i of small copepods, mainly Oithona and Pseudocalanus ! than

Neoca'I gnus a re abundant. It is interesting to speculate on the
adaptive advantage of producing larger eggs over the outer shelf and
open ocean than over the middle shelf. Blaxter and Hunter �982!
indicate that for herring, larger eggs imply larger initial larval
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Dtstrltution of pt11oak larvae iu vertital tatthet of 1KS-QO � June 1982

Figure 17. Distribution of pollock larvae in June 1982  Source;
Fadeyev et al. 1983! and 3uveniles in August 1982
 Source: J. Traynor, NWAFC!.
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size and a longer duration of the initial survival period using the
yolk reserves. If this is the case for pollock, then the larger
larvae of the outer shelf mi ght be more capable of a! survivi ng a
period of northerly transport during the yolk-sac stage, and b!
feedi ng on the larger potential prey items found in the outer shelf
domain. However, the longer duration of the yolk-sac stage prolongs
a period of life which may be more vulnerable to predation  Hunter
1981!.

Although pol lock are fed upon by a wide variety of species, canni-
balism has been singled out by many  Laevastu and Favorite 1981,
Smith 1981, Knechtel 1983! as being one of the most important
mechanisms of predation on juvenile pollock. Beginning in the summer
of 1981, we have been collecting stomachs of adult pollock using both
the NMAFC Bering Sea surveys and the foreign fisheries observer
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On the other hand, Wal line �982! and otherS have observed relatively
uniform larval growth rates over a variety of environmental con-
ditions as well as long periods of time during which pollock hatched
and survived first feeding. A.J. Paul of the University of Alaska �982
PROBES report in press! has found that larval pollock in laboratory
conditTons can sati sfy thei r basal metabolic requirements at the time
of first feeding even at low, environmentally realistic, food
densities. These studies suggest that food supplies available to
larval pollock in the EBS may not be limiting subsequent recruitment.
This 1 ed Wal line �983! to specu92 ate that predation must be respon-
sible for the reduction in numbers of larvae or juveniles and must be
the most important factor in controlling year class strength.
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prog r am to test this hypothesis . I n 1 98 1 heavy cannibalism   on a
p e rcent we i g ht basis! wa s fou n d t o occur i n bot h s umme r a nd a u tumn
  F i g . 1 8 ! . However, distinct d i f fe rences oc cu r red i n the size of
pollock fou n d as prey between s umxe r a nd autumn 1 981   F i g . I 9 ! . In
the summer, al 1 juvenile pollock foun d in adult s t omach s were in the
s i ze ra nge of I 4-2 3 cm , which corresponds t o one yea r old f i s h, a nd
no larvae we re found . In the a ut umn ~ 5 - 1 0 cm pollock appeared in the
s tomac h s; t h i s is the size range of 0 -a ge fish. This indicates that
0 -a ge pol 1 oc k may n ot be vulnerable t o cannibalism wh i 1 e pl a nkton i c
  du r i ng their first summer! . Howeye r, when s ettl i ng ou t of the
pl a n k t on in late summer a nd ea r 1 y au t umn   a t 4- 5 cm !, they may become
vulnerable to p reda t i on by adu 1 t s . Because of the size difference
between 0 a n d 1 year ol d s, the numerical i mpa ct o f cannibal i sm on
0-a ge fish must be fa r g reater .

Even wh en adults a nd j u ve n i 1 e s o ve rl a p spatially t hey have to overlap
in their ve rt i c al distribution I n the water col umn i n order for
cannibalism to occur . F i gu re 2 1 shows ec hog rams of the vert i ca 1 d i s-
tr i bu t i on of a ge- 0 pol 1 oc k a 1 ong with the c orrespond i ng tempera tu re
profiles for two locations i n the E 8 S in Au gu s t I 982   J . T ray n or,
un p ubl i s hed data! . I n this case, when the wa te r column wa s
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It is ou r fe el i ng that cannibal i sm c oui d be a very important mech a-
n i sm a f fect i n g the a bun dan ce s of yea r classes of pol 1 ock in the EBS
when j u ve n i 1 es a nd adults s pat i al 1 y o ve rl a p . Under ce rt a i n en v i ron-
me n t al conditions   c ol d years!, it ap pea rs that adults remain o ve r
the outer shel f a nd sl op e, wh erea s j u ve n i 1 e s wi t h i n the size range of
potential prey for adults may n ot be so restricted i n their di s t ri-
bu t i o n   F i gs . 5 a nd 2 0 ! . Examining the di st r i bu t i on of catches in
the Japa nese t r awl fishery i n June i n relation to bottom t empe rat u re
  F i g . 2 1 !, one sees that adult   expl o i ta b l e ! pol 1 ock apparently a vo i d
the col d, mi ddl e shel f d oma i n water mass in p re fe ren ce t o the wa rme r
water ove r the outer c ont f nental s hei f a nd sl op e . Resource surveys
show the same trends for a dul t pollock . In c ont r a st , smal 1 fish less
than 2 0 cm .   age s 0 a nd 1 ! are ccmmo nl y fou n d within a nd inshore of
the col d water mass .   F i g . 5 ! .



Figure 20. The location of large
 large circles 1000t! and

moderate catches  small
circles, IQ-IOOOt! of poll-
ock during the month of
June. Shaded area is the
location of the 2 C bottom
water during June from
Japanese research survey
data.

stratified, the juvenile pollock remained above the thermocline,
whereas they were distributed throughout the water column when the
latter showed no vertical density structure. We hypothesize that the
longer the age 0 pollock occupy areas with stfatified water, the
longer they stay in the upper water column where they are less vul-
nerable to cannibalism and may grow into a size range less vulnerable
to other forms of predation. So perhaps years when the middle shelf
water column remains stratified into the autumn, and larvae are
l ocated there, large year classes of pollock are more likely to be
produced. We throw this rash speculation out to our oceanographic
colleagues for possible consideration.

Sutnmary

This paper is an attempt to discuss the state of knowledge and pro-
vide some speculation on causes of fluctuations in recruitment of
Pacific whiting off the coast of Washington, Oregon, and California
and walleye pollock in the eastern gering Sea. Naturally there
is a heavy emphasis on our own work. If we have omitted the work
and views of others, we hope that this will stimulate subsequent
presentations and debate. Perhaps the most important concept that
arises from this presentation fs an awareness of different oceanic
regimes and thei r potential impacts on the behavior of apparent
analogues  i.e. the dominant gadoids! within each system. we
believe we have demonstrated that the intuition one develops about
the dynamics of fishery production in one system cannot necessarily
be carried over i nto another system. The California Current and
the EBS ecosystems are "oceans apart" in terms of environmental
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effects on recruitment of fish. In fact, if one compares the
reproductive and early life history dynamics of pollock in the
EBS and Gulf of Alaska, one again finds great differences  Wal line
1982!. In all three areas  U.S. West Coast, Gulf of Alaska,
eastern Bering Sea!, these domi nant gadoids have adapted thei r
behavior to the dynam1cs of the physical system. It is, therefore,
only through a thorough understanding of the physical dynamics that
fisheries b1ologists and managers can hope to improve their ability
to assess and manage these valuable fish resources. However,
oceanography alone, for that matter fisheries biology alone or eco-
system modeling alone, cannot do the job. What is required is a
synergy of research which produces an understanding far exceeding
that gained by indi v1dual scienti sts operat1ng 1 ndependent92y.

Fishery management requi res the expertise of a broad range of
people: oceanographers, ecologi sts, economists, modelers and resource
managers to name but a few. Identification of successfu'I management
systems is dependent on our ability to bind the inputs from all
sources 1nto a meaningful whole. Favorite and Laevastu   1981! make
th1s case in their revi ew of Bering Sea fisheries oceanography  by
the way how many of the questions posed in their paper have been
addressed?! when they say, "because this [understanding ecosystem
conditions and processes] requi res extens1ve accountability of
species interactions and environmental effects, we are at a loss
to handle the multi pli c1ty of factors 1nvol ved without formulation
of some sort of modeling or simulation techn1ques." We agree.
Mathematical models are perhaps the best way to summarize,
synthesize, and integrate much of what we do know about ecosystem
dynam1cs and to investigate, 1n terms of ecosystem behav1or, the
consequences of reasonable hypotheses about little known processes.
By comparing results of models wi th real data, we are able to test
our understanding of major processes, and to discover what we do and
do not know, Models also provide a marvelous focus for communication
between people from varied backgrounds. Bakun and Parrish   1980! put
envi ronmental 1nputs to fishery popul ation models into a n1ce per-
spective:

Dynamic modelling is undoubtedly useful in clarifying con-
ceptual understanding. Mathematical models prov1de the
necessary "bookkeeping� " to test whether a given set of assump-
tions can lead to results which resemble reality, However
they cannot generate, nor are they a substitute for, observa-
tionall data. Their results can only reflect the i nformation
and assumptions which are put into thei r formulation. Mathe-
matics cannot, for example, by itself inform us how far
offshore larvae must be transported for their contribution to
eventual recruitment to be seriously impaired.

Finally, what we fi nd particularly challenging is the process of
deve'loping an understanding of the interaction between the basically
deterministic physical system and what we believe to be a fundamen-
tally stochastic biological system. How, whether the stochastic
nature of a biological system is due to our uncertainty about the
behavior of a complex system or due to inherently uncertain responses
of the system itself is a matter of speculation. We feel both are
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Baring Bast East 5am ta-
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 m! 1980 1981 1980 1951 1980 1981 1980 1981 1980 1981 1980 1981 '198D 1981 1980 1901

100-200 19.51 22,54 8.41 7.43 6,59 12.84 11.73 14,65 15,5Z 13.92 10.03 10,89 7,08 4.59 1.07
200-300 15.92 12.63 3.55 2.49 3,38 7.52 2.54 3.33 2,26 4.28 6.69 3.14 2.68 Z,IO 1.17 1.56
30D400 0.98 3.44 0.15 D.D9 0.50 1.17 0,01 O.Dl O.Dl 0.01 0.09 0.14 0.0$ 0.02 D.05 0.12
400-500 D.DO O.IS 0.00 0.00 O.D2 0.03 D.DD D,DO O,DD 0.00 0.00 0,00 0,00 0,00 0.00 0.00
500-600 D,OO 0.00 0.00 0.00 O.DO 0.00 0.00 D,DD D,DD 0.00 0.00 0.00 D.DD 0.00 0.00 0.10

Fig, 1. Survey positions of joint Japan-U.S. 'longline survey
in 1981, and mean catch rates  number of fish caught
per one hachi longline unit! for Pacific cod during
1981 and 1982 surveys  from Sasaki et al., 1982!.

British Columbia and Washington have shown that most recaptures
 88-99$! usually come from the same PMFC statistical area where
they were originally tagged  Westrheim 1982!.

Although cod grow rapidly and attain a relatively large size,
few fish appear to live longer than 10 years in the eastern Bering
Sea and Gulf of Alaska, or longer than 7 years in Hecate Strait.
In 1980, cooBDercial catches were dominated by 3- to 4-year-olds in
the eastern Bering Sea and Gulf of Alaska  Foucher et al. 1981!.

Pacific cod mature at an age of 2-3 years off Vancouver
Island, and at 3-4 years in Hecate Strait  Westrheim 1977!. Spawn-
ing occurs in January-March in the northern Bering Sea  Svetovidov
1949!, March in Hecate Strait, and February-March of f V ancouver
Island  Westrheim 1977!. The eggs are demersal, euryhaline, eury-
oxic and stenothermal, and the temperature range associated with
reasonable egg viability and incubating success is estimated to
extend from about 2.5'-8.5 C  Alderdice and Forrester 1970!.

Larvae are only infrequently encountered during ichthyoplank-
ton surveys in the Bering Sea and Gulf of Alaska, although
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Fig. 2. Pacific cod landings from  A! the eastern Bering Sea and
Aleutian Islands  West of 170'W!,  B! the Gulf of Alaska
 INPFC Shumagin-Southeastern areas! and  C! the British
Columbia coast  N, Cu1mings, NMFS, unpublished!.
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Fig, 3. The seasonal cycle of water temperature at Station B and
its relation to the monthly depth distribution of Canadian
cotmsercia] catches of cod from the Butterworth-Warriors,
White Rocks, and Horseshoe grounds of Hecate Strait during
1954-55  Ketchen 1961!.

significant numbers of larvae have been captured with a demersal
sled in Puget Sound  G. Wa'tters, NHFS, pers. communication!.
Juveniles 6-10 cm long have been found in shallow bays �0 m and
less! in the Gulf of Alaska and Puget Sound. Trawl survey data
from the eastern Bering Sea suggest a gradual dispersal of juve-
nile cod offshore as the fish attain progressively larger sizes
 A. Shimada, NMFS, pers. communication!. Juveniles recruit to the
adult stock by 12 months of age i n Puget Sound  Fig. 4!.

Environmental Variability and Its Relation tu Gaduid Recruitment

Successful prediction of recruitment using environmental data
general ly entails research in three major areas: hypothesis devel-
opment, experiment and corre lati on, and model development  Tabl e
1!. The process is not a linear one, and work in all three areas
is usually carried out simultaneously, results from the different
areas feeding into one another in a synergistic manner. How does
research on northeast Pacific gadids fit into this scheme?

Evaluation of life history strategy is we11 advanced for the
major gadi d stOck S, and the di St ributi on Of wa1 1 eye po 1 lock,
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Fig. 4. Generalized life history of Pacific cod in the inside
waters of Washington  Karp 1982!,

Table 1. Major areas of research in assessing the relation be-
tween environmental variability and recrui tment.

HYPOTHESIS DEVELOPMENT

EVALUATION OF LIFE HISTORY STRATEGY AND BIOTIC/ABIQTIC MILIEU

Geographic Distribution of Eggs, Larvae, Juveniles, Adults

Reproductive Biology
Predators, Prey Items and Competitors
Oceanographic Environment in Relation to the Above

DEVELOPMENT OF HYPOTHESES ON DETERMINANTS OF RECRUITMENT

EXPERIMENTATION AND CORRELATION

LABORATORY. MICROCOSM AND MESOCOSM STUDIES OF PREDATION,
STARVATION, COMPETITION, TEMPERATURE SENSITIVITIES

STATISTICAL CORRELATION BETWEEN ABUNDANCE  OR RECRUITMENT!
AND TIME SERIES REFLECTING CHANGES IN BIOTIC/ABIDTIC MILIEU

CORRELATION BETWEEN GEOGRAPHIC TRENDS IN LIFE HISTORY STRATEGY
 AGE AT MATURITY, FECUNDITY, GROWTH, LONGEVITY, ETC.! AND
CHANGES IN BIOTIC/ABIOTIC MILIEU

ATTEMPTS TO SEGREGATE THE "KEY FACTORS" IN CASES WHERE SEVERAL
VARIABLES ARE INTERCDRRELATED

MODEL DEVELOPMENT

EXPLICIT FORMULATION OF APPROPRIATE RECRUITMENT MODEL

PREDICTION
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Pacific whiting and Pacific cod have been mapped out, at least in
a general sense, for the entire life history. More work on the
ecology of the juvenile stages of Pacific cod and walleye pollock
would be desirable, however, parti cularly in the latter species
where Francis and Bailey suggest that predation processes during
the juvenile stage may play a major role in shaping year class
strength. The importance of the juvenile stage was also noted by
Lett et al. �975!, who concluded that the transition from the
1ar val to the juvenile stage was the most important step in the
recruitment process for Atlantic cod in the Gulf of St. Lawrence.

The demersal eggs of Pacific cod are unique, yet little
exists in the literature in the way of documenting spawning ground
selection or the location of newly hatched larvae in the water col-
umn. Demersal spawning by Pacific cod shows a distinct departure
from the reproducti ve tactics employed by At 1 antic cod, wal 1 eye
pollock, or Pacific hake, and offers an intriguing area of re-
search into the adaptive value of alternative life history strate-
gies. Examination of differences in life history strategies
across envi ronmenta 1 gradi ents have proven usef ul in gaining
insights into the relative importance of environmental variables
in species such as American shad  Leggett and Carscadden 1978! and
Atl anti c salmon  Schaffer and E 1 son 1975!, yet appear to have
found little or no application in the case of the gadids.

Reproductive biology has not received much attention in the
Pacific gadids, and surprisingly little fecundity work has been
undertaken for either cod or pollock in the eastern Bering Sea and
northern Gulf of Alaska, or for Pacific whiting in the California
current region. No studies of interannual variability in fecund-
ity or reproductive effort have ever been carried out for these
species.

As summarized by Francis and Bai 1ey, predators, prey items
and competing species have been identified in a qualitative way
for Pacific whiting and walleye pollock. The task of identifying
the more important of these relationships, and quantifying them is
far from complete, however. An extensive study into the food
habits of Pacific cod in the eastern Bering Sea was initiated in
1981, stimulated in part by concern by king crab fishermen that
the burgeoni ng stocks of cod could be adversely impacting their
livelihood.

In the case of Pacific whiting, those oceanographic effects
that are most important in influencing recruitment have been iden-
tified by Bailey �981A!, and his nvltiple regression model indi-
cated that upwelling index at 36 N, sea surface temperature in the
Los Angeles Bight and spawning biomass accounted for 72L of the
variation observed in his recruitment index. Whi Ie the process of
hypothesis development and testing is in a far more advanced state
for this species than it is in the other gadi ds, it is notable
that the identifiCati On of the "key faCtors" involved is still far
from complete. Bailey found recruitment to be negatively correlat-
ed with upwelli ng and positive1y correlated with surface tempera-
ture in the Los Angeles Bight. Bailey �981B! provided additional

66



data an larval distribution and growth rates which indicated that
Ekman transport associated with upwelling carried whiting larvae
into offshore regions where feeding conditions were poor, so that
the underlying mechanisms are clear. The correlation between sea
surface temperature and year class strength is more difficult to
expl ain, however.

Pacific whiting spawn further north in years when sea surface
temperatures are high, and the positive corre1ation obtained could
be explained on the basis of either enhanced spawning or larval
feeding conditions in these areas, or as Bailey and Francis sug-
gest, by reduced losses to predation in warm years when development
is more rapid. In addition, we would not expect sea surface tem-
perature and upwelling to be independent of each other, but nega-
tive'ly correlated. The relationship between upwelling, sea surface
temperature, spawning location, larval feeding conditions, and
predation is clearly an area deserving of further study, using
laboratory studies or microcosm studies and additional statistical
analyses to identify the "key factors" that are operating.

Model development for wal 1 eye pol lack has advanced to the
hypothesis stage, where refugia fram cannibalism have been pro-
posed as a major factor in determining pollock recruitment. The
testing of this intriguing hypothesis lies ahead, and should
provide the basis for some exciting field and laboratory work in
the future.

In the case of Pacific cod, a review of the literature failed
ta reveal any advances in model development beyond the early ex-
plorations of the relation between air temperatures and catch rates
carried out by Ketchen �956!. This is remarkable in a species
that undergoes the wide extremes in recruitment that have charac-
terizedd the eastern Bering Sea stock in recent years.

Formulation of improved predictive mode'ls would seem to pro-
vide ample opportunities for research in the gadids, and should
enhance bath the quality of management advice and the viability of
the fishing industry in genera 1 . The Pacific gadi ds are relative-
ly short-lived, with canmercia1 catches usually being based on
eight age groups in the case of Pacific whiting, four for pollock,
and three for cod. Interannual variability in gadid recruitment
is substantial, with coefficients of variation on the order of 124%
for Pacific whiting and 44$ for pollock. Given the small number
of age groups in the fishery, the i mpact of variability in recruit-
ment rapidly cascades up the food chain to mankind, and can have a
dramatic effect on fishing conditions, commercial landings, and
markets for fishery products.
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 Bakkala 1981!. Intensive fishing on yellowfin sole by foreign
fleets began in 1959 and continues to the present time. There is
considerable catch-effort data from the fishery and survey data
from the Japanese pair-trawl survey and the Northwest and Alaska
Fisheries Center  NWAFC! surveys. These data are summarized by 1
longitude by < latitude statistical blocks and by months in which
yellowfin sole made up 50X or more of the catch . There are year-
class strength estimates from cohort analysis from 1959 to the
present. Figure 1 shows the relative year-class strengths from
1973 to 1981. The apparent variability in year-class strength may
well be related to environmental effects on early life survival.

Considerable mark-recapture data is available from which annual
movements have been described. These data compliment the NtlAFC
trawl survey data to give an accurate assessment of seasonal move-
ments. Figure 2 depicts the movements in the eastern Bering Sea
from the mark-recapture data. Age-length data are available and
growth rates have been estimated,

Pacific halibut
Data collection on Pacific halibut began in the mid-1920's and has
continued without interruption to the present time, An extensive
record of catch and effort data by 60-mile regions of the coastline
from California to the Bering Sea is available . Age structure data
from otoliths sampled from the commercial catch is complete from
1935 to the present. Approximately 300,000 halibut have been tagged
and roughly 31,000 have been recovered over a 50-year period.
Migration rates have been estimated for various time periods from
1930 to the present. Juvenile survey data in the eastern Bering Sea
and Gulf of Alaska is complete from 1961 to the present. The data
consists of number, age, and sex of halibut per standard haul.

These data have been used to estimate biomass, catchability co-
efficients, growth rates, and annual surplus production by year and
region.

A gap exists in the biological knowledge of Pacific halibut in the
early life stages, particularly between the pelagic larval stage and
0-age juveniles four or five months of age. The only data available
are from an egg and larvae survey in the Gulf of Alaska conducted
from 1928 to 1934. Spatial and depth distribution of eggs and larvae
were recorded and a theory regarding egg and larvae drift was
developed, The data are highly variable and short-term but are very
important to the understanding of the life history of halibut. No
data on the distribution and density of juveniles during the first
four or five months of benthic existence have ever been collected.
It may be that this is a very critical life stanza for Pacific
halibut for determining year-class survival. If environmental
effects on production of halibut are to be fully understood, re-
search must include a study of the first six months of life.

Possible Environmental Relationships

Yellowfin sole
In the eastern Bering Sea large annual fluctuations in oceanogra-
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r70 tow 150
Release and recovery locations of yellowfin sole
tagged by Japanese vessels in 1970 and 1971 and re-
covered by commercial fishing vessels  from
Wakabayashi et al. 1977! .

Figure 2.

Yellowfin sole migrate annually over considerable distances. They
are concentrated along the Bering Sea edge in winter in relation
to bottom temperature and the ice edge. They migrate onto the
Bering Sea shelf as water temperatures increase. Figure 2 shows
the movement of yellowfin sole as indicated by the release and re-
covery of tagged individuals. The timing and extent of migration
appears to be strongly linked to the ice edge and bottom tempera-
ture.

After migration onto the shelf, yellowfin sole spawn from July to
September. Environmental condition might affect the early life
history stages during that time and varying mortality on eggs and
larvae may determine to a considerable degree the resulting year-
class strength. The data on yellowfin sole are not as extensive
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phic conditions occur. These fluctuations may have an effect on
distribution, year-class strength, growth, and biomass. Climatic
conditions in the Bering Sea seem to vary in multi-year cycles
rather than individual year fluctuations. Typical of this cyclic
phenomenon is temperature. It has been shown that temperature in-
creased from 1961-1967, decreased from 1968-1976, and again in-
creased from 1977-1982. Naeda �977! has shown a correlation be-
tween predominant yeas-classes and years of relatively high temper-
ature. There appears to be an opportunity here for considerable
research.



for the Gulf of Alaska  Rose and Brown 1982!, and should not be
considered at this time.

Pacific halibut
The long-time series of various kinds of fisheries and biological
information make Pacific halibut a worthy candidate for the investi-
gation of environmental effects. There is a history of controversy
over the relative effects of the environment and overfishing on
Pacific halibut, The Thompson-Burkenroad debate generated con-
siderable interest in this problem The more recent view of halibut
population dynamics is that both fishing and environmental effects
are expressed in a variety of ways. The staff of the International
Pacific Halibut Commission is in the process of initiating research
to attempt to explain how changes in the environment affect the
many life history stages of halibut.

Pacific halibut spawn from December to February along the edge of
the continental shelf over the whole range of the stock. Eggs and
larvae drift in relatively deep water �00-900 meters! and are sub-
ject to the action of coastal currents  Thompson and VanCleve 1936!.
As the larvae develop they rise in the water column and drift

inshore where they settle on the bottom as young adults 6-7 months
after spawning. During the pelagic phase they drift north and west-
ward in the Gulf of Alaska and are sub!ected to a variety of en-
vironmental conditions. The distribution of newly settled larvae
is not known but may be a determining factor in year-class strength.
If the currents transport larvae far offshore the larvae may be
forced to settle on unsuitable habitat. Unfortunately, no bio-
logical information is available to investigate this phenomenon.

In response to this westward drift there is an eastward and south-
ward migration of halibut in the Gulf in compensation for the egg
and larval drift  Skud 1977!. Fifty years of mark-recapture data
have been analyzed by the Halibut Commission staff; migration rates
have been estimated and an attempt will be made to determine if they
are affected by environmental conditions such as cyclic changes in
bottom temperature. Jn the past four years the relative density of
halibut south of Frederick Sound in southeast Alaska has declined.
At the same time, a warming trend in bottom temperature has
occurred in the eastern Gulf of Alaska. Perhaps a change in migra-
tion rate due to changing oceanographic conditions is responsible
for this unusual divergence in halibut distribution.

Growth rates of halibut have been recently estimated for each IPHC
region and by five~ear cohorts from 1920 to the present. Con-
siderable differences in growth rate are obse&rable over both area
and time. A large increase in growth rate has occurred since the
mid-1940's in all areas. An attempt to explain these differences
is underway. The relationship with environmental change will be
investigated, however, the situation is considerably confounded by
migration. In addition, length-at-age data from the eastern Bering
Sea is being analyzed to determine if bottom temperature is related
to the growth during the first four years of life. It may be that
temperature effects are indirect and affect halibut by changing the
density of their prey species.
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Figure 3. Smoothed estimates of total biomass and annual
surplus production of Pacific halibut 1935 � 1962.

Estimates of numbers and biomass by age class are available from
age structure models and from catch-per-unit-effort  CPUE! analysis
from 1929 to the present. The total estimates are broken down by
IPHC region. Total biomass and annual surplus production are pre-
sented in Fig. 3 and total biomass and numbers of 8-year-old re-
cruits is presented in Fig. 4. Environmental effects on biomass
and year-class strength are complicated by the wide variety of
oceanographic situations occurring in different parts of the total
range of Pacific halibut and by the substantial migration and large
removals by commercial fishing.

Catchability coefficients have been estimated for each IFHC region
from 1930 to the present using biomass estimates from age structure
data and CPUE from the commercial fishery. Figure 5 shows a plot of
catchability estimates over time. Environmental conditions may
affect halibut directly or affect their prey species which results in
changes in catchability. It is the opinion of the IPEC that catch-
ability may be strongly affected by the ocean environment.
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Figure 4. Estimated biomass, numbers, and average weight of 8-year
old recruits 1935-1982. Weight in pounds; numbers in
millions; and biomass in tens of millions of pounds.

The long time � series of data on pacific halibut make this species
ideal for the initial study of possible environmentally-induced
changes in life processes. Hopefully' these studies vill lead to
new theories of the population dynamics of halibut and stimulate
new research leading toward greater predictability of population
change and, hence, more efficient management.

Analysis of Flat6sh � Enviroanlental Information

There are several approaches to the problem of determining rela-
tionships between biological and oceanographic information. One
common approach may be termed "exploratory data analysis", and an-
other entails proposing hypotheses based on biological knowledge
and testing these hypotheses with previously collected information.

The first approach involves searching for correlations between en-
vironmental parameters and biological phenomena. The literature is
fairly extensive in examples of this approach. Ketchen �956!
found a linear correlation between temperature and year-class
strength in English sole off British Columbia. Kreuz et al. �9S2!
shoved a correlation between growth and temperature for 2-year-old
Dover sole and one-year-old English sale off the Oregon Coast.
Whether there is cause and effect between these variables
cannot be determined from their analyses. They have generated.
hypotheses for further scientific examination. Ketchen �956!
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Figure 5. Estimated catchability coefficient for ages 8-14 and
ages 15-20 for Pacific halibut 1935-1982.

states the problem succinctly, "The real test of the interdependence
of two variables  brood strength and environmental factor! lies in
the success with which the relationship enables prediction of
future events." One of the ma>or difficulties with the exploratory
data analysis approach lies in the selection of data, For example,
halibut caught for age-size determination in British Columbia may
have migrated from the Bering Sea. It is not clear, therefore,
what temperature data to use in trying to determine whether temp-
erature and growth of Pacific halibut are correlated. A lot of
"trial snd error" in data selection is usually necessary and the
probability of spurious correlation is very high. A good example
of a spurious correlation can be seen in a report by Wickett �975!,
Wickett regresses the halibut catch in IPHC Area 2 with surface
salinity lagged 10 years at Langara Island. The analysis uses
catches from 1950-1974. During that period of time the catches
were constant from 1950-1962 and then declined from 1963-1974.
Over the sasm time period salinity declined approximately 0.20'/~.
A negative slope of catch regressed on salinity was estimated
 R &.56!. The claim is made that the Halibut Commission blamed
the decline on early overfishing, but that the simple analysis in
the report indicates about 50K of the var'iance was associated with
a period of decline in environmental quality. Since 1975, however,
the catches have declined slightly but the salinity increased back
to 1950 levels. The important point is that catches are under con-
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trol of IPHC and were reduced by regulation and are not necessari-
ly proportional to stock size. CPUE would have been a much better
measure of stock density. In addition, salinity was measured at
Langara Island, but most Area 2 fish spend their pre-recruit life
in the Gulf of Alaska and the Bering Sea. It is also quite unclear
what effect a reduction in surface salinity of 0.20 /~ has on the
environment of a major predator like halibut. A more reasonable
hypothesis  Fig. 6! is that the huge incidental catches of Juveniles
in the Bering Sea and Gulf of Alaska by foreign fleets in the 1960's
wss the ma]or cause of the decline in the stocks. Environmental
fluctuations may also have affected stock abundance, but it is doubt-
ful that they were of the magnitude which could account for the
observed reduction in Ares 2 stocks and even more doubtful that the
minute change in surface salinity at iangara Island reflected en-
vironmental changes that affected Area. 2 abundance.

A Large number of authors place a great deal of emphasis on a
"statistically significant" correlation coefficient  r! and on the
proportion of the total sum of squares attributed to the mode!



 R'! in linear model analysis. A significant r means there is a
high probability the correlation coefficient p, for which r is an
estimate, is not zero. Whether p is zero or not has little bearing
on whether two variables are related. Values of r close to 1.0
mean there is a high degree of linearity between the variables.
Small sample sizes and high variability may result in small r
values with linearly-related random variables, and a zero value of
p occurs with random variables that have a second degree relation-
ship. With R small values may occur with perfect models and
larger values with incorrect models, depending on the variance. The
literature is filled with incorrect interpretation and misunder-
standings of these two statistics. Researchers often attempt to
persuade the reader there is an important relationship between
variables when the correlation coefficient is significantly
different from zero. In most cases a good graph is a much more
useful analysis of the data.

Perhaps the most important effort in the initial phase of work on
the environmental effects on fish is to summarize what is known
about the life history of each species and to speculate on the
effect of the environmental conditions that prevail at each par-
ticular life history stanza. In some cases there is considerable
information from laboratory research, particularly on temperature
and salinity effects. Some of the theory developed may be testable
with existing data, some theory may stimulate new data collection
programs.

Whatever approach is used, the goal is to develop models of popu-
lation turnover which incorporate environmental as well as fishing
effects, This will bring us one step closer to the level of under-
standing necessary for effective management of our fisheries re-
sources
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The Study of Environmental Effects
On Interannual Variabijity in Flat6sh
A,V. Tyler
Pacific Biologist Station, Canada

To begin this cagm mntary I would like to review a few other time
series on flatfish not emntioned by Dr. McCaughran. Landings and
effart records have been kept by scientists at Lhe Pacific Biologi-
cal Station, Canada Departemnt of Fi.sheries and Oceansg since 1945
f r English l  ~fh s ~tl and l e l984 for *it s l
 ~td rt* h~f   eats,  E t hen l980!. c t«h  la dinge! oer
effort statistics for Hecate Strait, off British Columbiag have been
calculated for these fishes. Stochastic stock reconstructions
 Stocker 1981! and cohort analyses  J. Fargog unpublished! have been
carried out. Both species show similar fluctuations in year-class
strength for a period extending from 1950 to 1975 for rock sole, and
1952 to 1975 for English sole. Coincident strong year-classes
oCCurred for both Speciee in 1953-1955 inclueived 1961-1962 inclu-
sive, and 1969-1970 inclusive. Rock sole had a strong year-class
in 1975g but English sole had an average sf.ze year-class that year,
El Ninon in the eastern tropical Pacific are sometimes associated
with warm water anomalies along the west coast of North America.
For this time seriesg El Nitro occurred in 1957, 1965, and 1972. The
coincidence between El Nitro years and poor survival is notable.
Years 1957 and 1958 produced weak cohorts for rock sole and about
average cohorts for English sole, '1964 through 1966 were poor years
for boCh speciesd as was 1971 through 1973. These observations are
consistent with published negative correlations for bot'h species
between temperature and cohort strength in Hecate Strait  Ketchen
1956a,b!, The data are being examined further for possible relation-
ships between physical environmental factors and year-class strengCh
by researchers at the Pacific Biological Station.

Other substantial Cime series have been bampiled by the Oregon Dep-
artment of Fish and Wildlife aC Newport, Oregon. One of these is
8 0 er l  ~tost ~ ~tff' s f th Aet 1 0 ny
region off the Columbia River. Cohort analyses have been carried
out fram 1946 through 1962 year-classes. Another series is for
EngLish sole off northern Oregon and Washington. CohorL analyses
have been carried out for year-classes from 1955 ta 1966  Hayman et
al . 1980! .
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Year-class strength l.n Oregon Dover sole seems to be related to
fnterannual variaC ion in water-mass Cransport. Hayman and Tyler
�980! reviewed information on early life history of Dover soleg
and proposed several hypotheses on possible influences of physical
factorS at particular life hLSCOry stagez. Both Cu»vilfnear and
linear relationships were sought. A multiple Linear regression with
twa independent variables accounted for 65%%u of the varLance. Year-
class strengCh was inversely reLated ta off-shelf divergence of
water in January when young fish were at the egg etage end whenD in
January a year later, they were settling. Dover sole are unusual
in that they have a very long larval stage  Pearcy et al. 1977!.
The second variable was northerly wind speed in June. Thfs is the
wfnd that generates coastal up-welling aff Oregon. Many larvae
complete yolk-sac absorpCion in June. Upwelling was negatfvely
correlated with survival, which is consistent with observations that
low and intermediate levels of upwelling produce greater primary
productivity  Gushing 19749 Small and Menzies l981!, which should
result in better feeding conditions for larval Dover sole.

Year-class strengths have also been interpreted for English sole oj
the shelf aff Oregon. The year-class strengths of Dover and Engli.sh
sole were nat signiffcantly correlated with each other. There are
life history differences beCween the two stemming from the generally
more shallow dfstribution of English sole as compared to Dover sole,
Coho»C analysis showed that English sole produced an enormously
successful year-class in 1961 for Oregon and WashingCon. The size
of this year-class was far beyond the sizes normally produced
 Hayman et al. 1981!. Statistical. work with physical variables could
not account for this banner yearg although variance through the
normal years was partially accounted for. Apparently the circum-
stances in 1961 involved factors not prevalent in other years. The
factors seemed to affect several specfes aver large areas of the
Pacific coast of North Amerfca. Other species showing particularly
t g pa -cia ~ p cif' haRa  Harl i a ~Act  D rh

 9799, P if  h lih t  ~gi l a ~to  t  H g a a
McNaughcon 1978!H and Pacific ocean perch  Gundersan et al. 1977! .
For the period 1955 to 1966, excluding 1961, 73K of the annual
variation could be explained by Bakun's upwelling index off central
Oregon fo» October. The hypothesis Chat extension of upwellfng into
fall could influence spawning tfme was origfnally made by Dr. Sally
Richardson when she was at Oregon State University. Hayman and
Tyler �980! proposed that a match/mfs~cch phenomenon was occurr-
ing  Gushing 1982!, Possibly when upwelling is prolonged fn fallg
spawning is delayed, giving rise ta stranger coharCs because larvae-
at-first-feeding we»e better matched wfth the onset of spring
productivity. Nore recently, the mechanisms of spawning timing were
explored in a simulation model that could largely reconstruct peak
spawnfng for a 13-year period  Kruse and Tyler 1983!,

Dr. McGaughran has been crftical of Wickett's work with hall.but year-
class strength as related to salinity change, I quite agree that
catch is a poor indication of year-class strength. In fafrness ta
Mr. percy Wickett, recently retired from the Pacific Bfologfcal
Station, I believe hfs work deserves mare attentfong h xesver. I
have seen an updated, unpublished manuscript fn which Mr. Wickett
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relates cohorC analysis data of the International Pacific Halibut
Cammfssfon  Hoag and McNaughton 1978! Ca spawning stock and salinity
changes at Langara Light using curvilinear fitCiag techniques. His
halibut survival hypothesis runs as follows: l. Chere is evidence
for upwellfng in the winter fn the central part of Che Gulf of
Alaska due to storm winds, 2. the upwelled water is often propaga-
ted to the eastern rim of the Gulf~ as evidenced by small salinicy
changes witnessed at Station P and Langara Lights 3. Che advection
of upwelled water takes nine months ta pass to the rim; 4. this
upwelled water carries biologically fixed nutrients, and, 5. the
interannual variation of the nutrients is related to varying survi-
val of larval halibut.

There is at times a tendency for biologists working with demersaL
fishes Co ignore pelagic processes. For example, flatfishes seem
to be among the most benthic of fishes. Usually they derive their
food energy from benthic amphipods and polychaeces, They dig in
the substrate and often hide themselves with mud and gravel, They
are taken corrmrercially fn battom trawls with relatively low head-
ropes. However, many species release fleeting eggs Chat move up-
ward through the water column. IC has become fafrly clear that the
numbers of ffshes~ including flatfish~ are largely determined in the
pelagic region of the ocean by changes in water-mass advection,
temperature, food availability~ and perhaps predation by hardes of
denizens such as chaetognaths and euphausiids. In this way, demer-
sal fishes often have a dual life. They are both pelagic and benthfc
fn terms af their life history and the processes that determine
the i r numbers . There are s ome deme real f 1 she s that de pos i t adhe s-
f.ve eggs and are caCchable as eggs and larvae near bottom  Dr. John
Mason~ personal communication!. Rock sole and Pacific cod are
examples of adhesive egg producers in the North Pacific, These
species might not be strongly influenced by pelagic processes. For
purposes of recruitment studies, it might be useful to classify
demersal fishes into ela fc&emersal and benthfc&emersal farms~
depending on their early Life hisCory, Which species are pelagic-
demersal is fairly well known because af abundance of pelagic i.ch-
thyofaunfstic work. However, much Less work has been carried out,
with on-bottom plankCon gear because of technical difficulties. I
suggest that more on-bottom work should be done.

Finally, I wouLd like to point out that students of cohort-strength
formation have largely overlooked the influence of interannual
variation in spawning timing on egg and Larval survival. A good
number of fishes, of course, have quite fixed times for egg release
 Cashing 1982~ p. 302!. However, some, such as English sole and
Paciffc halibut, have quite variable spawning timing. A bit of
evidence has been reviewed here that changes in spawning timing may
influence subsequent brood strength. It would be interesting to
make a lfst of species that seem to be rather variable in spawning
Ciming. Evidence would largely come from ichthyoplankton surveys.
One would Cry to match spawning timing changes with subsequent
changes in year-class strength. A notable point is that spawning
time is probably influenced by processes and factors acting on the
adult fish. More broadly speaking, strategies of adult reproducCive
biology may prove an fnfLuence on interannual variation in year-
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class strength in many cases.
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Variation m the Abundance of Crab and
Shrimp with some Hypotheses on Its
Relationship to Environmental Causes
M u rra y L. Hayes
Northwest antI Alaska Fisheries Center
Nationat Marine Fisheries Service

Life History and Survival

crabs and shrimps comprise a large group of crustaceans that are
important both commercially and as food chain organisms. This paper
considers only a few of the important species and stock units in the
western part of the Gulf of Alaska and in the eastern Baring Sea for
which the best data sets exist. These will include the king crabs,
p 1tth&e t I t', p, pl typ, L th& ~~' jna; th
Tanner  snow! crabs, Chionoecetes bairdi, C. Opiliot and the pink
shrimp, Pandalus borealis. A number of other commercial and food
chain species occur in the areas, but information on their life
history and time series data is less complete. The biology of impor-
tant crabs and shrimps is fairly well known. I will use king crab as
an example and describe the biology in terms of life stages and
processes that may be vulnerable to environmental influences. Later,
as interannual variation and possible environmental causes are con-
sidered, we will refer back to these stages and processes.

Riology of King Crabs

Three species of king crabs are harvested in the eastern north
Pacific Ocean, The most important species is Paralithodes
camtschatica, but P. platypus and Lithodes aeguispina also enter
catches. zn Alaska, these species are known respectively as redj
blue, and brown king crabs. The king crab, Paralithodes camtschatica,
is found from the littoral rane to the edge of the continental shelf
in certain waters of the eastern Bering Sea, the Aleutian Zslands,
and eastward along the edge of the Gulf of Alaska tO southeastern
Alaska and northern British Columbia. Wveniles are generally found
in the littoral zone and shallow water, whereas adults display annual
inshore-offshore migrations associated with spawning and feeding.

Reproduction of king crabs has been studted in Alaska   Powell,
et al 1974!. Adult king crabs migrate to relatively shallow waters,
from approximately 10 to 50 meters in depth, in late winter and early
spring for molting and spawning  Pigure 1!. !tales molt first,
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usually in Narch and April, whereas females molt juSt before
spawning, usually in April and Nay. Although male king crabs attain
sexual maturity at somewhat smaller sizes than females, competition
on the spawning grounds apparently limits success to the larger males
present.

King crabs mate in solitary pairs in shallow waters. Somehow the
male is able to determine when a female is approaching her seolt
and will grasp her for a short period. Apparently, the male assists
the female during the molting process and shifts his grasp to the
new shell as the female emerges. Nating occurs within a day or
two after the female molt. In king crabs, the female has no storage
receptacle for the sperm which are deposited in a band around the
female's egg pore. Xt has been demonstrated with caged king crabs
that males can successfully mate with three to six females. Appar-
ently, females first molting tc maturity mate earlier in the year
than animals which have previously carried eggs. Eggs are laid soon
after mating and most females complete mating and egg laying in one
01 'two days'

The eggs are attached to fine filaments on the appendages of the
females' abdomens. The number varies with size of the female and
ranges from about 50,000 to 400,000. Eggs develop for about I 1
months and normally hatch in April and Nay. Interannual timing of
the hatch can vary over more than a month  Armstrong et al, Igel !.
There are five larval stages, four zoea and the megalopa, which live
in the water column and are subject to the mixing action and trans-
port in the water moss. After about six weeks, the larvae settle to
begin their life on the sea bottom,

During their first year of life juveniles assume a solitary,
benthic existence in relatively shallow water. 'They are commonly
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found among the encrusting organisms on dock pilings and among rocks
and seaweed in the littoral zone. During the second, third, and
fourth years of life, king crabs often occur in shallow water in
dense aggregations called pods  Powell, 1965! . These "piles" of
crabs usually contain only one yearclass and have been observed near
Kodiak in all months of the year, One such pod was studied over a
period of 57 days. Another was estimated to contain over 500,000
animals which were about 70 millimeters in carapace length  probably
their fourth year!.

Fishermen commonly find adult king crabs concentrated in schools
and, indeed, segregated by size, sex, and molt conditions In the
eastern Bering Sea, tagging studies in the 1950's  Weber, 1974!
demonstrated that large crabs which have skipped an annual molt move
selectively ta certain known spawning grounds during the spring
months, whereas many crabs of similar size which do molt remain in
deeper offshore waters. Such observations suggest that some modified
form of the padding or schooling behavior persists in adults.

Growth of king crab, like that of other crabs, progresses in step
fashion at time of molt. No way is known to age crabs directly, such
as the growth rings in trees or the annual growth marks on fish
scales. Instead, crab biologists study growth by determining the
frequency of molts and the increment of growth per molt. Using this
information, a growth curve is constructed.

In their first year of life, king crabs molt about 7 times and reach
about 12 millimeters in shell length. King crabs molt several times
per year as juveniles, and crabs of different year-classes are easily
separated by size. King crabs reach about 34 millimeters in two
years, 62 millimeters in three years, and 78 millimeters in four
years  Weber, 1965!. Larger king crabs can be tagged by a method that
allows the tag to be retained by the animal when it molts. Tagging
studies provide most of the growth data available for larger crabs.

After maturity, at about 90-100 millimeters in shell length,
females molt annually just before spawning. They grow four to six
millimeters per year. Adult males continue to molt annually for a
few years after maturity. Growth increase at each molt is about 20
millimeters per molt near Kodiak and about 17 mi.llimeters per molt in
the eastern Bering Sea. Large male king crabs begin to skip molts
when they reach about 145 millimeters in length. The proportion of
large male king crabs which molt in a given year varies both with
size and among years probably in response to environmental condi-
tions. Therefore, average growth decreases with age and varies among
years.

In the eastern Bering Sea, Weber and Niyahara �962!, included the
average proportion of crabs molting each year in their growth model,
Using average growth determined from tag returns for the years
l956-59, king crabs would reach 1'10 millimeters in shell length in 6
years, 142 millimeters in B years, and 190 millimeters in 11 years.
Newer studies by Balsiger �976! have refined but not significantly
changed the earlier findings. Based on data frcm areas near Kodiak,
NcCaughran and powell �977! demonstrated that king crabs could reach
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118 millimeters in shell length in 6 years, 158 miliimeters in 8
years, 203 millimeters in 11 years, and 224 in 13 years. These
growth figures would be for crabs that did not skip molts.

King crabs are bottcm-foraging omnivores. It is doubtful that they
are scavengers under natural conditions since most foods from stom-
achs examined appeared to be 'fresh'. Food studies of crabs taken
in the eastern Bering Sea  HcLaughlin and Bebard< 1959! indicate that
there are no significant differences in diets between the sexes or
sizes for adult crabs. Major food items were starfish and their
relatives, clams, and other mollusks. Other items eaten frequently
include Small crabs, shrimps, and other small crustaceanS1 marine
worms; fish; and algae. Recent feeding studies for juveniles have
quantified food taken in terms of energy and attempted to define food
required  Pearson, 1983!.

Other species of commercial crustaceans have similar life histories;
but, of course, with variations characteristic of those species.
pandalus borealis has 6 larval stages. pink shrimp are protandric
hermaphrodites - that is they first mature as males and then trans-
fare sex to beccme female ~ In Alaskan waters, they mature as males in
their 2nd or 3rd year of life and then transform to females in their
4th or 5th year. Large shrimp are all females, molt annually after
sexual maturity, and live 7 or 8 years. The Tanner crabs,
Chionoecetes ~s. < have three larval stages< each lasting for about
one month in the eastern Bering Sea  Armstrong et al, 1981! ~ Tanner
crab females reach sexuai maturity at about 4 or 5 years, They do
nct molt after sexual maturity but continue to produce fertile egg
clutches for several successive years. Males continue to molt and
grow after sexual maturity and reach sizes much larger than females,
resulting in large differences in size of mature males and females.
Distinct feeding and spawning migrations have not been identified for
these other species � but there is inferential evidence that suggests
some life history separations.

Harveat Variation, Stock Structure, and Fishery Independent
Stock Assessments

Our focus here at Lake Wilderness is to look at interannual changes
in the abundance of marine fish and shellfish as they may be influe-
ncedd by variations in the environments and, in particular< the de-
gree to which such change can be related to variations in year-class
strength. Sources of data include the harvest statistics and
research data collected during fisheries surveys and oceanographic
studi.es. We recognize at the onset that the annual time resolution
represents a level of abstraction that confounds the short-ters
environmental events which may be critical to survival with year-class
success. The second dimension to the problem - the geographic dis-
tribution of crabs and shrimps is equally confounded with the species
composition and stock units.

The king crab population of Alaska consists of many relatively inde-
pendent stock units. These can be identified from distribution,
tagging, morphology, biochemical genetics, and other data sets that
bear on stock differences. While fisheries statistics and assessment



surveys usually address the full extent of the commercial stocks,
environmental studies might best be focused on mechanisms and pro-
cesses in smaller areas containing single stock units. The size of
these relatively selfwontained stock units also provide one estimate
of the geographic size of "events" which might influence crab and
shrimp populations ~ At Kodiak, Bleu and hi s Alaska Department of
Fish and Game  ADFSG! colleagues, 19S3, have identified a number Of
king crab stocks which have been further divided into 20 ocean
schools for harvest management. We currently recognize two red
king crab and three blue king crab stocks in the eastern Bering
Sea. Stock fluctuations and regional differences in composition
suggest the existence of relatively small stock units for shrimp-
of ten confined to one bay or offshore canyon area.

When we seek breakdown of statewide harvest totals, we find time
series that are more or less complete for smaller administrative
subdivisions, usually geographic areas, regions, and districts that
have sometimes changed their boundaries. For example, many of the
earlier records divide fisheries statistics into southeast, central
and western Alaska. 14ore recently, fisheries statistics have been
available for Alaska Department of Fish and Game districts. The
"districts" vary in geographic extent for each species or species
group. For example, the state waters are divided into 5 statistical
districts for shrimp  several species!, 4 districts for Dungeness
crab, 9 districts for king crab � species! and 4 districts for
Tanner crab � species!. While time series of harvest data for
"districts" are sometimes available in state statistical publica-
tions, they again are of little use for environmental analysis be-
cause they often include more than one species and geographic stock
unit. For example, the red king crab catch for area K - Kodiak
Island - probably includes at least six stock units and small amounts
of two other species.

Harvest variations.-With regard to time series data, the longest
time series we can find easily would be statewide harvest totals for
shrimp, Dungeness crab~ and more recently, king crab, Tanner crab and
horsehair crab   Erimacruz isenbeckii !. These may be useful to indi-
cate the history of harvest and relative commercial importance of the
component species or species groups but they are of little value in
environmental analysis. Otto   1981! has described the eastern Bering
Sea crab fisheries  Figure 2! ~

The foregoing suggests that while conventional fishery statistics can
be used to describe the fisheries, they are of very limited value for
environmental studies because they are generally comprised of several
stock units and sometimes of more than one species, Further, at
times the harvest is more dependent upon the economics and market
conditions in the fishery than on resource condition. These problems
require that the researcher work closely with local experts  usually
ADFAG! to identify stock units for environmental analyses, Since
ADFSG statistics are co11ected by Small StatiStiCal areaS that are
sometimes delineated to define ecological zones  nearshore, shallow,
offshore, deep, etc.!, it is possible to obtain data sets on a
relatively fine scale for special purposes. In general, the best

90



Figure 2.--Western Alaska 20 year king crab catch.

definitions of stocks of crabs and shrimps and the corresponding time
series of catch data appear in the annual ADFSG staff reports to the
Board of Fish and Game. However, these time series are short.

In addition to harvest data, state biologists collect logbook, inter-
view, and catch composition data in ports of landing. These data
sets are primary sources of data to give fine detail on geographic
origin of catch, catch per unit effort, composition  species, size
and sex! of catch, proportion of juveniles, and unusual conditions on
the fishing grounds. Such contacts with fishermen are especially
important. to encourage and collect information on tagged crabs.

These data sets are maintained by the local ADFSG offices and vary in
completeness by area and species. Their value, as time series for
comparison with environmental data, must be determined on an ad hoc
basis. The crab data on size composition of commercial catches is
used in management to determine the proportion of 'recruit.' crabs in
the catch and these figures may be a rough approximation of year-
class strength  more precisely size composition!. Variation in the
proportion of shell age categories by size may indicate the
availability of and degree of competition for food.

Stock Assessments,--Because fisheries statistics provide limited in-
formation on interannual variation among stock units and provide a
very limited basis for prediction of future stock condition,
fisheries scientists have conducted independent stock assessments and
surveys. Regular systematic trawl surveys for king crab began in the
eastern Bering Sea in 1955 and, except for a 5-year hiatus from 1962
through 1966, have continued to date. This data set is the longest
and most consistent time series of survey data available for north
pacific crabs. Assessment surveys for crabs using pots have also
been conducted by ADFSG at Kodiak since 1971 ~ This survey methodol-
ogy has been extended by ADFSG to other major crab stocks in western
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Alaska - south Of Alaska Peninsula, Dutch Harbor, Norton Sound and
Adak � but the resp ctive series are short. For shrimp, trawl as-
sesament surveys by the National Narine Fisheries Service  HNFS!
were conducted fram 1971-74 in the Kodiak area and in the Shumagin
Island area fram 1972-82. &e ADFSG began trawl assessment surveys
for shrimp in the early 1970's at Kadiak and has since expanded
coverage ta mast important stack units.

The state surveys gradually replaced the BNFS surveyS which are now
limited to continuation of the Pavlov Bay time series to obtain data
on shrimp growth and natural mortality. These four sets of surveys
represent the principal time series of research data on fishery
independent assessments of crabs and shrimps in the Gulf of Alaska
and eastern Bering Sea.

The Bering Sea crab surveys began in 1955 when the chartered F/V
dk'1dd lddt 1h1 t26 tt1oth f thhl k

Peninsula between False Pass and Black Hill  INPFC, 1955!. These 26
stations were arranged in a 20-mile grid pattern over the area of
known crab concentration in which the commercial fisheries occurred.
At that time, the fishery targeted upon nearshore spawning concentra-
tions in April, Nay, and June that contained predominately skip molt
males. The fact that crabs were in high abundance in 1955 was indi-
cated by the fact that every single trawl haul   104! contained crabs.
The early survey objectives were oriented to collecting biological
data on crabs with emphasis on tagging to determine migrations and
growth. The survey was repeated in 1957 with essentially the same
station pattern and objectives.

Area Swept
Estimate

 xl 06!

Tag Return
Estimate

 x106!

1958 �!
�!

22. 2
17. 4 20 ~ 8

33.525.21959

Fran 1962-66, na trawl survey was conducted, but work continued to
recover tegs and analyze data from both survey and commercial fish-
eries sources, In 1967, field studies resumed and a new series of
population estimates began which have continued to date. These
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In 1958, the survey was expanded in an effort to cover the full range
of this king crab stock in the eastern Bering Sea. The general
strategy was to extend the station pattern in each direction until
crabs were no longer taken �7 stations in 1957! ~ This station
pattern has continued to date; and, in fact, has been extended over
the entire Bering Sea shelf fram BriStal Bay to the Gulf of Anadyr
and north to the Chuckchi Sea  Figure 3! . Over the period 1957-61,
a number of population estimates for king crab were made using the
area-Swept method. Comparison with estimates of population size
determined from tag returns were not statistically different, and
represent one of the first conf irmations of the area-swept method
in the !iterature  Niyahara et al, 1962!:
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Figure 3.--Trawl survey stations in the eastern Bering Sea occupied
in 1982 triennial survey. King crab surveys in 1955-57
illustrated by two smaller areas in the right side of this
figure.

population estimates are made by 5-mm size groupings of males and
females for each station and may be recombined in population esti-
mates for different size categories and areas. Results are usually
presented by size category useful to management: legal males,
recruit males, immature males, and immature females. Figure 4 illus-
trates this data set with a graph of abundance estimates for males
over 135 mm in carapace length which is approximate legal size. In
this figure, I have suggested trends in abundance for periods when
population estimates were not available from trawl surveys based on
the catch per unit effort  CPUE! of Japanese and Soviet commercial
fisheries and CPUE of Japanese scouting vessels performance.

Beginning in 1971, the station pattern was expanded to include king
crab stocks  p. platypus! near the pribilof Islands and Tanner
 snow! crabs  Chionoecetes bairdi, C. opilio! over the entire area.
In 1975-76, the area was further expanded to include more northern
stocks of Tanner craba. Annual surveys now include about 35O sta-
tions and triennial surveys �6, 79, 81! include about 1000 stations
on the Bering Sea shelf extending from Unimak Pass to the US � USSR
convention line. Similar data sets by species, sex, and size are
available for these other species in these years  Otto et al,
1982!.

The pot surveys for king crab at Rodiak began in 1971. In these
surveys, stations are selected from predetermined grids of each major
fishery. Standard 7 x 7-foot king crab pots with 3-1/2" mesh are
fished I/3 mile apart. Offshore stations are sampled with 10-13 pots
and nearshore or bay stations with 3 or 4 pots. After a 24-hour soak,
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each pct is lifted and the catch examined for species composition,
sex, carapace size, and shell age. A proportion of all commercial
sized crabs are tagged and released. The return of these tagged
crabs in the commercial fishery is used to estimate population size
at the beginning of the fishing season. This data set then provides
an annual estimate of the exploitable population and its size compo-
sition. With additional information on the occurrence of the pre-
recruits in the planning and growth, estimates of fishery yield for
each of the succeeding 1-3 years can be made  Figure 5! ~

The shrimp trawl surveys have been conducted in a number of locations
at rcodiak and along the Alaska Peninsula since 1971. These surveys
provide area-swept estimates of populations and provide samples for
species, size and sex, determination. One of the best time series is
that for pavlov Bay which extends from 1972 to date. The occurrence
of very strong modes in the size distribution of Pandalus borealis,
pink shrimp, has provided an opportunity to study growth and mortal-
ity  Anderson, 1981! and, of course, demonstrates the occurrence
of strong yearmlasses  Figure 6!.

Stock Variations and their Relationshi to Environmental Causes.--
Interannual variations in abundance of the exploited portion of king
crab stocks have ranged over an order of magnitude in both the east-
ern Bering Sea and at Kodiak. These fluctuations result from the
occurrence of particularly successful size cohorts that can be ob-
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Figure 4.--Abundance estimates for large male king crabs,
Paralithodes camtschatica, from NMFS trawl surveys in the
Eastern Bering Sgea Sn id lines are area swept estimates,
dotted line is an index based on Japanese CPUE, dashed
line an index based on USSR CPUE!.
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served to grow and progress through successive samples and represent
classic year-class phenomena. At this conference, we are attempting
to examine such variations and to develop hypotheses that may link
these changes to environmental conditions in order to understand and
predict abundance. In this section, I will select a few samples of
interannual variation that may suggest some directions in environ-
mental research.

First, I would like to suggest that we can learn a great deal about
the environment through understanding the requirements of the species
which occur in it. A living organism integrates its, environmental
experience over its life history. For example, the stock structure
of king crabs, as defined by tagging studies at Kodiak, suggests that
an environmental mechanism exists that maintains the separation
observed in the data. We might hypothesize that such stock structure
results from current patterns on the Kodiak Island shelf that retain
crab larvae within these areas � low energy systems or gyres, perhaps.
Other indicators of environmental units come from analyses of the
distribution of species. The latitudinal replacement of species in
the eastern Bering Bea, for example, might be used to represent
environmental clineS. Somerton �981 ! has documented the fact that
mature female C. bairdi are larger from east to west and that mature
female C. opilio are larger from south to north. Also, large popula-
tions of juvenile C. opilio oCcur in the northern portions of the
Bering Sea where mature crabs are absent. Do these juveniles migrate
to areas where mature crabs occur or do they represent animals that
have been transported to an area where environmental factors prevent
reproductiong While these are not interannual variations, they may
suggest the types of environmental variation that may be important in
shaping a year-classy

Life history also sugqests that crabs are vulnerable to different
environmental effects depending upon the life history stage. For
example, larval forms are found in the water column and are subject
to a very different set of conditions than in the later benthic life.
The conventional wisdom is that. year-class strength is determined
during the period of larval development. Incze �983! studied the
larval life history of Tanner crabs and relationships to regional
oceanography. The data base is exceedingly short, Incze examined
data from 1419 plankton samples over 6 years, and he suggests his
results are more in the form of hypotheses than conclusions. rre
hypothesized that year-class strength for C. opilio may depend upon
the thickness and stability of the mixed layer during April over the
rniddle shelf zone - relatively strong larval year-classes were ob-
served in years of shallow mixed layer depth in April.

At the time of molting, crabs undergo major physiological stress
and are particularly vulnerable to physical damage and predation.
Wvenile king crabs occupy different habitats than adults and their
schooling or podding behavior concentrates large numbers in small
areas. One must be cautious, however, in identifying size
cohorts with year-classes. Growth in size of crabs occurs at the
time of molt and modern growth models are based on frequency of molt
and growth increments. Since there is no known way to determine the
absolute age of crabs, associating adult abundance with past environ�
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Figure 5.--Kodiak male red king crab size distribution, for each year
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mental events is inexact. For example, consider Weber's model of
crab growth that indicates crabs at a given size may come from a
number of year-classes  Figure 7! .

With regard to interannual variation, we Can meazure wide variation
in abundance in all of the time series available. In king crab in
the Bering Sea, we note that population levels of exploitable males
have varied more than an order of magnitude  Figure 4!. We have good
population estimates for 1957-60 that indicate the population of
exploitable males was over 20 million crabs, in 1970-72 the popula-
tion was at a low level of about 5 million, in 1978-79 at a high
level near 50 million, and in 1981-82 at a low level of 4-5 million
crabs. These changes were undoubtedly influenced by the harvest, but
population estimates of females, which are protected, also show wide
variations.

At Kodiak, stocks of king crabs have also shown variation in abundance
 Figure 5!. In theSe data, the sporadiC appearance Of Strong size
cohorts and their progress through the fishery suggests wide varia-
tion in recruitment. Also, examination of this data suggests that
certain abundant size cohorts have simply disappeared. For example,
the difference in abundance between 1981 and 1982  Figure 5! cannot
be accounted for by the fishery alone. Where did these crabs go7

somerton �981!, using the NWFS trawl survey data base, has shown
that the two species of Tanner crabs in the eastern Bering Sea have
somewhat different patterns of year-class success. Since females molt
to maturity and do not molt thereafter, year class strength can be
measured by the relative number of primiparous females taken in trawl
surveys. His data showed that for C. opilio larval and juvenile sur-
vival was high enough to produce a cohort that was large enough to be
identified in the size histograms in only 3 of 11 years. In contrast,
C. bairdi juvenile modes were prominent in most years. Prom this
information, somerton proceeded to develop the hypotheses that strong
C. ~oilio year-classes are associated with the amount of ice in the
study area. Somerton also presented data to support the hypotheses
that average size of mature females decreases in areas of lower mean
bottom temperatures.

The shrimp data for pavlov Bay alSo demonstrate wide differences in
the strength of year~lasses. In this case, the progress of a large
made could be followed for 6 years providing new data on the life
span and natural mortality of pandalus borealis. Why did this year-
class occur?

Finally, we usually assume that year-class strength is determined in
larval or ear! y juvenile periods of the life history. But there is
some evidence in these data sets that suggests that mass mortality
may occur in later parts of the life history. On several occasions
in the ADFaG pot surveys, strong size modes of king crabs have been
followed for several years and then simply disappear. In the eastern
Bering sea trawl surveys in 1981 and 1982, the number of male king
crab over 135 mm carapace length was about one-half the number pro-
jected from the earlier year survey after allowance for the fishery,
natural mortality, and growth. Further, in 1982, a large proportion

98



NEW-SHELI. CONDITION AT RELE452 OLO-SHELL AT RELEASE � [Maar CRaeS WITH Nbw-SHELL
CONDITION AT TAGGING

IF4LL FISHLltv RECOVER IE5 � I

Sarrng malTrnq Or
Od anC ~ n Shell COndrhan

0 Id shelf
One maR

I 2 r d cons ~ cnlrve malt ! LI-!!!

' I 29

Inshore rnot nq m qralron
ol old- their !non- melting! mates

Avmlahk ta
spnng laser y

New chsll  moltmgl molss
0 nol over!able or ovorded
0 by spnng I shery

I TEAR OF
FREEDOM 0 20-20 20

OlnhOre ~ teedmq m qrOhan

P0 00 0 Avo lapis lo

IS
t0
Sf

0 20 40Spnnq mol'Imp or
advent ~ rrr lhell condo orr

20 40 -20 0 20 40-20 0

0 20 40

2 canlorirlrne rnallero
OdklrrCrh9 trt Old Shel

T ldoltln9 al last�
years ald ~ shell/

r

92 TEARS OF
FREEOOII

-20 0 20 40 0 20 40
GROWTH INCREMENT IMM!

IOr N l!S~ IUa rs

0 20 40
GROwTH ItlCREIIENT !ldM!

Figure 7.--Relation between stage in molting cycle at release, time
and area of recovery, and effect on growth observed from
tag recoveries. Refer to text for discussion.  From
Weber, 1974j

99

!Very nld shee � Q~
consecntne molters � QOQ

adtanC ng IO ald-Shell ~

I
OO laohed old-chad

-Srd consecvlme
mollI

2 TE4RS Of
FREEDOM

I-GRDWTH INCREMENT FROM SPR!lvG FISttERT RECOTERIES � !

4 40

m SOl

+ 20 ~

I 0 I

-20



of the larger mature females did not molt before the annual survey.
Special surveys conducted in September and Harch suggest these crabs
did not molt in 1982 and were not present in the Narch 1983 survey.
These observations, while not definitive, suggest that mass mortality
of adults may occur under some conditions - perhaps predation pres-
sures or because of epirootics.

C:onciusions

Crabs and shrimps have interannual variations in abundance that range
over an order of magnitude at the exploited phase. The fact that
many of these variations can be detected early in the life history is
evident from the progress of size modes  age classes! in successive
annual samples. The time series are short, however, and we may not
have seen the full range of variation to be expected. Density de-
pendent factors influencing abundance have not been studied but
such effects are complex and probably related to the community and
ecosystem rather than being single species effects. Knowledge of
environmental interactions are rudimentary. Analyses of environment
al and biological time series data have produced several hypotheses
as to the relationships between year-class strength and the environ-
ment. tncze �982! hypothesized that mixed layer depth in April and
Somerton �981! suggested that ice extent during hatching and early
larval life were significant influences in year-class survival.
"Scattered" studies of physiological processes and feeding energetics
suggest the need for additional experimental evidence on which to
base environmental investigations.
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f:ommentary

Cyclic Crab Abundance and Relationship
To Environmental Causes
l!avigl A. Armstrong
School of Fisheries, University of Washington

The bio1ogical sketches of S.F.. Bering Sea and Gulf of Alaska
crab and shrimp provide interesting species contrast in life his-
tory and reproductive strategies that are important considerations
in management formulas. Murray Hayes has highlighted germane bio-
l ogi cal information to the extent known for each group, and has
focused on factors that may influence population dynamics vis-a-vis
year-class strength. Vagaries in abundance severely impact the
fisheries, most notably in the case of red king crab to date, and
this problem assails other U.S. crustacean fisheries as we11.

My comments on the materia I presented by Murray Hayes wi Il
first reference one other fishery, that for Dungeness crab Cancer
ma ister!, as an example of persistent, high amplitude cyc es o
a undance, a pattern that is apparently emerging for red king crab
as well. Hypotheses wi11 be discussed that promote both biotic and
abi otic factors that bear on year-class strength and, ultimately,
the magnitude of the fisheries. Last, I will reiterate hypotheses
outlined by Dr. Hayes on factors contro11ing abundance  susceptib1e
weak links in the life history! and- suggest research perti nent to a
better understanding of the species' bio'logy.

Dungeness Crsh, Cancer map&ter: The Fishery
Cancer ~ma tater is regulated as a males-only pot fishery that

opens and peaks about December 15 thorugh February to March. Legal
males are recruited to the fishery at 3.5 - 4.0 years  Botsford and
Wi ckham 1978!. The fishery is largely supported by the newly re-
cruited year class and mortality has been estimated at 80-84$  Jow
196S!. More recently Methot and Botsford �982! calculated presea-
son abundance and derived exploitation rates from 54$ to 84$. Such
shifts were seen as a lagged response of fishing effort to cyclic
changes in crab abundance.

The most striking feature of the Uungeness crab fishery is the
cyclic trend in 1andings and apparent population abundance since
1950  Fig. 1!, and for Washington state again in 1981-82  lowest
state catch in 30 years; Fig. 2! ~ An interesting feature of the
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California crab fishery has been the cyclic nature of northern
populations, but a decline and long-term collapse of the central
 San Francisco! fishery  Fig. I!.

Hypotheses for the Cyries

The pronounced fluctuations in coastal landings  considered
California through Washington; excludes British Columbia and
Alaska! that went from 7.8 million 'lb in 1973-74 to 53.0 million lb
in 1977 has prompted several causal hypotheses. They general'ly
fall within categories of biotic and abiotic factors that impact
egg/larval production and survival, or that influence survival of
early benthic stages.

Abi otic

1. Peterson �973! investigated correlations between upwelling
indices along the west coast of the United States and annual
catches of Dungeness crab. He found fairly good agreement between
years of strong upwelling and good commercial landings 1.5 yr later
in California-Oregon, and 0.5 yr later in Washington. He hypothe-
sized fram this result that nutrient availability increased with
upwel ling, which ultimately increased benthic food supplies for
crab via greater phytoplankton/zooplankton productivity in the wa-
ter column. After appropriate time lags, this material settles, is
used by epibenthic and infaunal consumers and thereby creates a
more plentiful food reserve for crab which reduces competition.
Older year classes, 0.5 to 1.5 yr from entering the fishery. are
the primary beneficiaries of strong upwelling years in Peterson's
model.

2. Botsford and wickham �975! followed Peterson's lead and used
different correlation procedures to study upwel ling and crab catch
re 1 at i onshi ps. From auto-correl at i on they concluded that crab
landings are definitely cyclic but upwel ling is not. While upwell-
ing may contribute ta crab abundance, as a noncyclic, abiatic fac-
tor it is probaly not primarily responsible for year-class strength.
Rather, Batsford and Wickham suggest that biotic, density-dependent
interactions may drive the cycles.

In accord with thi s conc lus i on on upwel 1 i ng, Chel ton �981!
found poor statistical correlation between local coastal upwelling
indices and zooplankton biomass along CALCOFI transects. Rather,
he concluded that large-scale advection in the California current
plays a dominant role; notably that advecti on of northernly,
colder. nutrient-rich water increases zooplankton biomass.

3. Lough �976! studied larval Dungeness crab population dynami cs
off Oregon in 1970-71, and reported a catastrophic reduction in lar-
val abundance during 1971, suggesting a mass mortality had oc-
curred. He considered several hypotheses ta explain the failure of
1971 1 arvae, including below-normal water temperatures, reduced
food availability, and greater offshore transport of larvae beyond
shelf areas of probable recruitment back to the fishery. Lough did
nat conclude that any single factor was most responsible for larval
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mortality, only that larvae are very sensitive to environmental per-
turbati ons whi ch need only be of relatively brief duration to
severely affect the population.

4. Analyses of long-period physical oceanographic fluctuations in
the California Current, while not applied to crab larvae ~er se,
have been correlated to zooplankton biomass  Bernal 1981; Chelton
1981!. In neither study was upwelling a good indicator of zooplank-
ton biomass, but Bernal found peak biomass in association with maxi-
mum gradients of average flow where water masses converge  Davidson
and California Currents!, suggesting nutrient introduction via tur-
bulent mixing. Both found that an index of advection was as good a
predictor of zooplankton biomass as sea surface temperature. They
suggest that the ecosystem may be under permanent nonequi11 brium
conditions, which portends that resident animal populations  e.g.,
pelagic crab larvae! are not so much regulated by forces of competi-
tion and predation as by disruptive effects of the physical
conditions.

Biotic factors

Some researchers poi nt out that abiotic factors such as upwel 1-
ing or anomalously law temperatures wi 11 not occur at regular inter-
vals and cannot, therefore, account for the peri odi city of crab
abundance. Hypotheses of biological forces driving cycles include:

Density-dependent mechanisms based on compensatory influences
such as competition for food between young and older crabs, and
cannibalism. Botsfor d and Wi ckham �978! concluded that the extent
of survival of early benthic young-of-the-year crabs  first few i n-
stars! largely explains later abundance reflected by coxvxerci al
landings. During a time of very large adult populations  e.gep
Figs� . 1 and 2 show large populations in 1977!, newly metamorphosed
first i nstars wi 11 settle out from pelagic existence to face tre-
mendous populations of adult and older juvenile crabs. Direct
cannibalism  Stevens et al. 1982! or competition for food wi 11
result in poor survival of the year-class, and a poor fishery 3 to
4 years later  e.gep mortality of the 1977 year-class should have
been high, and in 1980-81 a decline in the fishery is the
consequence - Fig. 2!.

2. Larval and egg natality and subsequent survival to metamorpho-
siss. McKelvey et al. �980! used mathematical models to describe
possible causes underlying cycles in crab landings and highlight
the most sensiti ve life history stages. They concluded that
survival of eggs and larval stages is most crucial for the species
and can best account for cycles. Density-dependent cannibalism of
young-of-the-year by o1der crabs was discounted as an important
variable  although they base this on the poor assumption that only
mature crabs, 2+ years old, prey on young-of-the-year!.

3. Predation on crab eggs by a species oi nemertean worm, Carcino.
nemertes errans, represents a signiiicaot source oi nmrtessty that
mrmgit 6e ~n:eel to cycles of abundance. In a series of papers,
Wi ckham �979a, b; 1980! documents predation by this worm on Dun-
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geness crab eggs, and resultant direct mortality as high as 55'L of
eggs borne by females off California. With mortality rates this
high and predator densities up to 100,000 worms per female crab,
Wi ckham suggests that C. errans may be the most significant
predator of Dungeness crab. The interaction of worms and crabs
would partially explain cycles of commercial landings and also the
long-term suppression of the San Francisco fishery  Wi ckham 1979b!.

4. Salmon predation on crab larvae has been observed for years.
Botsford et al.  manuscript submitted! studied cyli c covariation
between catches of king salmon and Dungeness crab but found them to
be of different phases, and therefore did not consider such preda-
tionn a plausible mechani sm to explain crab abundance.

Hypotheses for the Demise of the Satt Francisco Crab Fishery

Abiotic factors

1. Oceanographic conditions off central California changed in the
late 1950's and have persisted at least 20 years with a detrimental
effect on crab life cycles. Wild �980! showed an increase in mean
October-becoeber  period of t. ~araister egg brooding ond hotch!
ocean temperatures of f San F ranci sco from 13.2 to 14.1'C wi th
several years exceeding 15 C. 1n laboratory studies of rates of
egg development, time-to-hatch at elevated temperatures were 64
days at 16.7'C and 123 days at 9.4'C. However, there was a strong
negative correlation between temperature and hatching success. At
10 C an average of 685,000 eggs per experimental female hatched
while at 16.7'C an average of only 14,000 �X of former! developed
to hatching. Wild speculates that even a long-term increase of
only 1'C toward higher temperatures may severely reduce the repro-
ductivee success of Dungeness crab off the Centra 1 California coast.

2. Pesticides and other pollutants, and substantial alteration of
the estuary have long been consi dered likely stresses affecting the
San Francisco-based fishery. A study of pollutants done as one
aspect of a five-year California Fish and Game crab program  Orcutt
et ai. 1978! has given no evidence that pollutants are detrimenta1-
ly affecting crab  California Fish and Game 1981!. Researchers
have found, however. that from 50-80% of any year-class hatched off-
shore uses the San Francisco estuarine complex in thei r fi rst year
 Orcutt et al. 1978!. Extensive dredging and filling may have
dangerously diminished critical juvenile habitat in the estuary
causing reduced survival.

Biotic factors

1. Nemertean egg predators of Dungeness crab have been at much
higher popuiation levels in the San Francisco region than elsewhere
on the coast during the last 20 years. Wickham �979a, b! has esti-
mated annual egg mortality rates around San Francisco to be 45-63$.
He hypothesizes a direct predator-prey balance between worms and
crabs has suppressed crab to a low-point equilibrium that is re-
flected in the 20-year reduction in fishing stocks  Wickham 1979b!.
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2. Silver salmon Oncorh nchus kisutch! production by Columbia
River hatcheries has esca ate tremeeeousTy since the early l960's.
Salmon are major predators of Oungeness mega1opae  Orcutt et al.
1977!, and the return of megalopae from offshore to nearshore water
coincides with the arrival of the hatchery-reared fish off San
Francisco. Evidence of cause-and-effect impact is circumstantial
but this historic change in a predatory fish population might have
reduced crab recruitment off central California.

Population Yluetuations of Red Kin" Crab: Research Needs

Based on commercial fishery landings and NMFS groundfish sur-
veys, red king crab abundance appears to fluctuate on the same
order as Oungeness crab. Dr. Hayes has summarized such data and
suggested hypotheses that might explain relative abundance of king
crab as we11 as Tanner crab and shrimp. Red king crab, P. cam-
tschatica, is the most noteworthy of Alaskan crustacean fisher>es
s>nce the present demise of commercial stocks has been ruinous for
many fisherman. Thorough understanding of the general biology and
ecology of a'll life history stages is needed to better pinpoint
causal mechanisms of year-class strength, which might enable earli-
er forecasts of abundance than the 3-4 year pre-recruit gauge
currently provided by NMFS.

As suggested for Oungeness crab, year-class strength is pro-
bably determined by some combination of: 1! reproductive success
of the mature female population; 2! survivorship of larvae and; 3!
survivorship of young benthic juveniles for one to two years after
metamorphosis. A suite of biotic and abiotic factors act in opti-
mal or perturbational combinations on these three life history
'links to produce changes in abundance. Even the fishery itself may
exacerbate the effects of suboptima1 conditions influencing repro-
ductive effort and survi vorship of environmentally sensitive life
history stages.

This very short discussion will not allow thorough considera-
tion of the biotic and abi otic factors that might drive cycles of
abundance  e.g., spawner and larval-recruit relationships, thermal
limits and food requirements of larvae, currents and larval drift,
settlement areas, predators and refuge habitat!. Rather a 1ist of
informational gaps and research needs might direct thought to
future programs. While NNFS has provided the most thorough data
base for any LleS. convnercial crustacean in the case of red ki ng
Crab, there iS Still a great deal Of infOrmatiOn unknOwn far the
species. The following lists pertain to crab biology in the S.E.
Bering Sea.

Female stocks and reproductive biology

1. Examination of NMFS survey data to detect interannual change
in female abundance relative to areas of larval hatch and develop-
ment in the S ~ E. Bering Sea. Since larvae of red king are found
over a more restricted range than adult females  Armstrong et al.
1981!, a variable percentage of the females may be superfluous to
the annual reproductive effort because they spawn in areas un-
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suitable for larval and/or early juveni le survival. Otto et al.
�982! show a decrease from 150 million mature females in 1977 to
55 million in 1982. This decline might be more severe if based on
regional contrasts  e.g., nearshore vs. offshore of the 70 m iso-
bath, east vs ~ west of Port Moiler, north vs. south Bristol Bay!.

2. Reexamine spawner-recruit relationships developed by Reeves
and Marasco �980! in light of Item 1 and results of juvenile sur-
veys suggested under Juvenile Biology. This effort would enable a
better gauge of minimum numbers of spawners required for high re-
cruitment based on abundance in "optimal spawning habitat," and
estimates of progeny younger than the five year lag currrently
required of NMFS data  gear does not adequately catch juveniles
until five years after settlement; Reeves and Ma rasco 1980!.

3. Study interannual variation in peak egg hatch based on NMFS
"clutch" data. Annual shifts of 1.0 to 1.5 months might reflect
winter-spring temperatures and influence larval development time,
settlement, and first-year summer growth of 0+ juvenile crab.

4. Investigate timing of the oogenic cycle to partially determine
if adverse temperature would sometimes delay reproductive events
 e.g., molting and copulation. egg extrusion! with detrimental
effects on larval growth and survival.

5. Examine NMFS data to determine major annual shifts in the
percentage of the mature female population that are primi parous
 newly recruited year-class! or multiparous in regions suggested
under Item 1. Incorporate data on clutch size and relate both
factors to fecundity to derive potential larval hatch. Correlate
annual reproductive effort lagged to population abundance of
juveniles.

Larval biology and ecology

1. Better determine major areas of larval hatch along the North
Aleutian Shelf  NAS! and in Bristol Bay  Armstrong et al. 1981,
present preliminary data on this!, and gauge the magnitude of
interannual variation  e.g., larval density in 1983 is at least 10x
less than in 1982; Armstrong unpubliShed data!.

2. Conduct several consecutive years of larval surveys to compare
initial abundance at hatch and survivorship at metamorphosis to
later abundance of specific juvenile year-classes.

3. Incorporate physical oceanographic events  notably current
patterns and rates, and storm events! to examine the annual di rec-
tionn and extent of larval transport. Use information to gauge the
extent af settlement onto optimal "refuge" habitat  see Juvenile
biology!, as a prediction of 0+ survivorship,

4. Determine lower lethal thermal limits of zaeae and their
energetic-growth responses to very law temperatures as an indica-
tion of patential survival in years of below average cold  e.g.,
1976!.
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5. Study food preferences of larvae and also feeding rates as a
function of temperature and prey density to address requirements
for adequate growth and the possibility of starvation.

Juveni le bi ol ogy

Annual NMFS groundfish surveys do not catch juvenile red king
crabs until about five years of age  Reeve and Marasco 1980!, prob-
ably because of gear type and low effort in areas of initial settle-
ment from the plankton.

1. Determine areas along the NAS and in Bristol Bay where major
populations of young juveniles occur �+ through 4+ age-classes !.

2. Characterize the substrate and plant-animal assemblages asso-
ciated with juveniles to define "refuge" habitat. Estimate the
extent of such habitat in different regi ons of the S.E. Bering Sea.

3. Determine i nterannual differences in location of year-class
settlement and relate to annual distribution of female stocks,
areas of larval hatch, and predictions of larval transport as
previously noted.

4. Synthesize such data into a qualitative prediction of annual
0+ survivorship based on the extent of settlement into appropriate
refuge habitat. Incorporate information on the magnitude of poten-
tial prey populations  e.g., yellowfin and rock sole, Pacific cod!
as an indication of the importance of such habitat.
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Interannual Variability in the Abiotie
Enviromnent of the Bering Sea
And the Gulf of Alaska
James D. Sehnrnaeher and R.K. Reed
Parifie Marine Environmental l.aboratory

Introduction

Recent studies of relationships between ocean/climate variability
and that of fish stocks indicate that the key «biotic parameters
are turbulence  patchiness and stability!, transport, and temperature
 e.g., Bakun, Beyer, Pauly, Pope and Sharp, 1982; Sullivan, 1982!
and that variations in these features are most critical at early
life stages of marine organisms. The oceanographic parameters are
related to the atmosphere, a source of momenttss, heat, and moisture
Further, transport and turbulence influence nutrient concentrations
and primary production.

Some connections between the abiotic and biotic environments are
hypothesized for the Bering Sea and Gulf of Alaska. Nishiyama,
Hirano, and Haryu �982! used the term "nursery layer" for "that
portion of the water column in which physiological and ecological
conditions are advantageous for the survival and growth of pollock
at the early life stages in the eastern Bering Sea." The existence
of this layer depends on an influx of buoyancy and mixing. ice
melt is the early spring source of buoyancy, and momentum transferred
from the atmosphere provides mixing energy. Further, the presence
of ice depends on its generation by a loss of heat to the atmosphere
and then advection by wind. The stability resulting from these
processes is conducive to phytoplankton production and thus is
important for the success of other species  e.g., larvae of Tanner
crabs; Incze, 1983!. Other connections between physical and bio-
logical realms are less comp'lex. Along the northern coast of the
Alaska Peninsula survival of King crab early life stages may be
enhanced by remaining in the nearshore environment  Otto, personal
communication, 1983!. They are, however, subject to offshore
transport which would remove them from their nursery grounds and
increase mortality, Similarly, coastal divergence along the southern
shore of the Alaska Peninsula may remove larvae  especially pollock!
from the Kenai Current and transport them across the shelf where
they could be lost to recruitment into the fishery. Temperature
itself can affect biota, and HcLain and Favorite �976! have noted
the impact of anomalously cold winters on fisheries in the Bering



Sea. Similar relationships between abiotic and biotic components
of the environment are demonstrated elsewhere  for example, Parrish,
Nelson, and Bakun, 1981; Mysak, Hsieh, and Parsons, 1982; Murray,
Leduc, and Ingram, 1983!.

It is our intent here to describe some key features of the abiotic
environment which are relevant to the biota. Our presentation is
based on numerous studies of atmospheric conditions, circulation,
and water properties of the Bering Sea and Gulf of Alaska. Compre-
hensive reviews of the physical environment were recently completed
and provide more complete references to regional oceanography  Royer,
1983; Schumacher, Kinder, and Coachman, 1983!. After establishing
mean or typical conditions, we emphasize interannual signals which
may dictate year-to-year survival of organisms, We then suggest
further research and strategies which will enhance our understanding
of the abiotic environment and its relation to biota.

The Eastern Bering Sea

A major inf'luence on the general atmospheric circulation over the
Bering Sea is the region of low pressure, normally located in the
vicinity of the Aleutian Islands, and generally referred to as the
Aleutian Low. This feature is a manifestation of the passage of
storms, which dominate climatology of the Bering Sea  Brower,
Searby, Wise, Oiaz, and Prechtel, 1977; Overland, 1981!. During
winter there are typically two storm tracks, one paral'lel to the
Aleutian Islands and one curving northward along the Siberian
coast. However, there is always a decrease in the number of storms
with increasing latitude  Overland and Pease, 1982!. Because of
the juxtaposition of the Aleutian i ow and the Siberian High, mean
winter winds are from the northeast. Outbreaks of cold polar air
are a cossson winter phenomenon and often last for one to two weeks.
Mean winds are stronger in winter than during sussser and have an
interannual signal which affects both sea surface temperature
 McLain and Favorite, 1976! and ice extent  Niebauer, 1980, 1981,
1983; Overland and Pease, 1982!. During summer, storms tend to
migrate northward into the Bering Sea, and mean winds are from the
south. Because the meteorology is dominated by storms, vector-mean
winds tend to be weak Direct observations on St. Paul Island
indicate the strongest monthly mean wind was only ~3. 4m/sec from
the northeast  Brower, Searby, Wise, Diaz, and Prechtel, 1977!.
Further, since most shelf waters are farther than a Rossby radius
 -150 km! from the coast, they respond by following the rotating
winds. Thus, while winds affect mixing and ice transport and gen-
erate current pulses, they contribute little directly to generation
of mean current.

There is little or no information showing interannual variations in
forcing mechanisms  pressure gradient and tidal current rectifica-
tion, Schumacher and Kinder, 1983! for the mean coastal circulation.
Figure 1 presents a composite of circulation from previous studies
{Arsenev, 1967; Takenouti and Ohtani, 1974; Favorite, Dodimead, and
Nasu, 1976; Kinder and Schumacher, 1981; Ingraham, 198la; Salo,
Schumacher, and Coachman, 1983; Schumacher, Kinder, and Coachman,



1983!. Coastal waters from the Gulf of Alaska flow into the Bering
Sea through Unimak Pass and continue northeastward along the Alaska
Peninsula. This transport affects water properties, mass balance,
and nutrients  SchNsacher, Pearson, and Overland, 1982!. The
strongest baroclinic gradient is in the vicinity of the 50-m isobath
 or associated with the inner front!. The current flows counter-
clockwise around Bristo1 Bay and then northwest past Nunivak Island.
As tidal current magnitude decreases to the north  Pearson, Mofjeld,
and Tripp, 1981!, both the inner front and coastal current appear
to be focused near the 30-m isobath. Flow exits the system through
Shpanberg Strait and Bering Strait. Current speeds averaged over
periods greater than one month are statistical'ly significant and
vary from ~5 to 25cm/sec in Unimak Pass, ~1 to 6cm/sec along most
of the path, and ~5 to 10cm/sec in Shpanberg Strait; the higher
values are typically present in winter. Although we expect little
interannual variation in the mean along-isobath current, pulses of
offshore transport occur along the Alaska Peninsula  Schumacher and
Moen, 1983!.

Between the 50- to 100-m isobaths all data from the southeastern
sub-region show statistically insignificant  <1cm/sec! mean flow
and sluggish transport here is a year-to-year feature, Similar
conditions appear to obtain for the more sparsely studied region
between St. Lawrence Island and St. Matthew Island. In the vicinity
of the middle front  or the 100-m isobath! and over the outer
shelf, current speeds are statistically significant with alongshelf
means between 1 and 10cm/sec and cross-shelf means of 1 to 5cm/sec.
The former current appears to be continuous over the outer shelf,
flowing northwestward to the vicinity of Cape Navarin. Here, some
portion of the flow follows the 80-m isobath toward the northeast,
exiting the region through Anadyr Strait at mean speeds of 10 to
20cm/sec. Although forcing for the along-isobath flow is the same
as that for the coastal current and likely does not vary greatly
from year to year, the cross-shelf flow is related to other forcing
mechanisms  probably fluctuations in the Bering Slope Current! and
likely varies.

Changes in flow towards ihe northeast along the Aleutian Islands
were inferred by Kihara �982! and correlate with mean bottom water
temperature over the outer portion  z>100 m! of the shelf. This
suggests an interannual signal in Bering Slope current transport.
Off the southeastern shelf, the Bering Slope current is rich in
baroclinic structure and eddies and flows northwestward a1ong the
continental slope at 5 to 15cm/sec  Kinder, Schumacher, and Hansen,
1980!. It is not clear where the Bering S1ope Current originates,
although water mass analysis suggests the presence of Alaskan
Stream water. These waters likely entered the Bering Sea through
the deeper passes in the western Aleutian Islands, All evidence
suggests that slope transport is highly variable over time scales
of months to years.

While observations of interannual signa1s in circulation are not
definitive or do not exist, such signals clearly exist in water
properties, with those in temperature and ice extent being most
dramatic  Niebauer, 1980, 1983!. Typically, waters over the south-
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Figure l, A! Geographic names and prominent bathymetric contours,
and 8! schematic of long-term mean circulation based on direct
measurements, inferred barocli nic flow, water mass analysis and
madel results.
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eastern shel f can be classified by water column structure and
depth, with domains separated by fronts  Fig. 2!. During winter,
the middle she1f domain becomes uniformly mixed as a result of heat
flux and wind mixing; with melting ice present, however, two-layered
structure is rapidly reestablished  Kinder and Schumacher, 1981!.
Observations presented by Kitani and Kawasaki �978! and Salo, Pease,
and Li ndsay �980! suggest that the three hydrographic domains
present over the southeastern she'lf extend northward to the vicinity
of St. Lawrence Island. Shoreward of the 100-m isobath  away from
the influence of advection of slope water onto the shelf! heat con-
tent is dominated by net radiation and air/sea exchange rather than
advection  Reed, 1978!. Coachman and Charnell �979!, for example,
found a high correlation  -0.96, between mean lower-'layer temperatures
in June over the middle shelf and degree days of frost for the preced-
ing winters. Year-to-year, monthly mean ice extent has been shown to
vary by up to 500km  Walsh and Johnson, 1919; Overland and Pease,
1982!.

Analysis of ice extent, sea surface temperatures  SST!, degree days
�D!, surface and upper-air �00-mb! winds, and storm tracks has
1ead to a conceptual model in which upper-air pressure fields are
the primary mechanism causing interannual variations in the first
four parameters  McLain and Favorite, 1976; Niebauer, 1983!. For
example, in Fig. 3 the anomalous winds from the north over the
winter of 1975/1976 are correlated with extremes of ice cover, ~24C
below normal SST and ~400 OD above normal conditions. While the
linkage seems straightforward, note that from October 1980 to
February 1981 mean monthly winds from the north were stronger than
in 1975/76; however, DO's and SST were above normal, and ice cover
was far below  ~3OX! normal. The seeming paradox of strong winds
from the north not causing much cooling or ice pr'oduction in 1980-81
was explained by the nature of upper air patterns which resulted in
warmer air being pumped into the Siberian high  Niebauer, 1983!.
Overland and Pease �982! also conclude that upper-air pressure
patterns steer storms and were the primary factor in determining
year-to-year variations in ice cover. Rogers �981! suggests that
steering is determined primarily external to the Bering Sea  that
is, on a global sca1e!.

Studies also have related ice to biota  Alexander and Niebauer,
1981, Niebauer, Alexander, and Cooney, 1981, and Niebauer, 1982!.
Ice can affect nutrient concentrations and phytoplankton populations
in several ways: ice melt creates local stability and fronts, which
promote plankton booms, and under certain conditions nutrients are
upwelled at the ice edge. Alexander and Niebauer {1981} note that
the location of the marginal ice zone may be critical: when ice
cover is extensive, it approaches the shelf break in the proximity
of nutrient rich waters. If such waters are made available through
upwel ling, then the phytoplankton b loom can be of longer duration.
Cross-shelf transport of the Bering Slope waters could also provide
a mechanism for a richer nutrient supply near the ice edge even
without extreme ice cover.

Clearly, interannual variations exist in the abiotic environment,
and ther'e are suggested relationships to biota. There are, however,
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Figure 2. A! Approximate locations of hydrographic domains and fronts
over the southeastern Bering Sea shelf, and 8! a schematic interpre-
tation on the cross-shelf plane of energy balance, fresh and salt
water fluxes, and vertical structure. Note that the middle shelf do-
main becomes mixed either during periods of surface cooling  winter!
or during extreme storms  from Schumacher, Kinder and Coachman, 1983!.
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Figure 3, Departures from monthly mean % ice cover, sea surface
temperature  SST!, degree-days  DD!, and north-south component of
the surface wind  solid line with solid circles! from the eastern
Bering Sea. In the wind panel, open circles with solid lines are
seasonal mean winds plotted such that, for a given month, when wind
anomalies  solid dot! fal1 below the seasonal mean  open dot!, the
wind is actually from the north regardless of the sign of the
anomaly. Mhen the anomaly rises above, the wind is from the south,
Mind data have been smoothed by a 3-month running mean  from
Niebauer, 1983!.

many gaps in our knowledge of the abiotic environment. Among the
features of the Bering Sea which need further investigation are the
Bering Slope Current, the nature of "melt-back", and the frontal
systems. It is clear that the Bering Slope Current is a source for
heat, salt, momentum, and nutrient-rich water which bathes the
outer shelf. These properties are important to transport across
the outer shelf, the thermodynamic limit of ice, and biota. Yet,
very little is known about the current itself. Although ice melt
and biota are related, we do not have a definitive understanding of
the melt-back process nor of the longevity of the induced stability.
Enhanced vertical fluxes occur at the inner and middle fronts
 Coachman, Kinder, Schumacher, and Tripp, 1980!. Other studies
show that plankton communities are organized by the system of
fronts and domains   Iverson, Whitledge, and Goering, 1980; Goering
and Iverson, 1981! and that the distribution of feeding sea birds
around the Pribilof Islands correlates with the location of the
local inner front  Kinder, Hunt, Schneider, and Schumacher, 1983!.
The physics that generates such fluxes and the relation of cross-
shelf currents to the the midd'ie front are not known.
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The Gulf of Alaska

Meteorology in the Gulf of Alaska is dominated by strong cyclonic
systems. These include the Aleutian Low, a low over the Gulf, a
low aver central Alaska, and a stagnating low off the queen Char-
lotte Islands, where these four weather types occur more than 70%
of the time  Overland and Hiester, 1980!. Low-pressure systems can
be enhanced by cyclogenesis  Winston, 1955!. Adiabatic ascent of
moist marine air over the coasta1 mountains leads to extremely high
precipitation rates  some greater than Bm/yr! in the coastal drainage
areas and hence to a bar oclfnfc camponent fn the coastal circulation
 Royer, 1982!. The general nature of the cyclonic systems is such
that wind stress tends to augment the baroclinic component by con-
fining it against the shore  favoring downwelling! and by generating
a barotropic pressure gradient which induces flow in the same di-
rection, These conditions generally occur from the southeast coast
around the perimeter of the Gulf to Kodfak Island. Somewhere along
the Alaska Peninsula a transition occurs, and wind stress here
usually favors upwelling between April and December  Ingraham,
Bakun, and Favorite, 1976! and generates a barotropic pressure
field in opposition to the barocli nic field  Schumacher, Pearson,
and Overland, 1982!. Fram Brower, Searby, Wise, Diaz, and Prechtel
�977!, the maximum monthly mean alongshore wind fs ~3. 1, 3.2, and
-4. lm/sec off Sitka, Middleton Island, and Unimak Pass respectively
 where positive values imply coastal convergence or downwellfng!.
During summer, about 30K of the time the weather types are either a
high pressure over interior Alaska or a Pacific anticyclone  Overland
and Hiester, 1980!. These conditions tend to result in eastward
wind stress  relaxation of downwelling! and can weaken or reverse
the coastal current  Schumacher and Reed, 1980!.

Studies of coastal meteorology indicate that isobars are packed
against the coastal mountains with winds increasing significantly
nearshore. Katabatic winds and pressure gradient wfnds  associated
with glaciers and valleys respectively! also have a profound impact
on coasta1 winds  Reynolds, Mack'li n, and Hiester, 1981!. Most
oceanographic studies, however, use winds generated by surface
atmospheric pressure data  Bakun, l973!. When compared to actual
winds on Middleton Island, Bakun's winds were reasonably accurate
in displaying seasonal trends but missed high-frequency changes
 Royer, 1983!. In contrast to the Bering Sea winds in the Gulf of
Alaska are mare persistent in direction, for example  Schumacher
and Reed, 1980! show a three-month period of wind-stress favoring
coastal convergence , and data from most meteorological stations
are of limited use for oceanographic interpretations.

Unlike the sluggish coastal current in the Bering Sea, coastal flow
around the Gulf of Alaska  from southeast Alaska to Unimak Pass! is
often vigorous. Results from recent studies  Royer, Hansen, and
Pashinski, 1979; Rayer, 1979, 1981, 1982; Hayes and Schumacher,
1976; Hayes, 1979; Schumacher and Reed, 1980; Mysak, Muench, and
Schumacher, 1981; Nfebauer, Alexander, and Cooney, 1981; Reed and
Schumacher, 1981; Reed, Schumacher, and Wrfght, 1981; Schumacher,
Pearson, and Overland, 1982! are compiled as a general circulation
scheme in Fig. 4. The coastal current is distinguished by its law-
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salinity signal, a consequence of accumulation of runoff beginning
along the British Columbia coast. The strongest baroclinic gradients
are found west of Kayak Island along the Kenai Peninsula. The por-
tion of the Alaska Coastal Current from Kayak Island west to Unimak
Pass is known as the Kenai Current.

Mean speeds along the southeast coast are not well known, but
likely vary between 10 and 30cm/sec. Between Icy Bay and Kayak
Island observed mean currents speeds are somewhat stronger   10 to
60cm/sec!. Several authors note that the presence of Kayak Island
causes some portion of the Coastal Current to become incorporated
with the shoreward edge of the oceanic circulation. West of Kayak
Island, ci rcu'lation over the shelf is complex and is typified by
two quasi-permanent gyres  Feely, Baker, Schumacher, Massoth, and
Landing, 1979!. Along the Kenai Peninsula, flow in the Coastal
Current is best documented; mean speeds vary from 20 to over 100cm/sec,
the current is usually confined to within 25km of the coast, and
baroclinic structure is substantial over the upper 100m. Baroclinic
transport here can be greater than lxl0 m /sec during the one-month
duration fa'll maximum. The Kenai Current flows westward into
Shelikof Strait  primarily through Kennedy Entrance! and results in
mean speeds of 10 to 70cm/sec toward the southwest  Mysak, Muench,
and Schumacher, 1981!. Data from the western Gulf of Alaska shelf
indicate that some fraction of the Kenai Current flows along the
Peninsula and exits this shelf via Unimak Pass  Schumacher, Pearson,
and Overland, 1982!.

Forcing for the Alaska Coastal Current is primarily a combination
of cross-shelf pressure gradients resulting from freshwater addi-
tion and wind-induced sea level changes: along most of the Gulf of
Alaska coast, both mechanisms are additive in effect, yielding a
counterclockwise flow. The coastal current, particularly west of
Kayak Island, is not related to oceanic forcing. Off the southeast
coast, however, hydrographic data  Ingraham, 1979! and adjusted sea
level measurements  Reed and Schumacher, 1981! suggest that some
freshwater discharge is lost from the coastal current either by
wind effects or interactions with oceanic features. Along the
Alaska Peninsula winds tend to act in opposition to the Kenai
Current and induce upwel'ling. Throughout the Gulf of Alaska,
nutrient concentrations below the halocline  -200 to 300 m! are
quite high  Reid, 1965!. Enhanced concentrations of nitrate and
chlorophyll-a have been observed in Unimak Pass  Hattori and Goering,
1981! and may be a manifestation of upwelling along the Alaska
Peninsula and subsequent transport by the Kenai Current,

While both primary forcing mechanisms for the Coastal Current vary
annually, they also contain longer period variations. For example,
as shown in Fig. 5, anomalies of upwelling index and freshwater
discharge have an impact on transport, The strongest correlation
�.74! was between in-phase transport  station 1-2! and freshwater
discharge, while that for wind and transport  station 1-7! was
weaker �. 42!. As Royer �981! noted, however, the transport data
for the months December through March are very sparse. From an
analysis of fifty years of air temperature and precipitation data,
interannual variations in discharge were as large as a factor of
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Figure 4, A! Bathymetric features of the Gulf of Alaska and
B! schematic of 1ong-term mean circulation based on direct current
measurements, inferred baroclinic flow, and model results. Note
that the dashed arrows on the Coastal Current indicate regions
where baroclinic flow is less vigorous while those in the Gulf of
Alaska represent anomalous behavior in the Alaskan Stream.

two  Royer, 1982!. As the transport increased, observations indicate
that deeper waters are "drawn up" or entrained into the flow. This
is clearly shown in CTO time-series off Seward as an annual signal
 see Muench and Schumacher, 1980, their Fig. 4 after Royer, 1975!.
bthile the mechanism is not defined, it is likely that as transport
increases, more bottom waters are drawn across the shelf  or a1ong
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Amatuli Trough!. This could occur during either the peak baroclinic
flow  October! or the peak barotropic flow  December-March!.

Interactions between oceanic circulation and the shelf may be
important at times in some regions. Measurements along the shelf
break  ~200m! from Icy Bay to Unimak Pass show a counterclockwise
flow with a1ongshe1f mean speeds of 10 to 30csu'sec, with the higher
values generally occurring during winter  Lagerloef, Muench, and
Schmecher, 1981; Muench and SchImIacher, 1980; Hayes, 1979!. Over
the northeast Gulf shelf, Hayes �979! showed that the alongshore
flow was consistent with barotropic, quasi-geostrophic dynamics
 i e., wind-induced changes in sea level!; currents off the shelf
 ~250m!, however, were much more variable and indicated the influence
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Figure 5. Anomalies of a! upwelling index, b! freshwater discharge.
c! baroclinic transport between stations 1 and 2 af Seward section,
and d! baroclinic transport for the coastal  so1id! and offshore
 dashed! segments of the Seward section from 1973 to 1979  from
Royer, 1981!.
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of oceanic forcing. Lagerloef, Muench, and Schumacher �981! also
attributed the very low-frequency  <G. lcpd! fluctuations to oceanic-
scale, aperiodic features such as eddies or meanders. West of
Kayak Island, the current over the slope  or Alaska Current! can be
clearly identified by a low-salinity surface layer  Ingraham, 1979!,
by anomalously warm sea surface temperatures  Royer and Muench,
1977!, and sometimes by clouds of suspended particulate matter
concentrations  Feely, Baker, Schumacher, and Landing, 1979!.
Direct observations of currents seaward of Amatuli Trough indicate
that in addition to the along-isobath mean flow, high levels of
fluctuating or eddy kinetic energy exist, which suggests the in-
fluence of the Alaska Current  Hiebauer, Roberts, and Royer, 1981!.
Reed, Muench, and Schumacher �980! showed an eddy in the vicinity
of Stevenson Trough, and satellite-tracked drifters deployed in
this feature moved northward across the shelf into Shelikof Strait
at speeds of about 50cm/sec. These examples of ocean/shelf inter-
actions are a11 likely to vary from year to year.

Tabata �982! discussed the existence of intense baroclinic,
clockwise-rotating eddies offshore from Sitka. These features may
be evidence for an interannual signal in the source waters of the
Alaskan Stream. The Sitka eddy seems to be a feature which is
intermittent in time, but nearly always occurs near the same site.
Its volume transport is appreciable  -10xlGams/sec referred to
2000db!, but much of its baroclinic structure seems to result from
an entrainment of coastal water into the eddy. The overall effect
of such eddies on water properties over the mid- and Inner-shelf is
not known. Another mechanism which links shelf flow and properties
to oceanic features has been elucidated in the Kodiak bank-trough
region by Lager loef �983!. He showed that the relatively weak
 ~5cm/sec! southwesterly mean flow over the banks, which is likely
a result of forcing by the Alaskan Stream �0-100cm/sec!, conserves
potential vorticity by following isobaths. Even over the relatively
narrow  ~20km! troughs there is a shoreward flow on the upstream
side and seaward flow on the downstream side. This mechanism may
also be important for transport in other cross-shelf features such
as Amatuli Trough or the Yakutat Canyon.

We next consider variations of the Alaskan Stream. This deep,
intense offshore flow  see Fig. 4! is the poleward boundary of the
cyclonic subarctic gyre. As the slow, eastward-flowing West Mind
Drift approaches the Washington-British Columbia coast, the flow
diverges with the southern branch forming the California Current
and the northern one the source waters for the Alaskan Stream
 Dodimead, Hirano, and Favorite, 1963!. The stream source waters
carry a warm-water signature into the Gulf of Alaska, and they are
also diluted along their path. After leaving the head of the Gulf,
the flow narrows appreciably and through vorticity conservation
attains characteristics similar to western boundary currents. The
stream continues along the Aleutian islands and eventually enters
the western Bering Sea.

Along the Aleutian Islands, the Alaskan Stream is a narrow, high-
velocity flow with a total transport of perhaps 20xlOsms/sec, re-
ferred to a deep reference level such as 3000m  Reed, 1983!.
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Although time variations in flow here do occur, it is not clear
what form they take or what induces them. From the data in Favorite,
Dodimead, and casu �976!, Reed, Muench, and Schumacher �980!
concluded that the suggestion of a seasonal signal may be an artifact
from fai lure to adjust the transport with near-bottom i sopycnal
slopes in water depths less than 1500m. A possible cause of temporal
variation is quite localized changes in wind-stress curl near some
of the Aleutian Islands; wind data are not available on a scale
small enough to test this, however.

We have recently obtained data and performed analyses that show
large coherent changes in flow in the eastern part of the Alaskan
Stream and suggest a mechanism that may cause them. The variations
to be discussed appear to be largely interannual. Fig. 6 shows the
geopotential topography of the sea surface, referred to 1500db,
from the data obtained on cruises of the HOAA ship DISCOVERER in
winter 1980 and summer 'l981.

Along the Aleutians, flow was similar during the two periods,
although there was recirculation and inflow of western subarctic
water in winter 1980 that was absent in summer 1981. To the east,
however, the differences are striking, In winter 'l980, inflow had
all occurred on the east side of the Gulf to produce a very typical
flow structure  Dodimead, Favorite, and Hirano, 1963! with norma1
transports of 12x10ems/sec and peak speeds of 100cm/sec. In summer
1981, inflow on the east side of the Gulf was apparently disrupted;
only about half the normal transports and peak speeds were present
between 145 and l55 W. Also, between 155 and 165 W there was an
appreciable inflow across the southern stream boundary. The situa-
tion suggests a split in the subarctic gyre; part of the source
water flowed into the head of the Gulf, but the rest turned much
farther west than normal before joining the stream.

It seems unlikely that integrated Sverdrup transport induces time
changes in flow  Blaha and Reed, 1982!, at least without some very
long lag  Lighthi11, 1969!, but evidence is mounting that the ocean
responds rapidly to differential Ekman pumping in the form  Meyers,
1975!:

Mdiv m = curl E
h zpf

where A is horizontal Ekman transport, t is the wind stress, p is
density, and f is the Coriolis parameter. Time integration of the
vertical velocity W yields the isopycnal displacement, and the
horizontal difference in disp1acement is proportional to baroclinic
flow. After examining wind-stress maps prepared by A Hakun, it
appeared that the southern boundary of the stream near the Alaska
Peninsula  approximated by 52.5 H! was a region with large changes
that might be crucial to the inflow of stream source waters. The
concept adopted is that anomalously weak or negative local wind-
stress curl between the coast   134 W! and the center of the Gulf
 approximated by 146 W! may reduce the normal isopycnal slope  and
the flow! of source waters into the Gulf and that a strong westward
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increase in local curl along the south side of the stream may
enhance northward flow there. The results of computations of the
effects of differential Ekman pumping, by time integration of W for
three months prior to the cruises, for this zone is shown in
Table l.

Table 1. Estimates of the horizontal differences in isopycna'1
displacement integrated over the periods shown from
eq.�!, The estimates were made along 52.5 N for
two zones: �! 146 to 134 W; and �! 161 to 1464W.

Displacement  m!
�46-134 W!

Displacement  m!
�61-146 W!Period

Nov. 79 - Feb. 80

Hay � Aug. 81
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Prior to the winter cruise there was a relatively large isopycnal
displacement, which should enhance inflow, on the east side of the
Gulf, and the negative wind distribution to the west wou'1d further
tend to funnel flow into the Gulf. Before the summer 1981 cruise
though wind stress over the east side of the Gulf collapsed, and
the increase in curl to the west created a tendency to divert the
inflow westward as observed. The total difference in differential
displacement is 18m; although these are not absolute slopes, the
displacements are in the right sense to suggest that differential
Ekman pumping may induce significant changes to the flow into the
Gulf. In an effort to extend the time scales discussed and to
provide information that is easy to visualize, we show time-series
plots of the difference in wind-stress transports over the zones
146-134oW and 161-146 W for the five-year period 1978-1982 in
Fig. 7. Since the increase or decrease of local wind-stress curl
is usually approximately linear with longitude, presentation in
this form  as differences in integrated transport! allows one to
envision large positive differences as inducing northward geo-
strophic flow through differential Ekman pumping and vice versa.
There are five periods of two months or longer duration with clear
divergence of the two plots that might lead to a split inflow. The
periods of expected weak flow are early scheer 1978, fall 1978,
early susseer 1979, sumpter 1980, and susmer 1981. During 1978-79 a
few hydrocast sections were taken off Kodiak Island  Reed, quench,
and Schumacher, 1980!. The transport in early June 1978 was only
8.0x10sms/sec, in agreement with expectations, two values in October
1978 were 10 and llx10 ms/sec, and a normal transport of 12x10 m /sec
was present in February 1979. Values were not avai 1able during the
possible periods of weak transport in early suneer 1979 and smmer
1980, and the values for summer 1981 averaged about 7xlO m /sec.
The periods of reduced transport do appear to occur mainly in
susvser; they probably do not occur every summer though, and values



as low as those in sumser 1981 may be rare. These variations only
appear to occur in the eastern part of the stream and not along the
Aleutian Islands.

What are the easily discernible effects during these periods of
weak flow in a region such as off Kodiak Island? It is not easy to
derive volume transport from simple observations, but peak speeds
also appear to be reduced, as measured at our current moorings off
Kodiak Island  Reed, Schumacher, and Blaha, 1981, and data in
preparation! during the periods of low transport. Furthermore,
the subsurface waters were abnormally warm and dilute to depths asgreat as 1000m. At first this situation seems curious because the 5'

60'

5t

0

Figure 6. Geopotential topography �0, dyn m! of the sea surface,
referred to 1500db, 11 February - 3 March 1980  upper panel! and
25 August � 16 September 1981  lower panel!.
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Figure 7. Plots of the difference in integrated wind-stress trans-
port along 52.5 N between 146 and 134 W and between 161 and 146 W,
1978-1982  from Reed, 1983!.

stream is the source of the warsr, dilute water, and it was weak.
During the periods of weak flow though the cold, saline subarctic
water which normally adjoins the stream is displaced, and loss of
heat and gain of salt by lateral mixing between these water masses
is impeded. The duration of these periods of weak inflow is not
exactly known, but 3-4 months may be typical.

Future Fisheries Oceanography Cooperative Research

In order to elucidate relations between the abiotic and biotic en-
vironments and their interannual variations, we suggest the fol-
lowing plan. First, we believe that existing environmental data
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It is clear that interannual variations occur in the abiotic envi-
ronment of the Gulf of Alaska, with those in transport of both the
Alaskan Stream and the Coastal Current being marked. The Alaskan
Stream is a source of momentum, heat, salt, and nutrients. It is
not certain, however, how these properties are fluxed onto the
shelf nor what the nutrient concentrations are. We have provided
evidence for shelf/slope exchange due to eddies and flow up trough-
like features, but details of how often eddies occur and what
volume is exchanged are not known. While the troughs provide
access of deeper water to the vicinity of the coast, the mechanisms
by which these waters are incorporated into the coastal flow are
not known. Although our knowledge of the Alaska Coastal or Kenai
Current has grown in the past five years, there is little information
regarding this feature west of Shelikof Strait.



have not been exhaustively examined for interannual variations.
For example, Enfield and Allen �980! examined sea-level and SST
anomalies, with Yakutat as their northern-most station. Such
analyses could be extended to Dutch Harbor. Kruse and Parker
�9&3! have assembled a bibliography of fisheries-related oceanog-
raphy in the Gulf of Alaska; this could also be done for the Bering
Sea. While such bibliographies are useful, to make further advances
in our understanding, a comprehensive environmental data base
should be established. Ingraham �98lb! has assembled temperature
and salinity data from the eastern Bering Sea she'If. A similar
product for the Gulf of Alaska is not yet avai'lab'le, but an en-
vironmental data base is being assembled at PMEL for both regions.
Once the historical data are readily accessible, they can be analyzed
both separate from b1ot1c data using existing systems such as R202
 Pearson, 1981! and 1n conjunction with fishery data as proposed by
the PMEL/NWAFC Fishery Oceanography Cooperative User System  FOCUS!.
In this manner, we would enhance our knowledge of physica1 processes
and then examine linkages between abiotic and biotic components of
the ecosystem. With respect to the former goal, it is extremely
important to elucidate time-scales of events.. Much emphasis has
been placed on monthly means and anomalies, yet one extreme storm
can critically after stratification, water properties, and trans-
port, Averaged over a month, such an event might be obscured, but
its impact on biota could be devastating.

The co-analyses should lead to reasonable hypotheses; one cannot
test a hypothesi s, however, with the data used to establish it.
Further, very few historical studies were conducted with inter-
disciplinary analyses in mind; hence new results wi11 occur only in
a serendipitous manner, Thus the second stage should be integrated
field observations, such as those conducted by PROBES. Such work
must be cont1nued for an adequate period of time  order years!,
taki ng advantage of ongoing analysis and results to redirect field
studies. We also recommend that models that mirror observed processes
be developed in parallel with field studies so that various inter-
actions among parameters can be tested.

As the second stage evolves, we believe that it wi 11 become clear
what the primary physical factors are and thus how they could be
monitored. For example, if increased transport in the Kenai Cur-
rent results in more s1ope water being drawn across the shelf,
providing transport for heat, nutrients, salt, and larvae to the
coastal embayments, and if the correlation between transport and
changes of sea-level is strong, then continued monitori ng of t1dal
heights at Seward may enable one to predict recruitment of such
larvae as halibut. Admittedly this is a simplistic example, and it
may be more realistic to think that differences in adjusted sea
level  say between Seward and a tide station established on Middleton
Island! would be a better index. McLain and Parish �982! have
noted the importance of routine monitoring of coastal currents for
climate and fisheries, and they suggested the following measurement
programs: 1! observations of sea surface slopes between tide gages,
2! frequent sections of closely spaced NBT drops, and 3! measure-
ment of surface currents by automatic ship drift computations.
Other remote sensing techniques wi11 also be useful, particularly
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those which are not affected by cloud cover. In all aspects of this
scheme, a key requirement is that scientists from many disciplines
must work together to understand the complexities of our ecosystem.
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we also have evidence of some recent changes in the large sca'le
ocean circulation. Satellite tracked drifters released in
1976-77 along about 160 W north of 45'N tended to move northward
and become involved in the Alaskan Gyre. Drifters released
north of 45'N since 'l981 have described different trajectories.
Instead of entering the Alaskan Gyre they have entered the
California Current system. Even drifters released as far north
as 52 have followed this pattern.

The Sverdrup transport across the Gulf of Alaska had northward
anomalies in 1976-80 whereas in the 1950's and after 1981 the
anomalies have been zero or slightly southward. The cause-
effect relation between the wind system and ocean circulation,
is beyond our capabilities to determine presently. However, it
would be useful to assemb'le the sea level pressure and calculated
winds along wi th their anomalies since 1947 and to make these
available to fisheries oceanographers in order to determine if
any major shifts in the fisheries can be seen to coincide with
anomalies in the wind field. There is now an ongoing study to
evaluate how well these 3' x 3' pressure fields can be used to
determine local winds over the northern Gulf of Alaska.

The longest time series of hydrographic data in the Gulf of
Alaska, other than Ocean Station PAPA data, has been gathered at

135

Figure l. Annual mean air temp-
erature  top! for
southeast Alaska  SE!
and southcoast Alaska
 SC!, precipitation
 middle!, and fresh
water discharge
 bottom!.  From
Royer, 1982!

X

~Z
~ 0
3 I-
z~z I-

X

350
300
250
200
150
100
50
0



the mouth of Resurrection Bay near Seward, Alaska. This time
series began in December 1970 and continues at the present time.
Temperature and salinity versus profiles have been obtafned on
56 occasions during this series,  Fig. 2!, however, they are
irregularly spaced fn time. Anomalies in temperature and salinity
are determined by subtracting the monthly mean values,  Fig. 3!.
Hased on these data 1971, 1975 and 1982 were cold years with 1973
and 1976-77 being warm years. The 1976-77 period alsO displayed
negative salinity anomalies  freshening!. In the short term,
the abnormally cold water found in November 1982 has been replaced
by warm water in Aprf'I and June 1983. Nhether or not this is a
consequence of this year's El NiRo is purely speculative at this
time.

Most regions of the ocean which support fmportant fisheries are
also upwelling areas. However, in the Gulf of Alaska the dominate
feature of the wind driven circulation is downwellfng. This
downwelling is most pronounced in winter and virtually disappears
in sLInmer. It is passible that the high production in the Gulf
of Alaska in susvner fs a result of this diminished wind, allowfng
nutrient enriched water to move onto the shelf and mix upward,
especially in the coastal region. This high production fs caused
by the absence of wind and high light leve1s. Such a system is
qufte different from an active upwelling regfon.

Future studfes should include routine hydrographic sections
especially including the long time serfal station at Seward, wind
field calculations from pressure grids, coastal meteorology,
Lagrangian drifter studfes  which the Canadians are carryfng out
presently as their replacement for Ocean Station PAPA!, and an
investigation of the fmpact of hydro1ogy and glaciology on the
interannual variability in the Northeast Pacific.
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  otnmentary

Interannual Variability in the Abiotic
Environment of the Bering Sea
And the Gulf of Alaska
S. Tabata
Institute of Ocean Sciences,  :anada

Introduction

Schumacher and Reed have presented a good up-to-date review of the
physical oceanography of the Bering Sea and the Gulf of Alaska,
particularly the former. They have established the mean oceano-
graphfc conditions in the two regions and have briefly discussed
the fnterannual variability of the abiotic environment therein.

However, the paper deals very little with the interannual varia-
bility in the abiotic environment of the Gulf of Alaska. In a way
this is understandable as there fs only a limited number of ocean
time-series measurements of sufficient length that are available
for examining the interannual varfabf'lfty of the ocean conditions
therefn. Except for the relatively long series of sea surface
temperatures, salinities and densf tfes observed from coastal sta-
tions and sea level heights measuted from tide stations along the
coast, there is no comparable data available from the offshore
region that can be used to determine the fnterannual oceanic
changes properly.

The longest time-series measurements available from the open ocean
of the north eastern Pacfffc are the 3-hourly sea surface tempera-
tures from Station P �0o 00'N/145 00'W! for over 30 years
  1950- 1981!. Data based on twice-daily bathythermograph casts and
those based on twice-weekly hydrographic/salinity-temperature-depth
 STD! casts are available for the 29 years �952-1981! and 25 years
�956-1981!, respectively. Along Line P  sectfon between Statfon P
and southern coast of Brf tish Columbfa! bathythermograph observa-
tions have been made since 1952 �9 years!, and hydrographic/STD
observatfons, since 1959 �2 years! as well. Although these time-
serfes data are of only moderate length and there are gaps in the
series, they are of sufficient length to comment upon the inter-
annual ocean variabilfty that has occurred. For the remainder of
this paper a few examples of variability based on these data will
be presented.
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Sea Surface Temperature

A comparison of the anomalies of sea surface temperature of the
open-ocean waters of the eastern Pacific represented by Station P
data and those of the coastal waters represented Pine Is land
�0 58 'H/127 44 'W! data indicates that the interannual variability
of the temperature of the oceanic waters and that of the coastal
waters at about the same latitude is generally similar  Fig. 1!.
For example, the major positive anomalies �957-1958, 1962-1963 and
1979! and the negative anomaltes �950, 1955 and 1975! at the two
locations are correlated. However, significant differences do occur,
as in 1951, 1961 and 1972!,

Temperature at C>reater Depths at Station P

In the open ocean of the north eastern Pacific there is very little
or no annual variation in the water properties at depths greater
than 150 meters  Tabata, 1965!. Accordingly, any large changes at
depths greater than 150 meters represent interannual variability.
As is evident from Fig. 2 an appreciable change of temperature
does occur at depths and although the magnitude of changes at depth
of 1000 meters is small, in terms of the standard deviation of the
overall mean the changes are significant. The most conspi cuous
feature of the variability is the presence of the two pronounced
peaks in 1960 and 1974. These peaks and other lesser ones are
generally in phase throughout the entire water column, from 200 to
1000 decibars. Most of the troughs are also in phase; however, the
minimum temperature at 700 and 1000 decibars occurred in 1968
while that at the 200-400 decibars occurred earlier, during
1965-1966.

Large interannual changes are also represented in the salinity and
oxyty  concentration of dissolved oxygen! data from greater depths.
However, only the oxyty has pronounced peaks that are similar in
extent to those of the temperature. The two large temperature
peaks  Fig. 2! are associated with the two oxyty troughs and there-
fore suggests that during 1960 and 1974 waters of' coastal origin
intruded into the area,

Baroclinic Transport across Line P

The interannual variability of the circulation in the ocean prob-
ably has more relevance to the variability of the biota than that
of other oceanic processes. Changes in currents could bring in
undesirable cool or warm water, affect the availability of nutrients
for phytop1ankton growth, transport egg or larvae away from nursery
grounds, etc. Chelton et al �982!, for example, has shown that the
zooplankton abundance Wo~alifornia is primarily determined by the
iarge-scale variations in the flow of the California Current.

From the Line P oceanographic data it is possible to deduce, at
least, the long-term interannual variability of the baroclinic
transports. Those shown in Fig. 3a represent transports across
the entire Line �26o 40' - 145 00'W!; those shown in Fig. 3b. and
Fig. 3c are transports across the western and eastern half of the
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line, respectively  transports for the western and eastern half of
the Line are calculated independently; consequently the two do not
necessarily equal the transport for the entire Line!,

ft will be noted from Fig. 3a that along Line P there were four
major periods during which relatively strong northward flow
occurred  mid 1960-1961, 1963-mid 1965, 1968-1970 and 1977-1978!.
Only during the two periods  mid 1974-mid 1976 and late 1978-early
1980! were there any persistent weak transports, There was one
period lasting approximately seven years �969-1976! when the
transports gradually, though with some irregularity, decreased
with time.
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As Line P cuts across the path of the Alaska Current the variability
of transports across Line P can be considered to be that of this
Current.

In many respects the interannual variability of the transports
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across the western half of the Line  Ffg. 3b! is in phase wfth that
across Line P  Fig. 3a!, for example during the early sixties,
late sixties and mid seventies. However, differences are present.
During 1962 and 1979 while the northward transports along the
western half of the Line were strong they were weak for the entfre
Line. There is also a tendency for the transports along the
western side to be more persistent than along the entire Line. For
instance, stronger persistent northward flow occurred for 5 years
�960-1965! while weaker flow persisted for 5 years �971-1975!,
approximately five years later, An interesting feature of the
variability along this part of the Line is the decreasing trend of
the transports over approximately 7 years, during 1961-1968 and
1969-1980. Another point of interest fs the rapidfty in which the
flow can change within a short interval  e,g. 1960 and 1976!.

The transports across the eastern half of the Line  Fig. 3c!
are characterized by more irregular fluctuations than across the
western half  Fig. 3b!. This irregularity is probably due to the
greater variatfons of water properties that occur in the area of
the continental slope. There were on'ly two periods during which
persistent transport occurred, weak northward transport or south-
ward transport for 3 years during 1959-1962 and strong northward
transport for 3 years during 1970-!973. Though irregular, a trend
of increasing northward transport is evident during 1960-1964 and
1968-1972. This trend is opposite to that along the western side.

Comparison oF Transports of Alaska and California Current

A comparison of the variability of the Alaska Current  Line P
transports! and that of California Current estimated by Chelton
et al  !982! indfcates that there is no clear relationship between
the two, although during some period there appears to be some
correlation. During 1961-1965 the California Current was persist-
ently stronger; during the same period the Alaska Current was also
strong  Fig. 3a!. During 1966-1967 both Currents were weak. If it
can be assumed that the Subarctfc Current apportfons equal amount
of transports to each of the two Currents, then the above two
correlatfons are to be expected. However. if it does not divide
the amount equally, then an inverse relationship should hold. For
the periods 1959-!961, 1975 and 1977, an inverse relationship is
evident which would imply, in this case, that strong Alaska Current
fs associated with weak California Current.

Conclusion

A few of the fnterannual variabilities in the abiotic environment of
the Gulf of Alaska, based mainly on data from Station P and Line P
have been presented. lt is clear that the results show that
appreciable fnterannual variability of oceanographic properties and
water movements in the Gulf of Alaska occur. They also suggest
that there are low-frequency events with time scales of several
years. Such events are difficult to interpret from known geophys-
ical principles.
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IIIterannua1 Variation of Zooplankton
Standing Stock in the Open Gulf of Alaska
Bruce W, Frost
School of Oceanography, University of Washington

Introduction

This report inquires into the causes of interannual varia-
bility of zooplankton standing stock in the open waters of the
Gulf of Alaska. The analysis is based on biological samples and
other oceanographic data obtained from Canadian weatherships at
Ocean Station P �0'N 145 W! during the period June, 1956, to
December, 1980  see Fulton, 1983!. These data provide one of the
longest and most comprehensive time series of observations at an
oceanic local>ty. As noted by others  Wickett, 1967; Longhurst et
al ., 1972; Fulton, 1978!, there is substantial year-to-year vari a-
tion in the abundance of zooplankton at Station P. To the extent
that this variation is representative of events occurring over a
larger area  e.g., the entire open Gulf of Alaska!, there should
be some interest in its origin.

Material and Methods

The data of primary concern are net zoop'lankton standing
stocks tabulated recently by Fulton �983!. About 2500 zooplank-
ton samples were collected at Station P by standard methods, i.e.,
daytime vertical hauls, 150 m to the surface, using a net �51 um
mesh aperture! of 0.42 m mouth diameter �956-1966! or 0.57 m
mouth di ameter �967-1980!. Unfortunately, the filtering areas of
the two nets differed, contributing to an appreciable, but appar-
ently variable, difference in their catching efficiency, There
were other inherent biases in the sampling program  e.g., daytime
sampling only, which missed deep diel vertica'1 migrators and
species which avoid the net by visual cues! which could strongly
affect the pattern of seasonal vari ation but may not have
influenced the pattern of interannual variation. zooplankton
standing stock was measured as displacement volume, and Fulton
  1983! also reports abundances of major taxonomic groups. Some
idea ot spatial variability of zooplankton standing stock in the
Gulf of Alaska can be gained by consu'lting LeBrasseur �965!.

The data on zooplankton standing stocks at Station P were
treated in various ways to sustsarize the seasonal and interannual
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patterns. The number of samples per month ranged from 0 to 29. A
simple average standing stock was calculated for each month,
giving, after 1956, 8 to 12 monthly values for each year. The
24.5-year mean seasonal cycle of zooplankton standing stock was
obtained as twelve weighted average monthly means  N = 16 to 25
years!. Other manipulations ot the data are explained below.

Additional data on concentrations of chlorophyll a,
phytoplankton production rates, nutrients, temperature, and salinity
were obtained from technical reports or other documents.

Results

Seasonal variation

The analysis and interpretation of interannual variation of
zooplankton standing stock is best set in context by reviewing the
average seasonal cycle and the major determinants of the cycle.
Phytoplankton standing stock, measured as chlorophyll a, shows no
discernible seasonal cycle despite considerable seasonal variation
in phytopl ankton production rate   Fig, 1!. More recent observa-
tions are consistent with the data for the 7-year period
represented in Fig. 1.

Parsons and LeBrasseur   1968! noted that net phytoplankton
prOduction may be possible even before the formation of the
seasonal thermocline in late April or early May because the
shallow halocline restricts winter mixing to the upper 100 to
130 m. Thus spring phytoplankton production cou'ld vary from year
to year depending on interannual variation in insolation, which
would be affected chiefly by cloud cover. From May or June to
September the mixed layer depth is much less than the critical
depth  see Fig. 1 in Parsons and Le8rasseur, 1968! and nutrient
concentrations are continuously very high   Fig . 2A! . The lack of
change in phytoplankton standing stock in summer, despite
apparently favorable environmental conditions  light, nutients!
for phytoplankton growth, has led to the notion that phytoplankton
net production is continuously removed by planktonic grazers, thus
maintaining a steady standing stock of phytoplankton  for a brief
review see Frost et al., 1983!, The seasonal variation of
zooplankton standing stock   Fig . 28! is certainly consistent with
thiS interpretatian, at leaSt in a qualitatiVe SenSe. Shauld thiS
turn out to be the explanation of the seasonal cycle of
phytopl ankton standing stock, then local processes which could
cause interannual variation in zooplankton stock are those
affecting phytoplankton production rate. some likely candidates
for investigation are insolation, both seasonal and interannual
variation, time of formation of the seasonal thermocline, and
depth of the mixed layer, both its seasonal variation and
interannual variation. On the other hand, local processes which
enhance nutrient supply to surface waters may not be so important,
since concentrations of nutrients, at least those routinely
measured, never decline to very low levels in sumner.
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Figure I. Standing stock of phytoplankton, measured as chloro-
phyll a, and phytoplankton production rate at Station p. Both
are integrated over the upper 50 m. Sources of data are cited
in 1.rost et al.   1983! .

Interannua'1 variation

Figure 3 gives mean monthly values of zooplankton standing
stock for the 24.5-year period of observation at Station P.
Clearly there is considerable year-to-year variation of zooplank-
ton standing stock, and the variation may not be random. To look
for interannual trends in the data, annual average values of zoo-
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Figure 2. A, average concentration of nitrate  ug-at liter !
versus depth; monthly averages for the years 1965 to 1970  data
from Anderson et al., 1977!. B, seasonal cycle of net zoo-
planktonn standing stock at Station P. The curve connects
month'ly values averaged over the 24.5-yr set of observations
presented in Fig. 3.

plankton standing stock were calculated and from these the
proportional deviations of average annual values from the long
term �4-yr! mean were obtained  Fig. 4!. Consecutive years of
negative deviations occurred during 1961-65 and perhaps 1973-75,
while strings of years with positive deviations included the
periods 1958-60 and 1966-74  interrupted by the strong negative
deviation in 1969!. During 1976-79 the zooplankton standing
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Year

Figure 3. Seasonal and interannual variatio~ of net zooplankton
standing stock  displacement volume, mg m ! at Station P.
Curve connects the mean values for each month of the 24.5-yr
period of observation. Based on data reported by Fulton �983!,
N and S4 nets on'ly, N net data adjusted for lower catching
efficiency   S4 = 1.74H!. Missing data plotted by linear inter-
polation.

stocks wer e average, but in 1980 there was a strong negative
devi ation. Inspection of the pattern of deviations in Fig. 4
shows that there is no obvious cyclical trend in the data, nor can
the sequence of positive and negative deviations be distinguished
from a random sequence  runs test, P ! 0.05; Sokal and Rohlf,
1969!. Nevertheless, it is still of interest to determine if the
interannual variation in zooplankton standing stock is caused by
randomly varying characteristics or processes in the environment
of the zooplankton.

Interpretation of interannual variation of zooplankton standing
stock

Parslow   1981! evaluated the evidence for year-to-year varia-
tion in phytoplanton standing stock and production rate at
Station P. Of the five years during which one or pre anomalously
high concentrations of chlorophyll a   1 to 4 mg m ! were observed
at the surface, only one �975! corresponded with a year of anoma-
lously high zooplankton standing stock. Thus, small, short-lived
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surface blooms of phytopl ankton apparently are not the cause of
high concentrations of zooplankton observed in some years.

For reasons given by Parslow �981!, there is not a long time
series of reliable data for phytoplankton production rate at
Station P. In lieu of data, we use a time series of simulated
phytopl ankton production rate obtained by Parslow �981! with a
model incorporating the effects of light, mixed layer depth, and
temperature on phytoplankton growth. Phytopl ankton standing stock
was maintained constant at the !ong term observed mean concentra-
tion of 0.4 mg chlorophyll a m . However, since observed values
of environmental variables were used in the model, any interannual
variation  e.g., temperature; Bryan and Ripa, 1978! was repre-
sented. The simulated annual primary production r~te varied
within the very narrow range of 17.9 to 21.6 gC m for the years
1964 to 1976. There was no correlation  r = -0.09, 0.90 > P >
0 .70! between average annual zooplankton standing stock   Fig . 4,
upper panel! and Parslow's   1981! estimates of annual net primary
production for those years  Fig. 5!. Thus, assuming that
Parslow's   1981! model gives reasonable estimates of annual phyto-
pl ankton production at Station P, the interannual vari ation of
zooplankton standing stock does not appear to be driven by inter-
annual variation of phytopl ankton production .

Perhaps a more meaningful indicator of the processes re-
sponsible for year-to-year variation in zooplankton standing stock
is ZOOpl anktan grOwth r ate . FOr example, ParsOnS and LeBraSSeur
  1968! found an inverse relationship between a measure of zoo-
planktonn growth rate and depth of the mixed layer in April at
Station P. The implication of this relationship is that a shal-
lower mixed layer in April permits higher phytoplankton growth,
which in turn supports higher zooplankton growth, Considerable
year-to-year variation in I ate winter-spring phytopl ankton produc-
tion was evident in the simul ations done by Parslow �981, his
Fig. 33!. This must have been caused by interannual variations in
the time of formation and depth of the seasonal thermocline.
Unfortunately, tabulated data on depth of the mixed layer are not
available. To explore the possible relationship between phyto-
pl ankton growth rate and zooplankton growth rate in spring,
zooplankton growth rate  GR! was calculated

GR =
Z - Z

where Zlia and ZMa are the average values of zooplankton standing
stock for May and Ilarch. Calculations for the years 1964 to 1976
were made, then ranked. A ranking of late winter-spring phyto-
pl ankton production rate for the same years was obtained by
inspection of an enlargement of Parslow's �981! Fig. 33. The
paired rankings are given in Table 1 below. Clearly there is no
relationship between growth rate of phytoplankton and zooplankton
acrording to these data  Spearman's rank-difference correlation
coefficient, rs = 0.044!.
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Figure 4. Time series of mean annual moplankton standing stock
 above! and deviation from the 24-yr mean  below!. Deviation
was calculated as the departure of the annua'1 average value
from the long term �4-yr! mean, expressed as a fraction of
the long term mean.
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Table 1. Interannual variation in phytopl ankton production rate
 P! in late winter-spring and zooplankton growth rate  G!
during March to May at Station P. Data for phytoplankton
are ranks based on Fig. 33 in Parslow �981!; zooplankton
data are ranks of calculated growth rates derived from the
data illustrated in Fig. 3.

Year

1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976

Mickett �967! observed a positive corrrelation between zoo-
plankton standing stock at Station P and surface salinity, both
aver aged over February to August, for the years 1957 to 1964.
Mith ll additional years of data the correlation coefficient is
smaller . but still significant  r 0.48, 0.05 > P > 0.02;
Fig. 6!. Hickett { 1967; 1973! suggested that surface salinity is
indicative of intensity of vertical mixing, with higher salinity
corresponding to more intense vertical mixing In yea~s with high
average surface salinity, therefore, vertical mixing is unusually
intense and the supply of nutrients to the surface layer is
enhanced. According to Mickett �973, p. 1!, "The addition of
nutrients leads to the growth of zooplankton populations around
the   eastern subarcti c] gyre ...." It seems unlikely that enhanced
vertical flux of nutrients will have a significant effect on a
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Figure 5. Scattergram of
annual net phyto-
plankton ~roduction
 P, gC m ! and
average zooplankton
standing stock  Z,
mg m ~! for the years
1964 to 1976 at
Station P. Phyto-
plankton data from
Parslow �981!; zoo-
plankton data from
Fig. 4.
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Figure 6. Scattergram of 300
zooplankton standing stock
 Z mg m >! and surface
salinity  S, '/ ,!, both
averaged over February to
August, for the years 1957 200
to 1975 at Station P.
Zooplankton data der1ved
from those illustrated in
Fig, 3; salinity data from
Wickett �967!, Favorite
et al. �976!, and several
technical reports from
Institute of Ocean
Sc1ences, Victoria, B.G. 0

32.5 32.6 32. 7 32.8
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phytoplankton assemblage whose growth is apparently never nutrient
limited  Fig. 2A!, unless that limiting nutrient is something not
routinely measured such as some micronutrient  Parslow, 1981!.
For the years 1966 to j.975 there is indeed a strong correlation
between average surface salinity and average nitrate in the upper
20 m  Parslow, 1981, Fig. 30a!. However in the absence of a
r el at1onship between phytoplankton production rate and zooplankton
standing stock   Fig. 5!, the specific effect of enhanced vert1cal
mixing rema1ns obscure.

Wickett �967! also noted correlations between zooplankton
standing stock at Station P and zonal and meridional components of
Ekman transport in the eastern subarct1c Pacific . W1ckett implied
that zooplankton was affected indirectly by advection of nutr1ents
to Station P. As noted above, however, the effect of nutrient
additions to the surface layer is not clear. Noreover, recent
calculations of zonal transport  Tabata 1976! indicate a
substantially different circulation pattern than that depicted by
Wickett �967!.

A possible effect of advection on zooplankton standing stock
is the northward encroachment of transition water at Stat1on P.
The appearance of transition water is detected by characteristic
species  Fulton, 1978! and is usually accompanied by low standing
stocks of zooplankton. However, the occurrences of transition
species, suxnlarized in Fulton   1983!, are as frequent in years of
positive devi ation of zooplankton standing stock as in years of
negative devi ation.

In conclusion, the interannual variation of zooplankton
standing stock at Station P remains unexplained. An expected
effect of year-to-year variation 1n phytoplankton production rate
cannot be detected on seasonal or annual time scales. Def1ciency
in the method for modeling phytoplankton production rate cannot be
ruled out, however. The correl ation between zooplankton standing
stock and surface salinity, first noted by Wickett �967!, has no
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obvious interpretation, although it could be indicative of inter-
annual variation in the supply of a micronutrient essential for
phytoplankton growth. Throughout the analysis the zooplankton
data set was taken at face value, but other interpretations of
Figs. 3 and 4 are possible. The apparent interannual variation
may have no ecological significance, for the maximum annual mean
zooplankton standing stock �87.4 mg m in 1958! is only 3.46
times the minimum annual mean �4.2 in 1969!. Alternatively, the
variations in zooplankton standing stock may be significant but
reflect as yet undacumented changes in species composition which
have little effect on the dynamics of planktonic primary and
secondary production. A more extensive study of these alterna-
tives, involving bath data analysis and modeling techniques, is in
progress.

Interannual Variation in Other Oceanic
Regions of the North Varifie Ocean

Elsewhere in the North Pacific Ocean interannual variation of
ZOOplanktan Standing Stock has been documented in the Califarnia
Current �950 to 1980; Chelton et al., 1982! and over the deep
basin in the Bering Sea �956 to 1968; Motoda and Minoda, 1974!.
The latter region harbors a zooplankton fauna virtually identical
to that at Station P. Nevertheless, the interannual variation
appears much reduced  possibly due ta more restricted seasonal
coverage! and of considerably higher frequency. In the California
Current interannual variation in zooplankton standing stock has
occurred almost exactly out of phase to that at Station P.
Anomal ously high zooplankton standing stock in the California
Current ts correlated with 1Ow salinity   10 m depth! in COntraSt
to the pattern at Station P. According to Chelton et al.   1982!
the variation in zooplankton stock in the California Current may
reflect enhanced biological production due to horizontal and
vertical advection of nutrients.

The general conclusion from comparison of interannual varia-
tions in zooplankton standing stock in various regions of the open
North Pacific is that there is not strong coherence between the
data sets. Therefore it is unlikely that causal mechanisms will
be found which are common to all regions.
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Figure 1. Proportional contributions of various categories to
total dry weight to net plankton in the upper 100 m at Ocean
Station P. Samples were sorted, rinsed, dried at 60'C and weighed.

in the oceanic population than had been previously observed in the
coastal fjords of British Columbia  Fulton, 1973!. Schematic
representations of the oceanic life cycles of both species are
presented in Figure 2. Some details of the data set, and analyses
were presented at the workshop. The entire story is told in a
forthcoming paper, Miller et al.  in review!. The complexities of
the life hi stories suggest that while interannual variability may
well derive from interannual variations in the habitat. some of the
obvious autocorrelati on in the year-by-year series may derive from
the internal dynamics of the Neocalanus populations. For example,
the size of the stocks in diapause from early sullylier on could
affect the potential scale of recruitment in the year following. or
large stocks mi ght well be temporarily self-sustaining through
cannibalism.
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three of these broad, high latitude shelf systems may be about the
same.

During the last five years the National Science Foundation sponsor-
ed PROBES  Processes and Resources of the Bering Sea Shelf! project
has collected oceanographic data in the southeast Bering Sea.
These data document the development of intense diatom-dominated
spring blooms on this subarctic shelf  Iverson et a7 , 1979!.
These authors report observations supporting the hypothesis that
major food webs leading to large stocks of pelagic and benthic
fauna on the eastern Bering Sea shelf are separated in space by
their relationships to a complex physical system of oceanic/shelf
fronts separated by interfront regions. Further information an the
physical oceanography and general rsetearology of this shelf area are
given by Schumacher and Reed in this volume.

Grazing studies suggest that copepod feeding activities have a sig-
nificantly greater impact on outer shelf and oceanic areas than on
the rniddle shelf of the Bering Sea  Dagg et a7,, 1982!. Shoreward
of the middle front, a food web is observed in which less of the
spring bloom production is consumed by the pelagic fauna and rsuch of
this production reaches the bottots intact where it supports a high
benthi.c biomass. In the rsiddle shelf domain the phytoplanktan com-
munity is geographically isolated from the large and effective gra-
zers of the outer shelf region  Cooney and Coyle, 1982!. Due to its
small horizontal advectian and its reduced grazing stress, the mid-
dle shelf domain is an ideal site to examine the relationship be-
tween physical properties of the environment  e.g. vertical mixing!
and phytoplankton bloom development,

Results and 1!iscussion

The interaction of wind mixin and h to lanktan roductivit
A mechanism for interannual variation. Interannual variability in
phytoplankton production has been documented in coastal areas where
high productivity depends on specific physical phenarsena such as
the upwelling of nutrient rich sub-surface water  Cowles et al.,
1977, Peterson and Miller, 1975!, Meteorological influences are
usually important in such low frequency biological variability. In
the very productive Peru coastal area, for exarsple, phytaplanktan
productivity decreases sharply during periods of warm equatorial
water intrusion, and can irspact the anchoveta fishery  Gushing,
1981!. The intense El Nino currents are associated with large scale
 hersispheric! meteorological changes  Wyrtki, 1975!. On the broad,
high latitude southeast Bering Sea shelf, such coastal upwelling is
not the dominant factor supplying surface nutrients for plant growth.
Instead, nutrients move horizontally onto shallower shelf areas as a
diffusive flux fram offshore Bering Sea-Slope water and are then de-
pendent on vertical mixing due ta local wind activity ta reach sur-
face waters  Coachman and Walsh, 1982!.

Much of the progress made in analyzing the physical/biological rela-
tionships in the southeast Bering Sea are based on data frors Station
12  depth 77 rs! located ca. 25 km inshore from the middle front on
the main PROBES line. This station was occupied frequently during
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the 1979, 80 and 81 R/V T. 0', T!rorrrpson field seasons �7 April
13 June 1979; cruise 138; 25 March � 2 June 1980; cruise 149; and
14 April � 17 July 1981; cruise 1 59! . Extensive time series of
physical, biological and chemical measurements have been compiled
at this station, some of which are shown in Figures 1, 2 and 3, and
these data form the basis of aur interpretation of the interaction
between water column stability and the spring bloom production
cycle.

Mean storm tracks historically pass over the middle shelf domain of
the southeastern Bering Sea from February through April  Brower
et al., 1977!. In an average year, about 14 storms pass over the
tegian during this period with 25-36! of the associated winds great-
er than 22 knots  Figures 1-3a!. Since winter and early spring
water column temperatures and salinities are ver'tically homogeneous
the water column lacks vertical stratification and can be easily
mixed. This winter end � pre � bloom period is characterized by the
deep wind mixed layers, low and vertically homogeneous Chl a dis-
tributions and high NOg concentrations of April  Figures 1-3b and
c!.

Sambrotto et a7..  in prep! show that wind induced mixing controls
nat only the nutrients available for phytoplanktan growth in this
shelf sea but also strongly influences water column light condi-
tions. Turbulence in the wind mixed layer, therefore, is very im-
portant for bath the timing and intensity of phytoplankton growth
on this and presumably other shelves. The temporal development of
the spring diatom bloom in the lightly grazed, low flow regime of
the middle shelf area for three consecutive ice free years was
analyzed by Sambrotto et' al.. and divided into a winter-end pre-
bloom, light limited phase and a post-blaom nutrient-limited phase
separated by peak-bloom conditions which exhibit the greatest stand-
ing crop and productivity during the year. Net phytoplankton
growth on the raiddle shelf begins during March, when the critical
depth  Zc! as defined by Sverdrup �953! first exceeds the mixed
layer depth  MLZ!. In ice free years at Station 12 �7 m! this
first occurs in the latter part of March when the daily incoming
PAR first exceeds about 7,0 Einsteins m day

Among the variables comprising the ratio MLZ:Zc  the light index!,
mixed layer depth shoaling was found to be most important in improv-
ing light conditions. The timing of the spring phytoplankton bloora
maximum therefore closely follows a hiatus in wind mixing events
associated with low pressure systems moving through the area, and
peak spring phytoplankton bloom conditions during 1979, 1980 and
1981 occurred consistently during late April-early May in the mid-
dle shelf domain  Figures 1-3a and b; 7 May 1979, 2 May and 16 May
1980, and 8 May 1981!. After the exhaustion of surface nitrate
 Figures 1-3c! and the concomitant species changes, however, the
critical depth concept is of less use in interpreting physical-
biological interactions.

The most sensitive indicator of changing growth conditions through-
out the bloom development was found to be NO3 uptake since nitrogen
is generally in shortest supply relative to its utilization in the
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marine environment  Ryther and Dunston, 1971!. The most oxidized
form of combined inorganic nitrogen  nitrate! is available only froPJ
deeper waters in stratified water columns, and after the exhaustion
of mixed layer nitrate, water column productivity enters a nutrient-
lirgited phase in which further euphotic zone production is dependent
on the vertical diffusive supply of nutrients  l}ugdale and Coering,
1967!.

Although measurements of carbon productivity are more cogxaonly used
in the study of marine trophodynamics, nitrogen productivity is a
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useful parameter in several respects. As Dugdale and Goering �967!
point out nitrate uptake can be thoughc of as new productivity and
is an indication of the plant production available for export or
consumption under steady state conditions. Recent microbiological
studies indicate that most of the nitrogen in marine microorganisms
is in protein  Cuhel st al., 1981!. Also' in phytoplankton protein
production is conserved under a variety of growth conditions  Mor-
ris et a7,, 1979!. The present measurements of nitrogen utilization
by spring bloom phytoplankton then can be regarded as indicative of
"primary protein production". It may therefore be a more conserva-
tive and reliable indicator of food availability than carbon pro-
ductivity due co the more ubiquitous role of carbon in cellular
chemistry. High nitrate uptake rates are associated with high car-
bon productivity  Eppiey and Peterson, 1979! and this equivalence
facilitates the transition between the two.

Finally and most important here, since the supply of nitrate to the
surface water is mediated by the mixing in this layer, nitrate up-
take is a sensitive indicator of the physical changes effecting,
phytoplankton growth during the spring bloom. The highest nitrate
productivity associated with the bloom occurs during the transition
between che light and nutrient limited phases and coincides with
the periods of highest biomass recorded in the surface waters  Fig-
ures 1-3b!. A vertical advection-diffusion model based on such
nitrate uptake measurements indicated that a combined advective and
eddy diffusive mixing rate of 2.0 m day was optimum for peak
Bering Sea bloom conditions and high diatom growth rates. Greater
mixing than this was associated with the pre-bloom, light limited
conditions of April. Lower mixing rates allowed the establishment
of a strong pycnocline and restricted the nitrate supply to the
mixed layer in late Nay.

Steele �962! observed that optimal primary production results from
a very specific combination of hydrographic conditions. Some bal-
ance between the stability necessary for favorable light conditions,
and that necessary to allow for a supply of nutrients for growth,
must be present for maximum productivity, a point developed from
critical depth considerations by Yentsch, �981!. The concept of
an "optimum light and nutri.ent diffusion rate" for spring bloom dia-
tom growth was identified at least as long ago as Riley, Stammel,
and Bumpus, �949! and the 2.0 m day mixing rate apparently de-
fines these conditions for HOs uptake on the basis of upper water
column stability during the Bering Sea spring bloom development.

This mixing rate estimate facilitates the analysis of the variabil-
ity in production associated with interannual differences in mixing
conditions, since during the post bloom phase, continued new pro-
ductivit~ depends on wind mixing to sustain the optimum 2.0
m . day upper water mixing rate. Historically, by May storm
tracks move out of the eastern Bering Sea and the mean wind speeds
drop to 13-14 knots, although the region is sti11 sporadically im-
pacted by storms  Brower st a7,, 1977!. The sensitivity of post
bloom phytoplankton growth to wind mixing is apparent in the ob-
served biological response to May storms.
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The advective supply of NOn to the nutrient-depleted mixed layer can
be restored by storm events which deepen t: he pycnocline to the depth
of the NOn nutricline and its associated settled pioneer diatoms.
Such an entrainment of nutrients and plant cells into the upper wa-
ter after the initial bloom had settled was observed during a 24
hour station occupation on 16-17 May 1979  Figure lb!. The measured
decreases in NOn and NHr, content of the upper 25 m correspond to the

N measured rates of uptake of these nitrogen species  ANOn
38. 3 rng-atoms m day , p NOn 36.4 rng-at m day , AN+ 27.9
mg-at m day , C NHr, 44.3 rng-at rn day !, and the total N
measured transport rates approach the observed 24 hour change in
particulate nitrogen  90.0 mg-at m !. During this period the� 2

mixed layer deepened from 21 to 23 m under the influence of 25-30
knot winds  Figure la!.

In May of 1980 a storm occurred which a1.so functioned to prolong
and increase productivity although the sequence of events was sig-
nificantly different than that of the May 1979 storm. Winds of 6-10
May of approximately 30 knots destroyed the tenuous stability
present and the mixed layer deepened to almost 50 rn, which was
several times deeper than the 0.1Z euphotic zone. By 13 May, the
low pressure system had stagnated and began to dissipate with winds
reaching 5-10 knots on 14-16 May  Figure 2a!. The mixed layer depth
again shoaled to approximately 10 m marking the return of favorable
water column light conditions in the presence of increased NOn re-
cently brought into the mixed layer by the storm, The main spring
phytoplankton bloom of 1980 then commenced with chlorophyll concen-
trations of >25 mg rn found at 10-15 rn on 15-17 May  Figure 2b!.
During 1980, this early May storm apparently "reset" the hydrograph-
ic conditions on the middle shelf to pre-bloom conditions  e .g.
high nutrients, poor light, low NOn uptake and growth! which were
followed by bloom conditions when the upper water column again
stabilized.

In late May, 1981 a storm which deepened the mixed layer arrived in
the area on the 19th  Figure 3a!. The mixing increased mixed layer
NOn concentrations to >4 rng-at rn  Figure 3c!, and an increase in
standing crop followed  Figure 3b! but was not as innnediate as
during the 1979 storm, nor was it as intense as during the 1980
storm. Importantly, however, in all these cases it is apparent
that wind mixing in these post bloom water columns stimulates ni-
trate uptake by increasing upper water column mixing rates.
Since these short time scale � � 5 day! storm events are capable of
dramatically influencing the production cycle their occurrence
during the spring bloom period is an important factor in regulating
annual phytoplankton production.

Interannual variabilit of h to lankton on the middle shelf. Post-
stratification wind mixing events have been shown to be an important
factor in the yearly production cycle of both embayments  Iverson
et crl , 1974! and other shelf areas  Walsh et al , 1978!. In the
New York bight, for example, wind mixing was estimated to account
for a third of the yearly production. In the Bering Sea middle
shelf the contribution of wind mixing events to the yearly produc-
tion cycle is similarly high and the variability of these post-



bloom storm events is largely responsible for the interannual dif-
ferences In NOi uptake observed during the spring bloom  Table 1!.
The excellent correspondence between the N and mass balance15

methods of estimating NOq uptake supports the hypothesis that the
differences in NOq uptake among years is real and beyond the "noise
level" of these measurements.

Station 12 comparison of estimates of phytoplankton
nitrate uptake by the N method in the 0.1% euphotic
zone and the net change in integrated nitrate content
of the water column for three years. Estimates based
on period from 25 April to 2 June, In no case was
rhe difference between the two estimates more than 11X.

Table 1.

m -ac m

2~77
NO3

Z=O

f Z 0.1% 2 June
pl ~NO q

Z=100y- 25 A ril

8309201979

7106701980

1981 484 500

The contribution of wind mixing to yearly NOz uptake varied from
negligible importance in 1981  >IOX! to a very significant portion
in 1979  ~50%!. On this basis, the low 803 utilization observed in
the middle shelf domain in 1981 relative to 1979 and 1980 resulted
from a lack of post-bloom wind mixing, which restricted optimum
mixi.ng conditions and high NOq uptake to the short time period im-
mediately surrounding the initial 1981 bloom.
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The measurements of NOp uptake at Station 12  Table 1! suggest an
average 1979, 1980 and 1981 uptake of ~700 mg � at NOq m over a 38
day spring bloom period, In each year, the initial bloom was large-
ly deterministic, in that upon the inirial atrainment of suitable
upper ~ster coIumn stability, and a favorable MLZ.Zc ratio, a strong
response in growth was always observed. On average this initial
high growth period, which lead to the exhaustion of NOq from the
mixed layer, accounted for <320 mg-at m of NOT uptake. NOq uptake
before water column stabilization accounts for 30-60 mg-at NOz m
while post bloom di.ffusive flux can account for an Cdditional 50-70
mg-at NO3 m . The enhancement of new production by wind mixing,
therefore, is oa average responsible for the remaining ~260 mg-at
m of NO~ uptake, about 37% of the yearly spring bloom total. It
was the variation in this category which contributed most of the
observed interacnual variability in nitrate uptake.



Inspection of the yearly weather patterns, including the position af
the May-June storm tracks and maximum 700 mb flaw, suggests that the
mean position of the maximum upper sir winds  which tend to guide
or "steer" the surface lowe! is approximately parallel to 40' north
latitude, some 1500 km south of the eastern Bering Sea shelf. In
May-June of 1981, the observed maximum upper air wind coincided with
the mean 40' latitude position, keeping the lows out of the Bering
Sea. This resulted in the calm ocean conditions and lack of mixing
observed during 1981. In June 1979 the observed maximum upper air
flow was approximately 1000 km farther north than the mean, driving
some storms over the southeast Bering Sea. In June 1980, one branch
of maximum upper air flow was directly over the shelf resulting in
above normal storminess and in both 1979 and 1980 frequent storms
continued throughout May  compare Figures 1, 2 and 3a!. By their
influence on the frequency af post bloom wind mixing, these large
scale climatological factors may play an imporcanc role in bringing
about the interannual variability observed in the southeast Bering
Sea production cycle.

The two layered density structure of the middle shelf which develops
in spring is dependent primarily on changes in upper water tempera-
ture. These temperatures vary seasonally from below O'C in winter
to 10'C in summer, Short term climatic fluctuations play a large
role in conditioning the water in the ~iddle shelf domain  Niebauer,
1980!. In cold years it is ice covered  e.g., 1976!, in warm years
it is nat  e.g., 1978-1982!, Niebauer �980, 1982! has suggested
that the mean winter atmospheric circulation is the driving force
behind large year-to-year temperature variations. Niebauer has also
shown that this region has been under the influence of a warming
trend since 1976, apparently peaking in 1979 and 1981 with a slight
dip in 1980. Monthly mean sea surface temperatures for a 300 km
square centered on the Pribilaf Islands for May 1979, 1980 and 1981
were 4.66'C, 2.89'C and 4.13'C respectively, or 2,41'C, 0.64 C and
1.88'C above normal respectively. With essentially no advectian
through this region, the bottom water temperature distribution re-
flects the severity of the previous winter or winters which produce
early spring temperatures ranging between 1 and 4.6'C  Coachman and
Charnell, 1979!. In any one year, however, its temperature varies
little from spring to fall. Thus the formation of a stable upper
layer in spring may first be initiated by ice melt in cold years,
whereas in warm years changes in salinity play a small but signifi-
cant role in controlling density.

During cold years, the retreat of sea ice across the middle shelf in
early spring, for example, would stabilize the upper water due to
ice melt. This scabilizatian in the presence of sufficient light
would create a favorable light index and is probably responsible for
the phytoplankton production associated with retreating ice edges
 Schandelmeier and A1exander, 1981; Alexander and Niebauer, 1982!.
If the ice retreated before mid-April, wind mixing would eventually
mix the water cot.umn to the bottom and terminate this initial ice
edge bloom, The bloom sequence described here would then follow.

Since lace May and early June wind mixing was less in 1981 than in
1979 and 1980 nitrate persisted at shallower depths in the euphotic
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zone in early June of 1981. For example, the 2 mg-at m isopleth
in early June 1981 wss at 18 m while in 1979 and 1980 it was at 25
and 26 m respectively  Figures 1-3c!, In the more stormy years
�979 and 1980! the entrainment and subsequent consumption of deeper
nitrate pushed this nutricline deeper into the water column. Since
a typical photosynthetically active radiation extinction coefficient
in late May is M.I7 m , relatively high nitrate concentrations
existed at the 5X light depth in 1981 while in 1979 and 1980 the
early June nutricline was at approximately the 1.4Z light level. In
post-bloom or low-latitude oligotrophic water columns Chl a maxima
are frequently associated with such conditions at the interface be-
tween a nutrient limited mixed layer and light limited lower layer
 Goering et a1, 1970!. The more favorable light levels prevailing
at the top of the nutricline in 1981 may account for the more dis-
tinct and persistent Chl a maxima found throughout June. This maxi-
mum was also associated with higher June nitrogen productivity rela-
tive to the other years.

Interannual variabilit in cross shelf atterns of h to lankton
roduction with s ecial reference to the outer shelf. The rela-

tionships between upper water stability and nitrate productivity
observed in the detailed middle shelf time series are also useful
in interpreting cross shelf patterns of production. Figure 4 de-
picts the average mixed layer ni.trate concentrations across the
shelf based on more than 500 hydrographic stations over the three
sampling years �979, 1980 and 1981!. In the middle shelf domain
and deeper  Stations ¹'s less than 16! the nitrate concentration
decreases only when the water column is stable snd favorable light
conditions prevail, and increases when wind mixing deepens the
pycnocline to nitrate rich depths. At inshore depths �0 m such
as at Station 20 favorable light conditions do not depend on strati-
fication and nitrate concentrations in this area are among the first
to decrease  e.g. early April 1981, Figure 4c!.

The mid-Hay 1979 storm, which dramatically increased phytoplankton
growth at Station 12 of the middle shelf domain  Figure lb!, also
had an impact on mixed layer nitrate at other stations across the
shelf  Figure 4a!, On about 16 Hay substantial amounts of nitrate
were returned by storm activity to all of the middLe shel.f mixed
layer and probably also to outer shelf upper waters. The mid-May
to early June 1979 mixing was most likely responsible for keeping
1979 outer shelf mixed layer N03 concentrations relatively high well
into June.

In 1980 outer shelf mixed layer nitrate concentrations also reflect
the mixing observed in the middle shelf time series. An important
feature present in the outer shel.f area in 1980 was the observed
replenishment of mixed layer nitrate  Figure 4b! by the 10 Hay 1980
winds  Figure 2a!. From late April to 6 Hay 1980, a consistent de-
crease in outer shelf surface nitrate was observed, and at Station
5, for example, the nitrate concentration decreased from over 20
to approximately 6 mg-at m , The early Nay wind mixing returned
nitrate concentrations to over 13 mg-at m which set the stage for
a second period of rapid nitrate uptake during the second part of
Nay. This corresponds to the bimodal character of growth observed
at Station 12 during 1980  Figure 2b!.
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Figure 4I 'Time-spaCe diagrama of the average NO! concentration
in the surface mixed layer along the PROBES station
line  a! 1979,  b! 1980,  c! 1981.
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Figure 5: Time-space diagraras of the Chl a content of the upper
20 m along the PROBES station line  a! 1979,  b! 1980,
 c! 1981,



During 1981 nitrate depletion in the upper mixed Layer occurred
earlier than it had in the previous two years, this early depletion
being particularly evident between Stations 12 and 5  Figure 4c!.
There is apparently little nitrate replenishment with time since the
2 rng-at w isopleth in early June, 1981 encompasses more of the
shelf than it did in the previous twa years. The crass shelf time
series of Chl a  Figure 5c! suggests, however, that the 19 Hay 1981
storm did stimulate increased productivity near Station 8.

Although a reliable time series of NO> uptake measurements is not
available for an outer shelf station a minimum estimate of nitr'ate
uptake can be made from the observed disappearance af nitrate from
the mi~ed layer and the known mixed layer depths. These estimates
are compared to the water column nitrate changes in 1980 and 1981
for Station 5  Table 2!. In both years the estimate based on ni-
trate depletion from the mixed layer is lower since it does not ac-
count for uptake taking place during mixing events. Both estimates
indicate, however, that nitrate uptake in 1981 was far less than
during Hay 1980 in the outer shelf area near Station 5. A similar
discrepancy between 1980 and 1981 exist.s in the intensity and per-
sistence of the phytoplankton standing crop  Figures 5b and c!. In
1980 Cbl a levels were higher all across the shelf in comparison to
1981 and outer shelf levels of Chl Iz in 1980 persisted at higher
concentrations throughout May.

Station 5 conrparison of 1980 and 1981 phytoplankton
nitrate uptake frow 25 April to 2 June in each year.
The net change in the integrated nitrate content of
the water column was computed as in Table l.

Table 2.

m -at rn2

Mixed Layer Depletion
Rate Estimate

fr jNO n

1980 990

1981 390

550

250

Interestingly, the only shelf area in 1981 which exhibited higher
nitrate uptake  as observed from mixed layer nitrate values at.
Station 1, Figure 4c! during the bloom period than in previous years
was the oceanic area. The oceanic region during 1981 exhibited a
consistent pattern of nitrate utilization and replenishment over a
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It appears that the wind mixing mechanism responsible for the inter-
annual variability of middle shelf productivity can be extended ta
the outer shelf, Hay storm activity in 1980 prolonged optimum mix-
ing rates on the outer shelf and kept the stability mediated nitrate
uptake rates high. In 1981, as was observed on the middle shelf,
the much calmer meteorological conditions hastened the development
of a strong density discontinuity which restricted high nitrate up-
take to a much shorter time period and thereby curtailed outer shelf
phytoplankton production during the bloom period.



rhree month period. Station 1 nitrate increases corresponded to
storm events which were recorded on 4 May 1981 and 26 May 1981 at
inshore stations. However, it is also possible that oceanic yearly
nitrate patterns are regulated by interannual differences in the
amount of lateral advection. Unlike much of the rest of the study
area the shelf break region is an area of strong advection. If
advection is responsible, the intrusion of new water into the
oceanic area had a periodicity of approximately 21 days. Regardless
of which circumstances were responsible, this pattern of mixed layer
NOg changes in the oceanic regime was not observed during the stor-
mier 1979 and 1980 field seasons,

Interannual variabilit of zoo lankton abundance and rowth. The
PROBES program has collected information relative to the abundance,
seasonal distribution and growth of herbivorous zooplankton during
the spring and summer of 1980 and 1981. Significant differences in
temporal and spatial species distributions, biomass, growth rates,
and population development were observed between the two years. A
few of the major features of these interannual differences will be
summarized. Mare thorough treatments of the seasonal and inter-
annual distribution, abundance and growth of zooplankton on the
southeastern Bering Sea shelf can be found in the papers and reports
by Dagg et aL. �982!, Cooney and Coyle �982!, Smith and Vidal
�982!, Smith and Vidal  submitted!, and Vidal and Smith  submitted!.

Smith and Vidal �982! have used frequency plots of 1980 and 1981
zooplankton data collected along the PROBES station line to assess
interannual variability in rhe abundance and development of popula-
tions of herbivorous zooplankton during spring on the shelf of the
southeastern Bering Sea. Although the main features of population
structure in 1980 and 1981 were similar, the patterns of abundance
and distribution for some species across the shelf differed sub-
stantially between the two years. For example, Ãthana spp. was
rather evenly distri.buted across the shelf in April through June
1980 and was much more abundant in the outer shelf during this
period in 1981. During some years certain species exhibited a bi-
modal distribution. Chaetognathas for example were observed in
maximum numbers at outer shelf station 1 and middle shelf station 16
in 1980, followed by outer shelf station 5 and rniddle station 12; in
1981 they were observed at high concentrations primarily at Stations
1 and 12 and occurred less frequently at 5, 8 and 16.

Selected zooplankton distributions presented by Smith and Vidal
�982! appear to be closely associated with the bio-physical rela-
tionships observed in the crass-shelf patterns of primary production.
For example, the mean abundance of the larger outer shelf taxa were
in general much greater in 1980 than in 1981. The abundance of
A'eooaLanus plumose and Neooalanus oH.status stage CV's was greater
bv a factor of two or more in 1980 than 1981. However, the abun-
dance of Euoa7anus bungff, copepodids at all outer domain stations
was greater in 1981 than 1980, the reverse of the interannual trends
in Il'. piwnchm and A'. erzstatus. 7detrzdfa pari fica copepodids were
much more abundant than were copepodids of A'. plwnchme, h'. erista-
tus and F. bungii, and were somewhat more abundant in spring and
early summer of 1980 than in this period of 1981.
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Importantly, the growth rates of W. plumohvus and N. cHetatus in
the outer shelf domain of the southeastern Bering Sea shelf in 1980
and 1981 have been shown by Smith and Vidal �982! to differ  Figure
6!. Both these species were somewhat more abundant in the outer
shelf domain and grew faster in 1980 than 1981. The precise reasons
for these interannual differences in distribution and growth rate
are now known, However, food abundance and/or food quality may have
played an important role in regulating population size and growth,
Interannual temperature variations probably are not responsible
since water temperatures were actually slightly cooler in 1980 and
this would slow growth rates,

As noted previously the standing crop of chlorophyll a in the outer
shelf domain was substantially greater during April-June of 1980
than 1981. Thus a greater abundance of food for the large-bodied
outer shelf herbivores may explain the observed higher 1980 growth
rates. Higher concentrations of phaeophytin were also observed in
outer domain waters during May of 1980 than in 1981 suggesting an
interannual difference in zooplankton food processing. Phaeopig-
ments have been shown to be a useful index of zooplankton grazing
activity  Therriault and Platt, 1978!. In addition, Iverson  per-
sonal communication! found distinct diatom species differences in
the outer shelf domain during Nay of 1980 than in Hay 1981. During
mid-Hay of 1980 Thalaeeoeira aestiualie and T. no&enakoldii domi-
nated the diatom population, while in 1981 Chaetoceroa curnisetus
and C. debilie were most abundant. T. aestiualie and T. norien-
eko2dii compose the early successional stages of the spring bloom
and flourish in water with high nitrate and relatively high mixing
conditions. This also suggests that there was more prolonged wind
mixing in 1980 than in 1981 on the outer shelf.

Figure 6

Growth rate of fUeocakvtus
plume~ at Station 5 in
and 1981.  From Smith and
1982!

1980
Vidal,

e

TINE  days!
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The amount of primary production reaching the benthos would similarly
be dependent on prolonged mixing. In any year much of the primary
production on this shelf reaches the bottom, but as observed the
total annual production is dependent on post bloom mixing conditions
 Table 1!. It follows then, that the amount of organic matter
reaching the benthos varies among years in direct proportion to sur-
face production.



Figure 7 A, B Pseudocr lana s spp. CV
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Caution, however, must be used in the generalization of the above
relationshipa. For example, the mean abundance of Paeudaeglarn S
spp. in the upper 120 m during spring and su!amer was on average
much greater over the middle shelf domain stations 12 and 16 in 1981
than 1980  Figure 7!, The difference in abundance was particularly
large for copepodid stages II + III which were present in rauch
higher numbers during the calm 1981 conditions. This relationship
may be due to the association of Pse~caianus spp. with the sub-
surface Chl a layers which were much more extensive during 1981.
Such Chl a layers are the basis for sn extremely active layer of
pelagic trophic transfer which includes the larvae of the walleye
pollock  Nishiyama and Hirano, 1982!.

Interannual differences in wind mixing, therefore, may i apact
selected food chains in quite different ways. Years in which fre-
quent storms pass over the southeast Bering Sea in May and June,
such as in 1980, generate relatively high production and may in-
crease the total organic  aatter flux to the benthos and the growth
rates of water colu an grazers such as JF. pl!aschrus. In the absence
of these storms, as in 1981, calm conditions promote the develop-
ment of sub-surface Chl  z  aaxima and their associated food chains as
typified by Poe  doeaLzrsus spp. and may play an important role in
interannual differences in pollock year classes. These results sug-
gest that biological production on such a high latitude shelf
responds to large scale  e.g. North Pacific! climatic variations,
and that these interannual variations may effect food chains of in-
terest to man.
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Storm frequencies and intensities were related to geostrophic wind
speeds calculated from surface pressure weather charts. The authors
provide models to relate storms and mixing to nitrate uptake. The
models suggest intuitively reasonable qualitative relationships, but
also demonstrate that useful quantitative results will require con-
siderably more observations and more sophisticated models
incorporating more environmental and biological factors.

The relationships suggested between phytoplankton production and the
distribution, abundance, and growth of herbivorous zooplankton were
highly speculative and inconclusive, The possible effects of
sampling errors on the estimates for zooplankton are unknown; no
confidence interval estimates are provided. A consideration of the
effects of phytoplankton and herbivorous zooplankton on the distri-
bution and abundance of fields of pollock prey or predators, or
the year class strength of pollock, is necessarily even more
speculative.

One can conclude that PROBES has demonstrated that year-to-year
variations in phytoplankton production in the Bering Sea can be
usefully monitored. The identification and quantification of con-
trolling environmental variables can suggest how to monitor more
effectively. Above all, Sambrotto and Goering have demonstrated
that brief aperiodic storms have large effects in controlling the
amount of phytoplankton production. The effects of storms upon
phytoplankton species composition and the instantaneous and short-
term effects on zooplankton and fishes are unknown. We can be
relatively certain that storms affect the year class strength of
fishes, but the causal relationships remain to be learned. The
PROBES results are a necessary and realistic first step in what
must be a long and complex investigation of the determinants of
year class strength in fish populations.
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Numerical Simolation in Fisheries
Oceanography with Reference to the
Northeast Paci6c ared the Bering Sea
Taivo Laevastn
Northwest and Alaska Fisheries Center
National Marine I'isheries Servire

The llssenee of Fisheries Oceanography and Its Past
In the Northeast Parific

This brief revIew pertains to two interdisciplinary areas � fisheries
oceanography and numerical simulation  modeI ing! with reference to
the Bering Sea and NE pac if ic. It appears that both subject matters
are nebulous in many minds, as some published 1 iterature as wei I as
numerous recent "administrative" documents pertaining to future
projects indicate. According to Henry poincare, clarity cannot be
achieved in discussions before it is introduced into definitions;
thus. I will briefly discuss the definitions of both subjects.

Fisheries oceanography  or f isheries hydrography, as 1t was caiied
in Europe! was f irst defined in the f irst report of ICES in 1902.
In fact, ICES was established mainly on the premise that the
environment was in some manner responsible for the disappearance of
the herr ing from the Bohus coast of Sweden, and the detai led causes
for this disappearance could be establ i shed only through cooperative
study of the ocean environment.

Fisheries oceanography proper has been mainly pursued by ocean-
og raphers working in various fisheries services. On the other hand,
the biologists have been dealing with a gamut of biological problems
relating to the envirorssent, such as plankton and benthos studies.
The true interdisciplinary cooperation between physicaI oceanogr-
aphers and fisheries biologists has never been perfect, despite
considerable efforts, especially by ICES, to promote this cooper-
ation� . Furthermore, progress in obta in i ng undisputable results in
fisheries oceanography has been slow in the last 80 years. Some
reasons and difficulties for this slow progress are ventiiated in
this report.

Fisheries oceanography includes several scientific disiplines and
its successful pursuit requires that the practitioners have
considerable knowledge in most of these disciplines, This require-
ment is rarely met in present times of individua I specialization.
Essentials of fisheries oceanography are summarized by Laevastu and
Hayes, 1981.
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The other di scl pl ine of concern here - numerical s imulat ion, is
another hlghIy diverse activity; many different approaches are
called model ing " for example, the study of the behavior of' a given
mathematical expression which is postulated to represent the
behavior of a given natural phenomenon, numerical rendering ot
available data sets, and numerical  quantitative! simulation of the
behavior of a phenomenon, either as part of the environment alone
or of an ecosystem. Consequently, many "models" are in existence;
their number seemingly increasing at an exponential rate. To
def ine numerical model ing would be futile, as few would accept any
strict definition. Therefore, I w111 deal in a descriptive manner
with the problems of numerical approaches to the study of fish-
env I ronmen t interact i on s,

The main reasons and incentives for the study of fisheries ocean"
ography arise from the understanding that the ocean environment
exercises some influence on the abundance and behavior of f ish
stocks. It is hoped that if this influence can be properly
quantified, the fluctuations In the abundance and availability of
f ish stocks could be predicted from observations of the env iron-
ment, I must emphasize that this was largely a pipedream, and has
remained so.

Fisheries oceanography proper attempts to: I! find quantitative
relations between the fluctuations of environment and the ava iI
bil't f fish  i.e., effects of environment on the "behavior" of

find cause-effect relations between environmenta I
changes and changes in the abundance of f Ish  I.e ., recruitment
throughout the ear'iy life history and to the exploitable stock};
3! provided some results from I and 2 above are available, to apply
this kno i dde to dredict the fish a aiiahfiity a d ah da ce in
space and t ime.

Fisheries oceanography studies requ i re environmental studies in al I
space and time scales, partly because the fishery resources are
mobile over large areas, and partly because the effects of the
environment and Its anomalies on stocks are not instantaneous, but
can at times be years delayed,

Felix Favorite used to point out that scientists involved in
f I sheries oceanography have always encountered two di lammas; f irst,
other Federal agencies have always received a 'larger share of the
oceanography funds than f isheries agenci es; and, second, f isheries
groups have been required to spend their limited funds on small
scale, short-term, fisheries related problems.

Attempts to conduct broad spectrum fisheries oceanography studies
have been made in the past in the United States. The Bureau of
Commerica I Fisheries TRIDENT program In the 1960's and the National
Marine Fisheries Service's MARPlAP program in the 1970's were
attempts to focus attention on the multidisclplinary stud Ies needed
to present the rationale for conducting such studies, and to justify
the funds, vessel-time, and manpower needed.
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In the late 1950's and early 1960's, the Bureau of Cosssercial
Fisheries, Seattle Biological Laboratory, under the supervi sion of
the American Section of the International North Pacif lc Fisheries
Commission, was studying the oceanography of the entire Subarctlc
Pacific Region aboard f i shing vessels 20-30 m in length. Then, the
Environmental Science Services Administration  ESSA! received a
mandate to conduct oceanographic studies in the Pacific Ocean; and,
for several years conducted oceanographic observations along
basical ly 2 meridians between the Hawaiian and Aleutian I stands
from vessels in excess of 100 m in length. These multi "mill ion
dol lar studies resulted in a single research paper that was of
minor relevance to INPFC studies,

Although the main thrust of oceanographic studies, especial ly the
studies of ocean processes, has been in the universities in
Northwest USA, these institutions have contributed very I I ttle to
the f Isheries oceanography proper. The reasons for the lack of
marine f isheries oriented studies in the universities might be
manifo'td: Interdisciplinary subjects are seldom popular in
universities; fisheries oceanography studies have to be conducted
hand in hand with fisheries survey works, but there ls often no
suitable fishing gear and no perannual sampling programs in the
universities; and, there is a lack of persistency for long-lasting
studies in the universities and a corresponding lack of ccosson data
systems required for such studies.

Empiriral  ;orrelations in Past Fisberies Oceanography Studies
And the Need for  :ansal Mechanisms

In many interdisciplinary studies it ls cossnon to attempt to find
correlation between phenomena and resulting conditions in the two
 or more! different disci pl ines. Correlat ion studies are especial ly
numerous in fisheries oceanography; for example, possible relations
between the surface temperature at a coastal station and landings
of fish along the coast. Seldom, if ever, has thought been given to
possible mechanisms of these correlations. Indeed the field of
fisheries oceanography has been simplified and banal ized with these
such often meaningless correlation "studies".

Radovich �982! analyzed what we have learned from the col lapse of
the Cal ifornia sardine f ishery and showed that many slmpl lf ied
generalizat tons were presented, e.g., that cl imate  temperature!
changes were responsible for the replacement of the sardine by the
anchovy. In real ity, the circumstances were more complex and more
variable. For example, considerable north-south migrations and
shifts of populations occurred which had no relation to temperature.
In fact, there were population shifts between different years quite
opposite of those which might have been deduced from temperature
anomalies. There were variable but independent spawning successes
in different areas. Furthermore, there were considerable changes in
the predator populations.

Although various correlation studies in fisheries oceanography will
undoubtedly continue, it seems to be necessary to emphasize the
importance of selecting variables in these studies which could be
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meaningful ly related through cause and effect, Surface temperature
and demersal f ish are rarely related, unless sur$ace temperature
can be considered as an index for bottom temperature or for changes
In currents.

The scale of ocean variability is another factor requiring serious
consideration. Little value can be given to monthly and/or
seasonal anomalies if short term  days or weeks! fluctuations have
considerably greater magnitude than those monthly anomalies.

Progress in fisheries oceanography studies can be made when we base
these studies on known cause-effect principles and create continuity
in space and time. This can be done with numerical simulation
studies which consider the total environment and total biocoenosis
together - i.e., total  or holistic! ecosystem simulations.

Additional reasons for the sluggish activity in the past of
fisheries oceanography studies and the absence of diagnostic/prog-
nostic services for fisheries are: First, the fisheries biologists
have been mainly engaged in a descriptive phase  survey and species
specific studies!; and second, modeling efforts in the past have
emphasized single species models, which are no longer adequate.
However, these two phases  descriptive and simple modeling! must
precede a complex and comprehensive ecosystem approach. A third
reason is that the environment-resource interaction studies have
been lagging in fisheries research; the funds for oceanographic
research have been funneled to other bodies who have not cared to
consider fisheries problems or needs, Fisheries oceanography has
specific objectives and approaches and must be pursued con-
current'I y with other fisheries research object ives .

In order to pursue fisheries diagnostic/prognostic service develop-
ments, the liational Harine Fisheries Service needs a clear mandate
for this approach, This is at present lacking, In addition, some
funds, proper scientific-technical personnel, and research/survey
vessel time is required. Cooperation with other organizations in
the basic data gathering is imperative . Above all, f isheries
oceanography must take a holistic approach in which ecosystem
simulation is a central part.

Ecosystem simulations must include all pertinent environment and
biological data and know'ledge. Present limitations in respect to
data are severe, but there are some ways to derive the necessary
data indirectly  e.g ., some oceanographic data are simulated from
meteorological driving forces! . These ecosystem simulations guide
our future research and prioritize data collections. Before
discussing the present state of art in numerical simulation and
numerica I rendering, we need to review the present situation with
regard to data availability.

Nature and Availability nf Data
And Methodology of Numerical Rendering

The physical oceanographic data col lected in the past are ave i lable
in NODC, provided all institutions have fol lowed the requirements
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of data submission 'levied upon them at the time of funding. These
data are inadequate for construction of any synoptic or quasi�
synoptic picture, due to their sparsity and the short-term vari-
ability of the ocean. Any conclusion about the anomalies over
larger areas would be uncertain, as the anomalies have relatively
small space and time scales. An attempt to analyze the anomalies
in two areas in the Bering Sea are shown in Fig. 1  ingraham,
pers. consa.! .

The available physical oceanographic data from hydrographic casts,
mechanical and expendable bathythermographs have recently been
analyzed into atlases of monthly values  Robinson and Bauer, 1976! .
The original, error-checked data and space and time averaged values
are also available in numerical form.

The oceanographic data from the Bering Sea is sparse indeed and very
unevenly distributed in space and time  Table 1! . Surface and
bottom temperatures from this area have recently been analyzed iinto
monthly means, with the number of observations also indicated
 ingraham, 1981!  Fig. 2! .

Sea surface temperature  SST! is the only parameter which can be
analyzed in synoptic time scale  Wolff, Carstensen, and Laevastu,
1 967!  Fig . 3! . However, in some areas  e .g ., in the Bering Sea
and northern Gulf of Alaska! these analyses are unreliable due to
lack of synopt1c data, Sea surface temperature is of little use
directly in fisheries oceanography, as it does not indicate
ronditions in the water mass nor on the bottom  except during winter
in high latitudes! . Although SST ancmalies have often been used
in "correlation studies" in fisheries, lt is very questionable
that in the case of a 2'C anomaly  which is about an average
anomaly! a fish would make a 200 km m1gration to find an optimlss
temperature, when it can find the same optimum temperature by moving
a few meters in the vertical.

Other oceanographic parameters of possible interest to fisheries
oceanography include mixed layer depth and surface currents which
can be computed using data from surface meteorological analysis
 mainly surface wind!  Fig . 4! . These ocean properties vary
considerably over short periods, and meaningfu1 values cannot be
computed with monthly means of surface wind data. Twice daily
analyses of these parameters must be made from which monthly means
can be computed. At present this work is not done in any nunerical
meteorological center, mainly because little or no need has been
expressed for these products.

Surface meteorological analysis  including surface wave analysis!
is conducted in a few meteorological centers and the data archived.
In the last f if teen years no daily surface meteorological analyses
have been published in the USA. However, their publication has been
taken up by the European Center for Medium Range Weather Forecasting
 Fig 5! . Some northern hemisphere surface wind data have been
worked up by Larson �975!, but most of it is unpubl i shed  Fig. 6! .

The state and availability of fisheries data for fisheries ocean-
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Figure Maximum, average, and minimum monthly bottom temp-
erature anomalies in three areas in the Bering Sea
from l950 to l9B2  Area I, eastern Bristol Bay; Area
2, south-central Bering Sea; Area 3, continental slope
region!.  ingraham, pers. comm.!

ography studies is as, if not more, complicated than for environ-
mental data, especially ln the Bering Sea and Gulf of Alaska .
The only reasonably reliable data in respect to resource abundance
are those from a few extensive resource surveys after 1975. Even
these data need to be interpreted in the !ight of survey conditions
and the gear used.
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Number of near bottom temperature values in the Ber
by year and month with totals  !ngraham, 1981l.

Table SeaIng

4 5 11 I IIICII III I LZ

Yfeo lejet

11 140 141 6!9 909 1405 2001 lz'9 l Izo! Z64 24 1220�14l

The 'lack of fisheries data from the NE Pacific is caused by too few
research and survey vessels, dictated by the unavai labil ity of fundse
If there are about 15 to 20 vessel years spent in fisheries
research in the North Sea, then the corresponding number for an
area of concern four times larger in the NE Pacif ic is about 2
vessel years.

Any fish catch and/or landing statistics which exist do not
necessarily reflect the abundance and availability of most of the
resources for a number of reasons: First, the changing capacities
of fleets and changing market conditions affect the catches and
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landings. Second, catches are affected by weather conditions during
the main f i shing seasons. Third, the fleets frequent known f i shing
grounds and catch  and sample! thus only particular parts of the
stocks. There have also been changes in gear. Fourth, the reports
of foreign catches in earlier years are highly suspect and in recent
years they have been controlled by quotas rather than by f ish
abundance.

Rational istic, holistic simulations on the other hand, should
reproduce the total ecosystem real istical ly and the computers are
used to process the complex i ties. 14ethods in these simulations are
selected to fit the problems. The organism, its behavior and
phys iolog Ical needs preva i 1 ln the ecosystem; the most important
being the interactions between organisms. The organisms are
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Some Open Avenues for Numerical Simulation
In Fisheries Oceanography
ln the past a great number of single purpose models have been used
in f isheries population studies. Although some believe that a model
must be useful but not necessarily truthful, the present author does
not share this view. Single purpose models ignore crucial complexes
and present bogus answers. Small models do not capture the real
wor id.



Figure 3.� Sea surface temperature analysis off Newfoundland-
Grand Banks area on 22 January l970.  The areas
with temperatures from 2 to 4 C are hatched. Best
cod catches during winter are made from this ternpera-
ture range. !  Laevastu and Johnson. 1971!,

controlled by the quantity  and quality! of materials  mainly as
food! present in the system - a minimum requirement applies with
the recognition that most organisms are mobile and can search for
food . The organisms are also controlled by their tolerance to
environmental factors but limits to the i r tolerance are wide .

The marine ecosystem contains a complex web of Interactions among
species  e .g ., one species preying upon the other! and between the
species and the environment. As there is an intense competition
for living space and food in the marine ecosystem, the removal of
part of one component of this ecosystem by a fishery alters the
balance  or imbalance! In the ecosystem and can result in an
increase and/or decrease in other components .

The only known dynamic marine ecosystem model that includes envir on-
mental processes in it and that permits simulation of the steady
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Figure 4. Surface current
analyses in the
area of Grand Banks,
3 October l970.
 Isolilnes indicate
current speeds.!
 Larson and I ae-
vastu, 1972!.

Figure 5. Surface pressure analyses on 3 February 1982 �0 and �
GMT!  European Centre for Medium Range Weather
Forecasts, 1983!.
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Figure 6.

state as well as the dynamics of the standing stocks of species in
space and time as affected by inter-speclf ic interactions  e.g.,
predation!, environmental factors  e.g., temperature, currents!,
and the activ ities of man  e.g ., fishing!, has been formulated at
the NMAFC  Laevastu and Larkins, 1981! .

This simulation has relatively small space and time resolution and
has been used for a variety of environment-fish interaction studies
based on known cause-effect principles. This model can also be
coupled to atmospheric models. Furthermore, meaningful short-term
fisheries prognoses  which are the only meaningful prognoses
Zemskaya, 1980! can be made with this simulation.

The "def Ined oceanographic features", such as fronts, are emphasized
in fisheries oceanography, but they fail to influence effectively
the aggregation, distribution, feeding differences, etc. of the
species. There are no "fronts" in I ottom layers, except wbere a
thermocline intercepts the bottom. There are, bowever, a great
number of processes on short term to Interannua I time scales, whIch
can be studied wi th simulations . Climatological variatlons can
explain some variations in e.g., larval recruitment; although, these
climatologilcal studies do lead to sea-air interaction problems whi'ch
are at present largely excluded from ecosystem simulation.

The environment-f Ish Interaction problems in relation to fiahery
research are listed in Figures 7 to 11. Figures 7 and 8 display the
need for knowledge of environment-fish relations and study by
conventional subject matter of fisheries research. Figure 9 shows
the possible effects of temperature on the single species as well
as on stocks.

Figure 10 shows the effect of temperature anomalies on two species
in the eastern gering Sea  pollock and herring!, as computed with
ecosystem simulation, mediated through the well-known temperature
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REPRODUCTION, LARVAL SURVIVAL
Reproductive potential

Number of spawners, maturation
Temperature anomalies  effect on maturation,

displacement of spawning!
Food availability  starvation! effect on maturation!

Survival of eggs, larvae
Predation on eggs, larvae  abundance, distribution

of predators!
Dispersal,  transport, mixing!
 Availability of proper food!

PREFISHERY JUVENILES, RECRUITMENT
Abundance, distrubution survival

Transport, migrations
Currents

Predation, survival  including recruitment from larvae!
Presence of predators
 Availability of other food for predators!

Growth
Temperature  especially winter season!
Availability of food  for larvae!

EXPLOITABLE STOCK, FISHABILITY
Recruitment from juveniles
Distribution, abundance

Predation by mammals
Availability to fishery

Environmental anomalies  affecting seasonal
migration!

Fishability of grounds
Types and roughness of bottom
Weather and sea conditions

Behavior in respect to gear
Dfurna! behavior
Visibility of gear
Interspecies interactions with respect to gear
Temperature effects on gear avoidance

Figure 7. Processes and conditions in fish stocks potentially
affected by the environment.

effect on growth as the causal factor. Although temperature affects
the abundance of pollock directly, its influence on herring as a
forage species is mainly through changed predation pressure. Figure
Il illustrates the complexities of environment-fish interactions
caused by migrations.

To suresarlze: Fisheries oceanography presents complex problems,
the solutions of which require more data through continuous,
planned monitoring and application of holistic ecosystem simulations.
Simple models lead only to a "superabundance of speculative models
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PAST THERMAL HISTORY  ANOMALIES!
Time of maturation <delay of spawning!
Growth, including effects of food availability

THERMAL ANOMALIES <PRESENT!
Displacement of spawning
Growth of biomass
<Availability of food for larvae!

THERMAL STRUCTURE WITHIN DEPTH
Availablilty, diurnal behavior  re. thermocllne!
Distribution and abundance of demersal fish

CURRENTS  WIND CURRENT ANOMALIES!
Transport <eggs, larvae!
Mixing, transport of food  e.g., plankton!
Effects of currents on migrations
Advectlon of fce

Figure 8. Environmental effects on fishery resources and their
exploitation.

WATER TEMPERATURE

 Influence on fish disti-ibutlon and abundance!

Rate of metabolism and scope of activity

Rate of feeding and digestion Swimming and migration speed

Gear
avoidanceavailability

A Y
Displacement
and delay of

spawning

Survival of
larvae

rate gonad development

Spawning
 recruitment!

Starvation,
survival

Figure 9. Schematic presentation of 0he effects of water temperature
on the abundance, availability, and distribution of fish.
Subjects marked with A are those where year to year ano-
malies occur which could be inonitored for fisheries pre-
diction purposes.
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of doubtful reliability". Holistic simulations, though using
mathematical statements, should not be based on assumptions that a
given mathematical formula represents the behavior of nature, but
rather on empirical knowledge and Its quantitative reproduction - it
should never enter the "dark age of barren formalism"  Skellam, 1972! .
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Figure II. Scheme of environmental causes of migrations.
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Figure 10, A, Changes of pol-
lock biomass  in t/km2!
with time in Region 4 in
normal conditions and
with temperature anomaly
ln years I to 3.
B, Changes of Pacific
herring biomass ln  t/km !
with time in Region 4 In
normal conditions and with
temperature anomaly in
years I to 3.  Temper-
ature anomalies: -1.5;
-2,5; -1.5 C, respec-
tively.!
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Commentary

Numerical Simulation
In Fisheries Oceanography
Vincent F, Gallucci
Center For Quantitative Science, University of Washington

Thfs workshop has emphasized the problems of understanding the pro-
cesses that control the environments of the Gulf of Alaska and the
eastern Bering Sea, and the ctmsnercfal fisherfes therein. This
brief commentary begfns with the question, "what does the existence
of various interfaces imply for management?" Oceanographers often
address the atmosphere-sea interface via the physics of the inter-
actions. Our interest here is in the biophysics of the animal-sea
interface and fn the biophysics of animal-animal interactions.
Amazingly lfttle fs known, however, about the two biophysical inter-
faces. Therefore, the main question we address is the extent to
whfch simulation/systems modeling contributes to the management of
harvests, given our lack of knowledge of the interfaces. First,
however, the topic of uncertainty is of considerable importance,
and needs to be addressed.

The statement attributed to Einstein implying it was unlikely that
God played dice, is as good a place to start as any because he was
addressing a form of uncertainty linked to the very foundations of
the physical theory of the universe. On the other hand, Einstein
made significant contributions to the stochastic foundations of
Brownian motion, There, the probabilistic aspect fs present despite
the abf lity to describe exact'ly  vizf o with equations! the dynamics
of particles. The probabilistic formulation circumvents the in-
ability to parameterize the equations and the practical fnabf lfty
of solving many, many differential equations simultaneously. In
otherwords, probability statements are used to describe determinis-
tic processes as a matter of operatfonal necessity. In neither
case, however, fs probability introduced to compensate for ignorance
of sile processes involved.

Another type of uncertainty concerns natural variability and the
consequent inability to interpolate and extrapolate without making
statfstfca'I statements, In some senses this uncertafnty is analo-
gous to that inherent in the formulation of Brownian motion because
here, even if one could write the equations for the interactions,
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natural variability appears to be present and thus wou'ld imply un-
certainty in the final answer to a question.

How does all this help in the formulation of a response to the pre-
sentation of Dr. Laevastu? Well, first of all, my interpretation
of the approach he advocates 1s that it does not have the develop-
ment of new theory as an objective. Further, it approaches the ob-
stacle of inadequate or nonex1stent theory by the collection of data
of a sufficiently fine grain so that they can be used to construct a
composite picture of the ecosystem. When theory is available,
infer that it may be used, or may not, depeneni ng upon its nature.
Now consider a "data set" consisting, e.g ., of the predicted abun-
dance of some stock, based on other stocks' abundances, temperature
data, etc., where all measurements were subject to at least some of
the above types of uncertainty. Ouestion: what can one infer of the
type s! of uncertainty in effect? One cannot distinguish between:
a causal  cause-and-effect! relationship  viz.. based on equations
such as functional response or predator/prey! subject to natural
variability, an inherently stochastic  random! situation, well-
described by a stochastic function, and fina11y the s1tuation in
which no real insights into the processes exist  equals ignorance!
but correlation relationships of various strengths are assumed valid.
How are such models validated or evaluated? If error bounds are
placed around estimates how are they interpreted? This overly brief
discourse is, in effect, an elaboration of the often heard criticism
that a problem with large models is that cause-and-effect is not
preserved. The situation is worse; the different types of uncer-
tainty present in truly large models, make it difficult or impos-
sible  I suggest! to determine realistic error bounds on predictions.

Why then, do large models have such prominence today? The answer
is, in part, that we reflect the values of a society currently
enamored with technology, with home computers, wi th a faith in big
machines that can absorb lots of data, can rearrange data, and can,
at the turn of a handle, generate predictions. Whether or not
simulation/systems advocates in fisheries ever claimed to do more
than can be done is not the issue. Our own tendency to trust tech-
nology to improve on our logical processes plays a big role.
Furthermore, the fact that large system/simulation models have been
successful in modeling other phenomena and operations  e.g., manu-
facturingg, where much more is known of the processes invo'ived!
appears to be a big factor in their favor.

But, what does Dr, Laevastu's presentation  if it is the same one I
saw and heard at the workshop! say on this point. He says he is
pessimistic about ever being able to predict fish population fluc-
tuations from environmental data, but he is optimistic about being
able to do so, if certain biological data 1s also available in the
future. Actually, it is a rather modest statement.

Then we must ask whether there are any successes, at this time, that
we can attribute to simulation/systems models. I have cast the
question entirely in terms of predi ctions and not in terms of
peripheral matters such as: these types of models assist in design-
1ng research programs, structure our thinking. etc. Dr. Laevastu
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answers that in the above paragraph.

What are the consequences if these matters are not fully addressed?
I see two unfavorable consequences . One is that if the si tuation is
as I have appraised it, a dfsenchantment may arfse and this very
important activf ty  simulation modeling� ! in ff sherfes may fall into
disrepute. The area is fn need of some perspective, which is not
always provided. The 1982 publication, "Multispecies Approaches to
Fisheries Management Advice" edited by M.C. Mercer, is an example of
an unbatanced treatment that will be construed by some to indicate
that such modeling efforts are more advanced than they are.

I am also concerned that Dr. Laevastu and others p'lace the blame for
simulation/systems models ' f nabi li ty to predict most heavily on a
lack of a time series of data, rather than upon ignorance of how the
marf ne ecosystem functions, viz., ignorance of the biophysfcal
mechanisms and processes that deffne the interfaces noted in the
fi rst paragraph. As a consequence, research  money! will be divert-
ed toward grand data collection efforts ultfmately using high tech-
nology satellites, buoys, aircraft, etc ., where communication is
between computers. This means that research into the biophysics
whether it be predator-prey, thermodynamic, physiological, etc.,
that generates testable hypotheses is neglected.

In particular, I advocate significantly fncreasing the research
effort devoted to the coordinated use of experimental field studies,
large tank experfments and manfpulatfve experiments, and the use of
"simple" single or multispecies models that focus upon the central
processes thought to domfnate the interactions. Such "simple"
models have the advantage that they often preserve the re'lationship
between the manager's knowledge of the fishery and his intuition
about the outcome of a partfcular strategy. Since we all hope to
present, vfa cold analytica'l reasoning, a  correct! counter-intui-
tive result, "simple" models allow uncomplicated explorations of the
origin of an unexpected result in the model. "Simple" models also
have the virtue of more wel'I-defined uncertainty and allow for a
more straight forward computation of error bounds around predictions.

The objective here fs not to focus upon shortcomings  at least not
exclusively!, but to try to place simulation mode'ls within a philo-
sophical context. Research, in the broad sense, in the field of
simulation/systems models is an fmportant aspect of modern ecology
and will make, I suspect, important contributions. The field, how-
ever, will not reach its potential if the focus is upon data collec-
tion and correlation instead of upon the biophysics, represented by
relatively simple mathematical formulations, that describe the
biological interfaces.
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On The Development of Strategies
For the Study of Ocean Fish Interactions
Warren S. Wooster, Karl Ranse, and Donald R. Gnnderson
College of Ocean and Fisheries Sciences
University of Washington

The Lake Wilderness workshop had two major purposes, the
review of present knowledge of interannual variability in the Gulf
of Alaska and the eastern Bering Sea, and the development of strate-
gies for investigating the linkages between environmental and fish
stock variability in the region. To examine the latter question,
participants were divided into three groups, chaired by J. Hunter,
C. Miller, and A, Tyler, each of which was asked to address the
fol 1 owing:

The problem is to identify appropriate research stra-
tegies to pursue in the light of the reviews presented
and discussed and taking into consideration the current
interests and capabilities of the institutions concerned
with the region. Of course, relevant research is in
progress, and a minimum strategy would be to develop a
conceptual framework for the overall question -- what
needs to be known to predict the abundance of se'lected
stocks? � and to promote the identification and exchange
of research findings to fill in the gaps. More aggres-
sive strategies intended to accelerate the process  and
requiring additional funds! would involve identification
of specific approaches to be taken, hypotheses to be
tested, species  stocks! and regions to be emphasized,
priorities to be assigned, and so forth.

These groups met for several hours on each of two days, and
their discussion were suraaarized by rapporteurs  D. Gunderson, K.
Banse, W. Wooster!. What follows is a synthesis of these reports
prepared after conclusion of the workshop; it has not been reviewed
and approved by participants.

General Comments

The discussions reflected the current paradigm that. except at
1 ow 1 evel s of stock abundance, year class strength is primari ly
determi ned by i nteracti ons wi th predators and 1 ar va1 food duri ng
the time between spawning and the time when year class strength has
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been established. The variability in these interactions is a func-
tion of fluctuations i n the abiotir. ocean environment which are in
turn driven by atmospheric vari abi li ty. Probably each stock re-
sponds differently to environmental variations. but it seems reason-
able to seek general patterns of response among similar stocks in
similar environmental regimes.

Some of the most important processes of interaction between
factors of the abiotic environment and of the mortality of fish
eggs, larvae, and juveniles are listed in the following table:

Mortalit factor
Abi oti c
factor

Other morta ity
incl. diseaseStarvation Predation

Thermal stress.
Impact on
parasitism,
disease.

Timing and loca-
ti on of hatch.
Zooplankton
abundance. Tim-
ing of water
column stabi li ty.

Temperature Growth of larvae.
Isolation from
predators by
thermal barriers.

Reduced predation Destruction by
resulting from wave action.
patch distrupti on.

Timing of water
column stabi 1-
ity. Patchiness
of prey items.

Turbulence

Advecti on Transport away
from retention,
nursery areas.

Timing and magni-
tude of predation
by marine mammals.

Timing and mag-
nitude of food
production.

Ice coverj
light

Sa 1 i ni ty Osmotic stress.
Impact on para-
sitism disease.
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It should be noted that spawning success is another possible
source of variability in recruitment and that it is determined by
conditions and events prior to those discussed above. Factors con-
tributing to spawning production include the number and age struc-
ture of the spawners; their condition and energy storage; the batch
fecundity, number of spawnings, and egg size; the location, timing,
and "patchiness" of the spawning and the habitat available for it.
Some of these factors, such as the number and age structure of
spawners, are influenced by fishing mortality, while others are
'largely determined by environmental conditions. Energy storage
preceding spawning occupies a protracted period, and the feeding
conditions and abiotic factors operating as much as a year before
the spawni ng peri od could be important in determining reproductive
output.



For a given stock, required research will depend on its peculi-
ar life history and on the knowledge of the species that is already
available. But rather than considering species-specific investiga-
t1ons in any detail, the workshop chose to work at a more general
level. It 1dentified criteria by which species could be selected
for special attention, it developed a conceptual framework w1thin
which information on a stock could be compiled and hypotheses
generated, and it looked at alternative approaches to the design of
i~vestigations. Thus, it cannot be said that the deliberations led
to the selection of a research strategy, but only that they identi-
fied some of the ingredients that should enter into the forntjlation
of such a strategy.

Selection of Species

There are several kinds of criteria for the selection of spe-
cies or stocks. Perhaps the most powerful is the degree of cavaer-
cial interest and economic importance. It fs highly likely that
programs of government f1shery agencies w111 be directed toward
certain species for this reason.

From the scientific point of view, the principal criterion is
that the species exhibit significant vari abi 11ty in recru1tment.
If the variability is small, e.g., of a magnitude comparable to the
uncertainty of its estimation, it will be very difficult to demon-
strate a causal mechanism linked to environmental variability. All
other things being equal, a species with large recruitment variabil-
ity, including unusually strong year classes and conspicuous fail-
ures, may be most fruitful to study.

There are other criteria that relate to the feasibility of
investigations:

l. Abundance: unless a species is abundant and subject to a
substantial fishery, information on stock characteristics will be
difficult to obtain.

2. Data baSe: an extensive data baSe on stock SiZe and dis-
tribution, catch, age structure and recruitment is needed for a
study of recruitment variabi'Iity.

3 . Survey logistics: the stock should be di stri buted within
a reasonably limited geographical area that is feasible to survey
and monitor. Migrations shou'ld be conf1ned to this area, and it
should be possible to sample all developmental stages without
depending on the commercial fleet.

4. Stock structure: where there is a rich stock structure,
with several well-defined substocks  as with herring and shrimp!
with different spawning t1mes and locations, each substock makes
possible a separate "experiment" on environmental effects. In some
cases, comparisons can be made with similar populations elsewhere.
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5. Li fe span: species that exper i ence recruitment at an
early age and have a relatively brief life span will yield results
in a shorter time than wi 1 1 longer lived species.

6. Experimental tractability: to obtain necessary informa-
tion on feeding requirements and ecology and on associated growth
and mortality will require experimental work in the laboratory or
in enclosures. Success in this work wi 11 depend on the species
being experimentally tractable under these conditions.

No one species or stock wi 11 meet all these criteria, and as
noted earlier, the selection wi 11 often be determined by other
factors. From that point of view, the feasibility criteria listed
above are as much an indication of the difficulties of i nvesti ga-
tion as a basis for selection. The interests and motivations of
the scientists and laboratories concerned are ultimately the
determining considerations.

Species Srhemata

A logic is required for identifying information needs and for
organizing information about a stock and its environment in a way
that suggests testable hypotheses. Such a conceptual framework was
developed within which information on life history. on the influ-
ence at any development stage of the survival factors of food,
predation, and physiology, and on the effects of abiotic phenomena
on these survival factors could be compiled.

Time, starting with month or longer prior to spawn-
ing, extending at least to metamorphosis; depends on
1ife stage at which year class appears to be
established.

ABSCISSA

ORDINATE

~Sta e Include both di screte events  marked «! and inter-
vening periods: pre-spawning, spawning,* period to
hatching, hatching,* period to first feeding, first
feeding, «period to metamorphos i s, metamorphosis.*
For events, both average date and variance in timing
are needed.

Mabitat For each stage, average depth and distance from
shore  with their variances! and type of bottom
where appropriate.

Survi va1 Factors

Ki nd, quant i ty, associated growth, starvati on
mortality

Food
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It was proposed that for each species of interest, and where
possible for each stock, a table be developed containing informa-
tion as follows:



Predation Identity of predators, incidence, predation
mortality

Physio1ogy Effect of temperature, salinity, dissolved oxy-
gen, etc., on growth and mortality.

There wi 11 be few stocks for which it wi 11 be possible to
provide all of this informati on; often the missi ng information will
be of sufficient importance to justify a research effort.

To this poi nt, the schema constitutes an annotated survival
table, since it summarizes survival as a function of stage/time.
In order to obviate stock size effects, it was proposed to normal-
ize the information to a "survival per spawner" basis. Another
simplification would be to consider "indi vidual" rather than
"'local" changes, that is to follow mortality with reference to the
moving stock rather than with reference to some fixed location.

In the next step, for each stage where the controlling survi v-
al factors have been identified, the abi otic phenomena, both scalar
and vector, that govern variability in that factor would be
identified. For example, the kind and quantity of food and the
timing of its availability for first feeding larvae might be deter-
mined by the timing of the development of a surface mixed layer
which depends on wi nd stirring, temperature, and insolation  a
function of time of year and cloud cover!.

With such tabulations, hypotheses of interaction and control
would be constructed and tested with available time series and with
simul ati on and analytical models; field observations would be
p1anned to investigate clues revealed by the analysis. Laboratory
and enclosure experiments would also be required to determine rates
and fluxes; at each stage, the cost-effectiveness of obtaining the
desired information would be evaluated.

Design of Investigation

In considering the actual design of investigations, there is a
dichotomy between looking in detail at each developmental stage and
all the variability it experiences, and selecting specific stages
and phenomena which there is reason to believe are critical. While
there are obvious dangers in the latter approach, the Workshop re-
cognized the need for simplification.

For example, it was observed that while predation and starva-
tionn are the two most i mportant bi oti c processes driving variabi 1-
ity in recruitment, starvation is much more amenable to i ntensi ve
evaluation. Predation experiments require analysis of gut contents
for all predators, and they present significant problems in identi-
fying larval stages  which rapidly become unrecognizab'le in the
gut! and quantifying their rates of ingesti on. Furthermore, the
results of stomach analyses are difficult to extrapolate to the
field without knowing the distribution of predator fields and their
response to changes in temperature, turbulence, and transport.
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In contrast, there are several criteria for establishing star-
vation, including the fraction of larvae showing histological signs
of starvation; under some circumstances, the shape of the mortality
curve; dai ly growth rates of 1 arvae  obtained from analysis of
daf ly growth rings on otoliths!; stomach contents of larvae; and
availability and quality of food items.

It was therefore proposed that initial attention be focussed
on the starvation process with the view that if starvation were not
thereby implicated as a major causal factor in recruitment varia-
tions, the alternative explanation of predation would be strength-
ened by default. A specific question was posed: Does transport
influence starvation mortality for the species under consideration?
To answer this question, the following i nformation is needed:

1. The normal trajectory of eggs and larvae from the spawning
area to the larval retention  or nursery! area.

2. Physical characteristics of the larval retention  or nurs-
ery! area.

3. Size-age structure and nutritional condition of the 'iarvae
over time and space gradients  to demonstrate that larvae have been
transported out of favorable areas!.

Transport may vary over a wide range of scales. Nhile we are
concerned with interannual variability, higher frequencies are also
of interest. For example, the seasonal change in offshore trans-
port on the Oregon coast has been well documented. The event fre-
quency may be of particular importance, since storms at critical
times may ca rry large number of I arvae out to sea as wel 1 as
destroying those near the surface in wave turbulence.

To examine the items listed above, a series of simultaneous
field and laboratory experiments should be considered, in which
several species of substocks would be examined to detect their
different responses to the environment. The field surveys would be
broad scale and descriptive and would require perhaps five or more
years to conql ete; they would be coordinated with site-speci f i c,
process-oriented investigations. The surveys would attempt to
define the space-tfme distri butions of eggs and larvae of principal
species and substocks, thus delineating spawning and larval drift
periods, and would determine the physical characteristics of the
habitat, field growth and mortality rates of larvae, the location
of larval retention areas and juvenile nursery grounds, and the
structure of i chthyopl ank ton assemb1 ages, as wel l as permi t ting
evaluatfon of sampling and other methodologies. From analysis of
the birthdate distribution of prerecruits, survival rates for dff-
ferent segments of the spawning period could be determined. Site-
specific experiments woul d be included, for example an intensive
study of physical processes, larval size compositfon, and incidence
of starvation along an offshore-onshore gradfent.

It would be necessary to determine experimentally the direct
physio 1 ogf ca I ef f ects  e.g., therma 1 and osmotic stress ! on egg
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hatching rates, larval viability and growth. Other la/oratory
studies would provi de eel ibrati on of hi stol ogi cal criteria for
starvation, establi sh the vali dity of dai ly growth increments on
otoliths, determine rates, limits, and other effects, and deve'lop
innovative technology and improved methods.

This proposal for broad-scale surveys contrasts with the
wide-spread feeling that efforts should be concentrated on testable
hypotheses. For example, one group argued that it was important to
avo1d large-scale ventures such as extensive studies of the Bering
Sea. In order to estimate the mortality  or loss to the popula-
tion! from diffus1on or advection, it should suffice to work within
a limited area that could be heavily instrumented and frequently
resurveyed. A pi'lot survey would indicate the number of samp'les
needed to provide useful confidence lim1ts for mortality estimates.

The question is whether enough is known about the life histor-
ies and other vital statistics of species of interest to be able to
forxmlate and test hypotheses, or whether the background informa-
tion nest first be strengthened, presumably by a broad-scale sur-
vey. The answer should become apparent in the completion of the
species schemata described earlier. If a general survey appears
necessary, serious thought must be given to defining its object1ves
carefully and to selecting the most effective way to achieve these
objectives. An analysis of the CalCOFI surveys with determination
of the minimum sampling that would have yielded a significant part
of the information would be most 1nstructive.

Apart from the question of a general survey, a matter that
requi res joint consideration by the participating institutions, it
appears desirable now to move beyond the general level that marked
the discussions at Lake Mi lderness. The next step should develop
from the specific proposals of scientists who intend to undertake
the research and who would welcome the cooperation and participa-
tion of other scientists and research groups.

Monitoring

An ultimate result of a successful research strategy would be
a realistic recruitment mode1. To develop and apply such a model
requires that data on both stock abundance and env1 ronmental
conditions be regularly available as products of monitoring systems.

Monitoring of the fish stocks is currently undertaken by
government fishery agencies using catch data and the fi nd1ngs of
direct stock assessment surveys. For many of the more comnercially
important spec1es. the record of abundance and year class strength
i s reasonably good. For other speci es, the data are far from ade-
quate, and the investigation of the determinants of their abundance
will be correspondingly limited.

For the environment, there exist some reasonably long-time
series of information on some atmospheric  e.g., surface pressure!
and oceanic  e.g., sea surface temperature, sea level! variables,
and repeated observations with broad coverage are being made by

205



remote sensing from satellites. Future satellites are expected to
give better information on surface wind stress and ocean circula-
tionn. Research may indi cate that envi ronmental variables not now
monitored wi 1 1 be critica'1 for predicting year class strength.
Improvement and extension of envi ronmenta'1 monitoring in the Gulf
of Alaska and the eastern Bering Sea wi 11 undoubtedly be diffi cult
and expensive. Thus careful study will be needed to determine the
most economical ways to obtain the necessary information, and the
joint efforts of all concerned will be necessary to carry out the
observational program in the most effective and least burdensome
way.
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Participants in Working Group Discussions

Acron s and Addresses:

Inst1tute of Ocean Sciences, P.O. Box 6000, Sidney,
British Columbia VBL 4B2
International Pacific Halibut Comnission, P.O. Box 95009,
University Station, Seattle, WA 98105
Northwest and Alaska Fisheries Center, 2725 Montlake Bou1e-
vard E., Seattle, WA 98112
Oregon State University, School of Oceanography, Corval lis,
OR 97331
Pacific Biological Station, Nanaimo, British Columbia
V9R 5K6
Pacific Environmental Group, P.O. Box 831, Montery, CA 93942

IOS

IPHC

NWAFC

OSU

PBS

PEG

207

Armstrong, D.  UW!

Aron, W.  NWAFC!

Bakun, A.  PEG!

Banse, K.  UW!

Boehlert, G.  OSU!

Curl, H.  PMEL!

English, T. S.  UW!

Francis, R.  NWAFC!

Frost, B.  UW!

Gallagher, A.  NWAFC!

Gallucci, V.  UW!

Goering, J.  UAK!

Greene, C.  UW!

Grosse, D.  UW!

Gunderson, G.  UW!

Hayes, M.  NWAFC!

Horton, H,  OSU!

Hunter, J.  SWFC!

Incze, L.  NWAFC!

Jamieson, G,  PBS!

Kihara, K.  UW!

Kruse, G.  OSU!

Laevastu, T.  NWAFC!

McCaughran, D.   IPHC!

Megr ey, B.  UW!

Miller, B.  UW!

Miller, C. B.  OSU!

Nishiyama, T.  UAK!

Qhman, M,  UW!

Parker, K,   IPHC!

Pearcy, W.  OSU!

Reed, R.  PMEL!

Royer. T.  UAK!

Schoning, R,  NWAFC!

Schumacher, J.  PMEL!

Shimada, A.  NWAFC!

Shirley, T.  UAK!

Stern, J.  UW!

Swan, N,  NWAFC!

Tabata, S.  IOS!

Thorne, R.  UW!

Turnbull, W.  PMEL!

Ty1er, A.  PBS!

Ware, A.  PBS!

Wespestad, V.  NWAFC!
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