


QASHu-a-F5-pe i ca

llIMN9% NP!
Sea Grant Oepasitory

Fisheries Dynamics

Harvest Mana ement

and Samp ing

Phillip R. Mundy Terrance J. Quinn 11 Richard B. Deriso

NATIONAL SEA GRANT D'EPOS!TORY
PELL LIBRARY BUlLDNG

URI, NARRAGANSHT BAY CAMPUS
NARRAGANSETT, Rl 02882

Washington Sea Grant Program
College of Ocean and Fishery Sciences
University of Washington HG-30
Seattle, Washington 98195



About the Authors

Phillip R, Mundy is an associate professor, School of Fisheries and Science at the University of
Alaska, Juneau, Terrance J. Quinn ls a biometrician, and Richard l!eriso is a population
dynamicist; both are associated <vith the 1nternational Pacific Halibut Commission, Seattle,
Washington.

Key Words 1. Fisheries management 2. Salm<m management

Publication of this report is supported in part by grants NAB 1AA D-00050 and NAS&-1!-
N�11, projecLs A/PC-5 and E-i from the National Oceanic aud Atmospheric Ad<ninistrati<m to
the Washington Sea Grant Program.

Copies of this report may be obtained from washington sea Grant Communications, College <if
Ocean and Fishery Sciences, University of Washington, Seattle, O'A 98I95.

Washington Sea Grant Program
College of Ocean and Fishery Sciences
University of% ashing<on l IG-50
Seattle, WA 9t< l 95

Wsci ss-t
March <985



Contents

Part I. Harvest Control Systems for Commercial Marine Fisheries
Management � Theory and Practice

Theoty � A Provisional Definition of Harvest Control Phiilip R..tfundf
Preliminaries
Harvest Control
A Provisional Dehniuon � The Objectives

Theory and Practic~hrimping in North Carolina Phillip R.,'Mundr
Recapitual  ion
Preliminaries
A Provisional Definition � The Harvest Control System
The Control of the Fishing Operation
Summary and Conclusion

Practict. Salmon Fishing in Alaska Philip R..@undy
Preliminaries
The Chinook Fishery of the Lower Yukon River
The Practice of Harvest Control
Summary and Conclusion
Acknowledgmenls
References

Part II, Management of the North Pacihc Xalibttt Fishery

Sampling Considerations Terrance J. Quinn li
Background
Catch and Effort Sampling
Survey Sampling
Sampling for Age Composition
Conclusions
Acknowledgments
References

Stock Assessment and hJew Evidence of Density-dependence RichardB Deriso
Stock Assessment Methods
ResulLs and Discussion of Estimates from  etch-at-age Analysis
Results and Discussion of Estimates from  ;atch-elforl Analysis
Conclusions
Acknowledgments
References

9 9 9
10
1S
1

19

19
20

30
31
51

36

36
3t 
4o
i3
46
iG

i9

51
St
56
58
59
59



Part I.
HARVEST CONTROL

SYSTEMS FOR

COMMERCIAL MARINE
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THEORY AND PRACTICE





Fisheries Dynamics

management for the Washington Department of Game. His article is a serious effort to trans-
late his experience into a coherent body of knowledge. I do not necessarily agree with the
opinions o Wright, however he has certainly chosen the correct topics for discussion, and the
value of his experience cannot be ignored.

The philosophical basis I'or harvest control spans many years of thought, and the
quick, concise presentation of Nielsen  I97G! provides a painless entry to the literature. The
motivation for the development of harvest control within the fisheries profession and its aca-
demic environs is discussed by Royce �98$! .

Harvest Control

In April 1976 I took my first job in commercial inarine fisheries management of
Puget Sound. In the seven years since then I have observed and participated in harvest control
operations for sahnon in many parLs of Alaska. in both marine and freshwater areas. During
the past three years I have directed research on harvest control methods for brown shriinp
 PenaeLs aztecgs! in North Carolina, and for the past year harvest control methods for the
blue crab  Callinectes saPidgs! have consumed part of my research time. With the ample
opportunity for observation during the past seven years, I have come to understand that the
termjsheries management does not have a specific meaning but is al! things to all biolo-
gists. Indeed it is not clear whether anyone can offer a definition of hsheiies management
which could be relevant for the majority of cominercial marine fisheries, or even for the
majority of fisheries on adult Pacific salmon. Fisheries management is a general term akin to
the terins medicine and law, within which can be defined a inyriad of specialties. Unfortu-
nately there is a pronounced tendency among fisheries scientists to use this terin as if it had a
specific meaning.

ln Alaskan salmon fisheries, the specialty of harvest control is most often referred to
as fisheries inanageinent, and in commercial marine fisheries it is my experience that harvest
control is usually referred to as fisheries management. The terin, "Real-Time Sahnon Manage-
ment," is synonymous with "harvest control of salmon." My current research is directed
toward the definition of harvest control as a fisheries management specialty.

The search for a fisheries manageinent specialty which is essential to most commer-
cial marine fisheries has led me back time and again to the need to direct the operation of
fishing gear to achieve soine specified harvest objective; harvest control. Harvest control is a
fundamental requirement for any fishery which is said to be managed. If there is a single
concept which can unite the fisheries management of Pacific salmon, brown shrimp, and blue
crabs, I believe it would be the design of a rational system of harvest control, Indeed the need
to establish overall principles of harvest control with respect to the numerous species explo-
ited is very important to the development of fisheries as a profession. During my employment
on the east coast of the United States, I have frequently been introduced as a "salmon biolo-
gist," or, worse yet, as a "salmon person," by well meaning coUeagues, The same colleagues
wonder why a salmon person would be interested, or even qualified, to study brown shrimp
or blue crabs. It is obviously essential to demonstrate that sound principles of harvest control
do not respect phylogenetic barriers.



A Provisional Definition of Hanrest Cnntro/

Harvest control is a set of procedures. an algorithm, for the interpretation of infor-
mafion used in directing a commercial fishing operation toward soine objective. The objeclive
varies bul the central challenge in the conduct of an! commercial marine fishery is the proper
division of the relevant biological population into two categories: dead and alive. The catego-
ries go by various names, catch and escapement, or yield and stock, but the partition is always
into two sets. Within the course of a year or a season, harvest control consists of a series of
decisions to harvest or not to harvest, and no decisiun can be recalled since fish do not rise
from the dead  except in federal court!. Iiarvesl control is the rate-limiting step among all the
activities called "fisheries management," and all lhe efforts focused to determine the proper
level of harvest count for nothing if the lishing uperalion cannot be directed to achieve that
specified level.

Thus two compelling reasons for the study of harvest control have been reached.
Research on the design and impieinentation <>f methods capable of achieving any specified
level of harvest is essential  I! to cul across the primarily artificial phylogenetic barriers
which divide the conduct of commercial marine lisheries and �! as the rate limiting step of
fisheries management.

A third reason is touched by Royce  l 985! in his inquiry into the slatus of fisheries
science. The regulatory process is the interface between the fisheries profession and the
general public, lf the harvest control process is inept, then the profession appears to be inept.
If Ihe regulations have little or no rational basis, then the profession is perceived to be irra-
tional. Obviously appearances are important, because lisheries science hardly exists outside
of federal, tribal, and state agencies and the consulting firms which depend upon these gov-
ernmental entities for sustenance. As most of >Ls are now acutely aware, the funding to these
agencies depends on how the public perceives the need for fisheries science, which in turn
depends un how the public perceives fisheries scientists.

A Provisional Definition � The Objectives

Hark«st control may be dehned in lernis uf ils r>hjectives and the i>>formation neces-
sark to achieve those objectives. One objective has h«en f'requ«nth m«nliuned alreadh: the
specihed f«vej of harvest, Such a level has beeii vari»usly called the maximimi suslainahle
vi«fd  ikfSY!, the optimum sustainabi«yield  OSY!, the guiri«iin«harvest Irv«j. Ih« total aflr>kk-
ahle catch  TA :! or as the o>mplement of s»nie catch lekel, an escapemenl gr>al. The general
ierm for the primarv ohjectiv«rif halvesl control is <'o»ser<vrtirrn. Hr>vrev«r. h« immediateh
warned that c<mservalirm shuuld never b«accorded its literal, or popular, meaning in the
context ofharkest c<>ntr<>l. Perhaps the most difficult l«ss<m for a new harvest c»ntr»l hir>l»gist
is the meaning of the conservation r>hjecthe. Th«harvest I«v«l � the emhr>dime»I »f c»ns«rva-
tion in a practical, tangible sense, is»r>t n«c«ssarilk s«l hy hsh«ries hi»logisls, hut hk the agent
of the proprietor, ur owner, of the resource, the political state, lt comes as a great sh»ck t»
SOme hi»IOgLSIS lO find that they du not i>wn the rexuurC«.

That the proprietor's agent is often a hii>lugisl causes cunfusiun. not salisfacli<u>.
Fisheries biologists >nay contribute informatirm ref«vant t» the «pprr>priat«harvest level, a
hsh«ri«s professional may «v«n write the regulalir>ns. hul the harvest level is ultimately sel hy
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the political process. Certain enlightened political entities, such as the State of Alaska, permit
fisheries biologists broad privileges in interpreting and impleinenting salmon harvest levels,
However, a Fisheries Board of concerned citizens and the Commissioner of Fish and  lame

are ultimately responsible to the public for the actions of the biologists. Other political enti-
ties, such as the Commonwealth of virginia. determine the harvest levels in the marine h»h-
eries by default, allowing the traditions and inefliciencies of SSI! years of history, and contem-
porary market conditions, to set the harvest level fiir blue crabs and most lin fishes.

Thus the primar! objective of a harvest control operation is noi set by biologic or
econoinic factors as evaluated by fisheries biologi»Ls or econoinists; thev are set hy the ovrner
of the resource. the political state. This is a bitter pill for manv fisheries biologists to swallow,
but it may cool the fever of their frustration in trying to carry out thc objectives of conserva-
tion. These frustrations are nothing new, Among the most accurate forecasb of catch by
species ever made fur any commercial fisher! were those given to the hiternational Whaling
Commission by ib scientific committee for the Antarctic whale fishery  see Me%ay !966!. The
names of the committee members are internationally known in lisheries circles: Douglas
Chapman. Kay Allen, Sidney Holt, and, lat«r, John  julland. Even after the committee's under-
standing of the population dynamics of the fishery was conlirmed by subsequent catches, the
political process prohibited implementation of the harvest goals b! species as recommended
by the committee. The quotas by species were»«t higher than conservation detnanded until
the fzshery collapsed. Ii is a classic pattern: conservation measures are iinplemcnted only after
the demise of the fishery even in the face of compelling scicnufic c«idcncc. Thc Antarctic
whale fishery offers a chilling example of the inability of resource management prof«s»ionals
to influence the outcome of a han est control operatiiin even when armed with ad«quat«
information and astute analysis of both the dynamics of the population» and the behavior of
the fleet. The history of the IWC is knowledge basic io anvone who would be a resource
management professional.

I'nfortunat«ly, adequate data are rare in commercial marine fisheries, and asiute
analysi» of the exi»ting data is even less common. The lack of consensus among fisheries
scientist» which results from inaccurate and incomplete data is another circumstance «hich
may preclude a harvest objective consistent with conservation of thc resource aiid fishery. In
the face of disagreement among the experb, the political system is ready and waiting to
impose its iiwn solution which will he con»i»tent with legal and social concerns, if not with
conservation requirernenLs.

ln any event it should not be the responsibility of the harv«»t c<>ntrol biologist to
dispute any particular harvest objective at the level of professional responsibility. The prof«»-
»ional requiremem i» to deliver the harvest objecthe as accurately as available data permit.
Therefore in a professional harvest control sense, conservation is a number, total al!o«able
catch  TAC!, total allowable foreign fishing  TALFF!, or even maximum or optimum sustain-
able vield  MSY or OSV!. On occasion a harvest rate may he specified as a percentage of the
individuals available for harvest. If the harvest level is repugnant. the biologist can work
through the political system a» an informed citizen to «If«et change.

The concept of con»ervation in harvest control must also b«understood to coruain a
responsibility to the harvester. In some heavily politicized Ii»heries, harv«»t control biologist»
may tend to favor harvester» over fish  scc Wright I'!gl!. Thc opposite fasoritism has oc-



>i Pmvisional D<Itr<ition of Hart>est Control

curred in Alaska, where conservative harvest control procedures have at times generated
smaller salmon catches than dictated by the escapement objectives in order to be ahsulutely
sure that adequate escapement was obtained. Relying on counting towers located well up the
rivers from the harvest areas to ascertain the escapement, the control agents often found a
surplus escapement between fishing districts and the counting towers hy the time the fisheries
were opened.

For the harvest control specialist the responsibility to both resource and harvester
precludes having either as a "client." The resource is not the client and neither is the harves-
ter; the reponsibility is tu obtain the specified harvest level and thereby to serve both resource
and harvester. If either is abusedby the harvest objective, then let the agents ofresource or
harvester take what remedy is available from the political system,

The term "c<inseivation" is still appropriate to the primary objective of harvest c<in-
trol, since federal, tribal, and state laws in most cases require that conservation be served
before harvest can occur. Fisheries professionals in aII specialties must neccssarilv defend
literal conservation and the laws which to so<ne extent protect the right of a species to exist
The only I>.S. Iaw which specified the tight of a species  other than human! to exist, the Rare
and Endangered Species Act  federal!, has been neutralized through the efforts of Tennessee
Senator Iioward Baker and the Tennessee Congressional delegation. The law once read «p-
proximately, "Thou shalt not destroy a species." but it now reads approximately, "Thou shalt
not destroy a specie unless thou hast a good rea»on "The persistence <>f the Iaw in its
original form could have made life much easier fur harvest control hiolugi»is caught in a
conflict between harve»t objectives and conscience.

The two remaining objectives of harvest contrul are relatively <ihscure in lisheries
education, hut they are important nonetheless. pt<blic safeti is the sec<md objective of harve»t
control, in order of priority, Public safety requires that fishing regulations are written with
concern for the physical well being of the harvester., Fishing areas should mn contain militar-
Hy restricted areas, such as naval torpedo ranges, or other avoidable hazards, Even if such
restricted areas and hazards are dearly indicated on chart», the public may interpret the
lishing regulation to mean that permission is granted to transit the restricted area f<>r the
purpose of fishing. Scheduling openings during severe weather conditi<ins should bc avoided
if possible. Such a precaution is particularly applicable in»hurt-term intensive <>perations
such as adult salmon fisheries. A harvester ma> have onh a half dozen, or fewer. <>pp<irtuni-
ties to make a vear's income, so to open the fishery during hazardous weather c<mditi<ins i» to
tempt him to risk his life.

The fina! objective is alsu of primary concern in short-term intenshe  isherie»: prr4-
uct qualit> . In herring roe and»almon fisheries,  or example, the unit price of the product i»
a functiun of time. Inappropriate scheduling <if fishing periods can lead t<> the loss of millions
of dollars of product, or to the delivery lo the consumer of less than a premium quality
product. In adult salmon fisheries an optimistic sign for product quality cunsiderations is the
provision of escapement goals as a function of tiine, not just as a single numerical value for
the year. The sockeye salmon fishery of the Capper River delta, Alaska, is regulated to meet an
escapement goal by time interval, and excesses, or delicits, of escapement in one time interval
are not credited to, or subtracted from, escapements in any other time interval. Such a
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premeditated system of achieving a more equitable distribution of catch  and escapement!
through time is highly desirable  see Mundy 1982b!,

In summary, harvest control regulations must properly divide the stock into catch
and escapement, must not threaten the physical well being of the harvesters. and must con-
sider the welfare of the processing sector, Since those three objectives of conservation, public
safety, and product quality may be mutuaHT exclusive, priorities must be establish ed before
the fishing season starts and even before the regulations are written.

Information Requirements-
The Provisional Definition Continued

The minimum information necessary to achieve the objectives of harvest control can
be divided into the categories of spatial distribution, temporal distribution, and abundance,
The information requirements are best remembered as the answers to the questions, "Where,
when, and how many?," with respect to each identifiable stock of fish, and fishing gear type,
under the jurisdiction of the harvest control authority.

At this point in the definition of harvest control it is not necessary to talk about the
sampling problems involved in obtaining those ansi',ers, Sampling considerations for a com-
mercial marine fishery are addressed by Terry Quinn in another paper in this series. Regard-
less, however, ofhou. the answers to "Where, when, and how inany?" can be obtained, the
possession of tha  minimum infortnation is a valid test of whether a iisheries manageinent
agency is actually performing its legislatively mandated function. Assuine this agency is
charged with achieving some objective, such as conservation, which is defined in the enabling
legislation of the agency. One could look merely at annual yields, escapement levels, the status
of critical habitat, and at any other category of data which might describe the status of the fish
stocks under the jurisdiction of the agency. If the stocks are in good shape, as judged by the
legal definition of conservation, then the agency might he said to be in performance of its
duties, while if the stocks are below conservation levels, the agency might be charged with
dereliction of duty.

Such arguments would, of course, be superficial. The status of the stocks could well
be independent of any actions taken by the agency. Indeed, the activities of other agencies and
of the public at large might be the primary determinants of stock status in the management
area, How can one tell if the stock status is due to the activities of the agency?

While it may not be possible to determine if the stock status is the direct result of
agency eEorts, it is relatively easy to teH if the agency has the capability to fulfill its mission. If
the agency cannot produce the minimum information necessary fur harvest control, then it
cannot possibly be exerting any rational influence on the operation of the fishery. Thus end-
less arguments about the status of the stoclcs, the appropriateness of escapement goals, the
condition of critical habitat, and other di5cuk issues are avoided. If the agency does not
command the answers to "Where, when, and how man>!" for each identifiable stock and gear
type in its areas, then harvest control is void, ln plain language, it is possible to determine
whether the agency is managing, or just keeping score.
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The extent to which the agency can define the abundance of stocks and gear type by
area and time interval detertnines the ability of the agency to direct the fishing operation to
achieve any given objective. A perfect command of such information will rarely, if ever, be
found within any single agency. But if such knowledge is entirely lacking, if the budget of the
agency contains no provision for mastering such information, then clearly the agency cannot
control the harvest. The lack in iLself can identify an agency which is incapable of managing its
resource for the public trust,

On the basis of the preceding criteria, one might question the harvest control capa-
bilities of most resource management agencies. Given the realities of budgetary constraints
within most agencies the application of such absolute criteria might not be considered "fair."
The purpose here is not to be fair, but to forge in general terms an objective definition of the
Information required to manage a hsheries resource. It is intended to pave the way for a
general theory of harvest control which can unite the principles on which the regulations of
commercial marine fisheries are based.





Shrimping in North Carolina

A Frovisional Definition

The Harvest Control System

Harvest control systems have been speciiied in rigorous form by a uuinber of authors  see
Peterman in Holling 19/tt!, however I believe that haivest control systems are constrained to
be no more complex than is justified by the educational backgrounds of the people who must
operate the system. This is not to say that the best avadable data and analytic tools are not to
be applied to the development of the systems but, rather, that the system will fail if the results
of the systein cannot be interpreted to the public and its elected representatives.

In the Alaska adult salmon fisheries, decisions on the disposal of tens ofmiihons of
dollars of product are made every twelve hours over a period of several weeks, and under
enormous pressure, The system niust be trusted to function under such conditions, and to be
trusted it must be understood. In some areas of Alaska harvest control biologists are accus-
toined to spending the summers managing the fishery and the winters in court answering suits
filed by processors and harvesters. Only trusted, weil-tested methods wiii be used by people
who are subject io such intense public and legal scrutiriy.

The elements which I indude in a harvest control system are a performance curve
and a set of rules for the use of the performance curve in setting harvest regulations. The
performance curve specifies the cumulative proportion of the catch, catch per unit effort
 CPUE!, or total abundance which will occur within a fixed geographic reference frame. The
term performance curve is a synonym for "cumulative time density' which I have used in past
publications and which was derived by analogy to a probability density function in the time
domain. But the term "performance curve' has intuitive appeal and it is highly descriptive of
the use to which such constructs are put,

Very simply, the performance curve is an image of the cumulative percentage points
of the fishery in a specific Iocahty, When the locality is a small, weil-defined area through
which a single life history stage of the target stock rnigrates, the performance curves are likely
to vary little from year to year, as reiiected by the catches from a well-established fishety. If
the area is geographically very broad  e.g. ihe North Pacific!, and if the catch is not divisible
by life history stage, then the performance curves will probably vary a great deal from year to
year, Obviously the cases amenable to the type ofharvest control system discussed here are
those in which the annual performance curves are quantitatively similar for each application.

The tiine series of catch in a fishery is the result of the distribution of the stocks and
gear in time and space. The perforinance curve is an attempt to wrest simplicity I'rom a
complex situation by fixing the spatial domain, whde allowing tiine to vary. Since the haiance
of the lectures will be concerned with variation in the cumulative proportion of catch as a
function of time, let me note in passing that a performance curve can be written as the
cumulative proportion of catch  or CPUK! as a function of space on a tiine interval. For
example, if harvest control needs to track a migration along a body of water such as a river,
or inlet, the cumulative proportion of CPUE  or its hrst derivative! on each tiine interval can
he used to track the "center of mass" of the migration, The spatial domain is composed of the
various statistical areas aligned along the axis parallel to the path of the migrauon froin the
point of entry to the destinaiion of ihe migradon.
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Performance curves in the time domain have broad application in harvest control of
well-established fisheries with long-standing staustical reporting areas. But other methods
which rely on the concept that catch is proportional to total abundance  in the vein of Bara-
nov! may also be applicable to these situations, When only a limited number of years of data,
or no data at ajj, are available, the performance curve may be the only rational basis for
harvest control.

The claim that a performance curve can serve harvest control in the absence of any
historicaj data needs to be explained. 1n 1977 while working for the point No point Treaty
Council at Kingston, Washington, 1 was faced with the need to write fishing regulations for a
set gillnet fishery for coho salmon  O. Iristztch! on the Etwha River, just west of port Angeles.
The Ejwha was dainmed only a few river miles from its entrance into the Strait of Juan de Fuca
about 1912, consequently no native coho sahnon populations existed in the river in 1977. But
in that year a harvestable surplus of coho salmon returning to the Elwha River was anticipated
due to the release of smolts from a rearing channel on the river operated by the Washington
Department of Fisheries  WDF!. A gillnet fishery at the mouth of the river was justified to take
any surplus, but how could the level of surplus he determined and the desired level of escape-
ment be achieved with no historical performance data to guide the formulation of regulations?
Waiting for the fish to accuinulate in the river would have meant a substantial loss in the value
of the harvest due to the decline in quality of maturing fish, and there ms no sure method to
enumerate the fish even after they had accumulated in the river. ln the end the success of the
operation would be judged when WDF personnel attempted to recover brood stock from the
river.

The stnolts which had been released from the Elwha River had originated at the WDF
hatchery on the nearby Dungeness River, and catch records from a gill net fishety at the
mouth of that river were available. A performance curve based on Dungeness catch was used
to set harvest regulations on the Elwha River under the assumpuon that the timing of the
transplanted salmon would not change. A further assumption was a 100 percent exploitation
rate, and the cumulative percentage points of the performance curve were used to give a veN
conservative estimate of the total return of coho for the year; the cumulative catch of a date
was then divided by the expected cumulative proportion specified by the performance curve
on that date. The appropriate harvest level for the season is continually updated by subtractirig
the escapement goal of WDF from the esutnated total return on each time interval. in 1977
and 1978 the WDF channel operation received its escapement requirement with not more
than a 20 percent surplus of spawners, and the gill net harvesters received top dollar for river
caught fish. The fishery ended after 1978 because WDF had ceased releases of coho, since the
fishery was operated by a treaty indian tribe, the Lower Elwha IQallam.

To illustrate the apphcation of performance curves to a specific fishery, 1 have cho-
sen some work Rom North Carolina  Babcock and Mundy, in press, and Matylewich and
Mundy, in press! . Catch and nominal effort data have been available for this trawl shrimp
9'eiraetzs spp.! fishery on a weekly basis only since 1978, however monthly catch data extend
back to 1966, Prior to the declaration of the exclusive economic zone, EEZ, by Mexico about
1976, the penaeid shriinp fisheries had the highest dollar value to United States fishermen of
ajj commercial fisheries. Even now that landings are primarily limited to catches from U.S.
waters, the shrimp fisheries are leaders in economic value in V.S, fisheries. The brown
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shrimp  P. aztecus! is usually the most valuable commercial species in North Carolina, al-
though blue crab  Callinec'les sapidgs! landings have occasion«Hy eclipsed those of the
brown shrimp in recent years. Landings of brown shrimp from a single «rea, Pamlico Sound,
usually account for the majority of the state's brown shrimp landings.

To determine the similarity of the annual performance curves over all years of record
we examined the mean of the time series of percentage catch  the first derivative of the
performance curve � the time density; see Mundy 1982b!. While the variances of the annual
time series of percentage catch would not be comparable between monthly and weekly data,
the means are comparable. The mean date of the North Carolina brown shrimp catch
�966-1980! has fluctuated over a range of about one month, with the center of the range
falling at the end of]uly or heginning of August  Fig. 1!. Based on past experience with
salmon fisheries, 1 felt the results looked promising, Using the weeldy data and the catch for
only a single major statistical area  Pamlico Sound, 6354!, performance curves of weekly
catch data of 1978-1981 were constructed  Fig, 2! . The close similarity of the annual perfor-
mance curves of catch, and the even more striking resemblance of the performance curves
for catch per boat hour  Fig. 3! for the same years, demonstrate the applicability of perfor-
mance curves to harvest control. lf the best available approach to answering the questions of
temporal and spatial distribudon and abundance is to say that the proportionate time series of
catch, or CPUE, or total abundance  combined catch and time lagged escapement! by statisti-
cal area in the current year wiU resemble that time series of past years, then performance



Fisirerr'es Dynamics

Figure 2. Cumulalwe proportion ol
commercial brown shrimp catch by
week f Jan. l-7 is week 1! from
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curves provide a means of displaying those arguments in a quantitative fashion. The estirna-
tion of total annual yield for the brown shrimp ftshery is accomplished on each time interval
by dividing the cumulative catch of the time interval, R t!, hy the expected cumulative propor-
tion ofcatch  or CPUK}, P t!; w t! = R t!/P t!. Ao estimate of the variance ofthis estimator
is given by Walters and Buckingham �975! ',

g2 2
2 21o = II+22cr 'P!w P4 !

i

The important points to note about the variance of this estimator are �! it
approaches zero as the percentage of catch appr oaches 100, and �! it is direcdy
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Figure 4. Percent eiror in estimates ot total annual brown shrimp CPUT lor Pamlico Sound, I978-1981.

proportional to the variance of the cumulative proportion of total catch  CPUF! on the time
interval. As one would expect, once the season is over, it is possible to estimate Ihe yield with
almost perfect accuracy, but as may not be obvious, the variance of cumulative proportion
increases from zero at the beginning of the season to a maximum near the mean of the time
density, and then it decreases to zero at Ihe end of the season.

Using a system of estimation in which the average performance curve of three years is
used to estimate the total CPUE of the fourth year. the error of estimation quicldy settled down
to the plus or minus 20 percent range  Fig. 4! for brown shrimp in Pamlico Sound. The
expected cumulative proportion of CPUE can be used to estimate either the total catch or the
total CPUE for the season, depending on which is of interest. To judge how soon the
information will be available to managetnent during Ihe course of the season, note from
Figure 3 that by week 30 about 30 percent of the total annual CPUE has been expended, so
that by the 30 percent point in the season. the harvest control biologist could be in a position
to esumate the total catch per unit efort for the season within 20 percent.

Of course more years of data wiH probably add more variability to the estimator, and
the methods employed here can be considered only as a simulation of the real world. Hut the
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accuracy of the estimator in simulation, the similarity of the annual performance curves of
catch and CPUE �978-1981!, combined with the stability of the mean date of catch  Fig. I!.
are sufficlent to make the point that a performarrce curve harvest control system woukl be
appropriate for regulating the harvest of brown shrimp in Pamlico Sound.

The extension of methods developed in the salmon fisheries of Alaska and British
Columbia to brown shrimp harvest in Niorth  carolina was relatively eas» because the life cvcle
of the brown shrimp is a mirror image of the life cycle of the salmon  Fig. 5! . The adults
.spawn in the Atlantic Ocean, and the young develop through several stages trr become the
mysis, which is returned to the nursery areas in the mouths of rivers by Ekman transport and
other physical procrmes which are exploited by the behavior of the mysis and postl«rv«. As
the postlarvae grow into juveniles, they start the movement back into the estuary where the
transition to adult starts, The fishery acts on the maturing shrimp in the estuary as they return
to the ocean. Once the maturing shrimp reach the ocean they are not targeted by a fishery.
The geography of the North Carolina situation  Fig. 6! completes the analogy, !uvenile shrimp
from the Neuse and Pamlico rivers, and other nursery areas, migrate into Pamlico Sound
where a fishery is directed on them. As they begin tir mature, the shrimp migrate through the
passes between the barrier islands into the Atlantic Ocean, Once in the ocean the shrimp are
free of the fishery.

The Control of the Fishing Operation

The basic concept of harvest control and the performance curve being understood,
there remains a question which has been answered only implicitly so far. It is essential to ask,
'What means are available to achieve the objectives ofharvest control, assuming adequate

16
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Figure 6. Cpa»tal North Carplrpa ahd rhe SrarrSrroal repprbpp areaS rpr lbe brOWn Shrimp bar VeSr

information is available?" Harvest control is normally achieved through enforcement of legal
restrictions on the time of fishing, the area of fishing, and the gear for taking fish�
abbreviated as time, area, gear  TAG! restrictions,

Fr>r harvest control operations which are directed on a daily ha»is  i.e. real-time
salmon management! the means of control most frequently available is the time restriction.
Area control i» frequently available, however it is never a» flexible as the time control. Fishing

17
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areas have to be delined in legal terms before the start of fishing, and if the area cannot he
readily defined by geographic landmarks and visual navigational aids such as channel
markers and lighthouses, then the management agency will have to provide the markers.
Purchasing and deploying area markers can entail tens of thousands of dollars in expenses to
the harvest control program, Once statistical reporting areas are long established, there are
compelling economic, legal, and mathematical reasons for leaving them undisturbed, The
least flexible means of controlling the fishing operation is by gear restriction. Typically
inemciencies are legislated into fishing gear by prohibiting the application of emerging
innovations in inarine architecture. Once a standard vessel has been defined, and once large
numbers of people have invested in the standard vessel, changes are di5cult to effect. The
amount of fishing gear; the length, depth, and mesh of nets; and the total number ofhooks,
pots, or other appliances can be altered, but enforcement problems are directly proportional
to the number of vessels and apphances in the fishery and the area over which the Iieet is
dispersed, The volume of fishing activity can be ascertained rapidly, trom the air for example,
but the amount of gear actually being fished usually must be determined by on-board
inspections. Furthermore, changes in vessels or fishing gear can thwart attempb to define a
standard unit of gear for the purpose of estimating abundance from arguments of the
proportionality of catch to effort and abundance  e,g. Baranov: Lesiie, and others!,

Consequently the most effective, and common, means of ihrecting the fishing
operation is hy opening and closing a fixed area to fishing by a predictable number of units of
effort. It is precisely for this p~ of situation of control thl the perforinance curve is
appropriate. If the primary means of achieving the objectives of harvest control is the time
regulation, then the primary criterion for deterinining the status of the binary switch�
fishing/no fishing � in a given area will be the current performance as interpreted within the
context of the historical performance of the fishery in that area. My argument is that the
record of historical performance of choice is the cumulative proportion of catch, CPUF., or
total ahundance as a function of tiine, the performance curve.

Summary and Conclusion

ln harvest control the operation of a commercial fishery is directed to achieve the
objectives of conservation, public safety, and product quality, where the precise meaning of
the objectives are determined by the proprietor of the resource, the political state. The
objectives cannot be achieved, except possibly by chance, without information on the
distribution and abundance of the resource, and gear, in time and space. A convenient
summary of the necessary information is the performance curve, the cumulative proportion of
catch or CPUE as a function of time in a fixed locality. When annual perforinance curves are
similar, the performance curve forms the rational basis for opening and closing the fishery
within its reference frame by serving to scale current performance by historical performance.
If the annual performance curves differ radically, it is not likely that any s~tem of harvest
control is appropriate to the lishery. This is true because the time series behavior of the
performance curve of the fishery is unstable and there is consequently no basis to evaluate the
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relation of the catch on a given time interval to a specified seasonal management goal such as
a quota  i.e,, TAC or TAIFF! or annual spawning escapement goal, In a fishery with an
unstable performance curve, for example, it would not be surprising for the seasonal catch
quota to be exceeded in a single harvest period due to unpredictable behaviors of the target
species and the harvesters. In a salmon Sshery where the time series behavior of the
performance curve is unstable, escapement goals will be routinely missed by substantial
margins. The key concept is that the level of uncertainty about the behavior of the fishery is
directly proportional to the magnitude of the variability associated with its performance curve.
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The Chinook Fishery of the Lower Yukon River

In june of I9!� I first ii»it»d th» Ala»ki< l!»partm»nt of I:i»h;tnd  >arne, > I>I'ft< >.
facility at L'mrnonak on the Tuki>n 4»t a  I'ig. I! 'I'h» Tukini i» a!a»t drainage l!a»in iif
5 '�,[�0»quare miles, about two-ti<ird» of «hich are in thc I'ni ed St ite» S<>m» chini»ik trav»l
o! er >100 river mile» tii »pa«n in  ;anadian area» which li» <>uf! a f»«hun<ir»d oiilcs ca»t of
Juneau, Ala»ka.  :hinook are harv»»t«d at variou» point» ah><ig the ri!»r. bui th» niaji>rity ar«
taken by the subsistenc» and ci>mm«rcial fi»h»ric» <if rhc Iow»r river

The fishery >s small by Ala»kan»tandard», taking ann<raff! ah<nit I �. !t� chinook
from set and drift gill nets. including  h<is» catch»» from r«<i sta is ical area» «hi>vc thc delta
to Old paradise village «hicti lie» ah<>u ,500 ri< r mil»» fry>o»he mouth. Th< majorit< of tli»
catches of the lower river c<>me fri>m the delta area. Initiallv the re»»arch proj»ct «samii!cd
catch and elfort records fri>rn all <>f the Iow»r riv»r t lsf<rndh I'!g!a!, but m! r< marks will be
confined to an aiialysi» of  he r»c<>rd» fr<>rn only thr.' hrst  ! s river mii<», tlie <l< Ita proper
«hich ends ai ihe A@uk River.

The harvestc<>ntr<>I i>bjectiv» is to dcli<cr a guid lin» bar<»»  I»vel »et h!
thc Board of Bislieries. Tire harv»»t level for th» Iow»r river is aii approsimat» historical
average of catch, and I interpret it to b» that I»< «I of catch «hrch. <ii!;r«rrg», «ill do nii harn!
to thc stock sirice populations have borne that »sploitation o!er a h>iig period <>f tint» with<>ut
heing perceptibly diminished. t'x>nsideration» i!f stock and rccruitnient are difficult ti! include
in setting the harvest cori rois becau»e data ar< la king: no quantifiable e» iniat<» arc availabl»
for cscapemen  to the many spawning area» to «hich» ock» caught iii  h» yukon <li.'Ita ar»
bound. Harvest control» are implemented hy th» opening and closing of fishing p»riods and
by restricting the mesh size of gillnets in th» chum»alniiin fishery «hich fiillo«s th» < hinook
salmon migratioii,

The proportion i>f the available stock r»n!ov� bi' a ui it i>f effort in a unit i>f time
 boat>hour! I as probably char!ged upvvard during the past tcn to tweh e !»ar». I!uriog th« f!r»t
t»n years of Af!I:SC control over the fi»her! �960-1969!, commercial fishing operation» and
cquipmcnt «cre relativeh unsophisticated, a» «»r» th» processors who houglu  he fi»h. Th<'
prices paid for chinook «ere quite low, $-!.f! !,'h»h in 19 !9, and no one «as seri<>ush inter-
»sted in buying the chum salmon which could be caught during and afrer die cliinook sea»<>n.
In th» foUowir!g decade the rapid rise in prii e» paid to harv >ters I <l >0. 4»fish in I'! !. a
development of interest in chum salmon egg», and incr»a»c<l <.ompctition among proc»»»or».
brought abi!ut substantial changes in the Itshery. Im«»tm»nt of incr»a»cd income b! the
harse»t»r» aml proces»ors has most probably incr»a»ed the rat<' at which  hc unit of effort
takes chino<>k due  o  I! dier»ascd delivery time.  >! increased tend< r capaci v. I 0! in-
creased vessel capacity, arid tw! improved communicatioris an!orig bars»»ter» with rc»p»cl ol
fish loca iiui..'  fifth fact<ir»f interest i» th« incr»as>sf inciden al ha<se»t o chimii>k in july duc
to the increased effort on churn.

It is no surprise that the time op»n ti> chinook fishing has been s eadil! reduced in an
attempt to counter the perceived incr»a»< in th»»ffici»nc! of a unit of gear, In 19 !S, chinoi>k
fishing was authorized for Zi days «bile iii 19 � <>nl! I > <lays wi re open. Such reductioi!s iii
fishing tinie arc common in  he evolution of cornmerciaf fisheries. and  hcse reductions are of
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Figure l. Yukon River delta, Alaska, fisheries statistical area Y-t

vital concern in the formulation of performance curves from commercial catch data
The teuderrcy toward reduced fishing time v ilh increasing age in a fishery means that

the catch and effort data become a more and more censored series of samples with respect to
the time distribution of abundance of the target stock. For example. the commercial fishery
on the Yukon once provided a sample of the chinook stocks in the delta area for live days out
of every seven, however by 1982 the sampling frequency had dropped to one day  tvvo tvi elve-
hour periods! out of seven, It is probable that commercial catch data no longer provide an
adequate sample upon which to hase the performance curve. As the fishery evolves, the catch
data become an increasingly truncated image rif the time distribution of abundance of the
target stocks, and test fisheries become an invaluable source of performance curve data,

Test fisheries have been operated in the delta area since 1964.  tntil 19 8 set gillnets
comparable lo commercial chum and chinook gear were operated at F1at island  gite A, Fig.
1!. Flat island was originally chosen, in part, because most of the chinook viere thought to
enter by way of the southern most entrance to the delta, but subsequent experience showed
that in some years substantial proportions of the migration entered through other passes. 1n
1979 test fishing operatirms were moved to sites B and C  Fig. 1!. although logistical prob-
lems preduded a full season of data from both test sites until 1980.
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Figure 2. Mean date ol commercial chinook catch in area V-I versus the mean date ot lest catch al Flat Island
 site A, Fig. 7!, i963- 978. Solid line has slope of one, and dashed lines are major and minor axes

Even though the number of days fished each year had been steadily declining, the
catch data could provide an accurate estimate of the timing as measured by the mean date of
the time distribution of catch,  Other moments of the distribution such as the variance are
extremely sensitive to the rate ofmnpling, while the mean might be accurately esumated from
the catch of a single day, although this would be unlikely.! By comparing the estimate of the
mean date of catch from the test fishery at Flat Island to the mean date of cornrnercial catch
some understanding of the potential problems of censorship might be gained  Fig, 2!. The
test fishery operates every day throughout the entire duration of the migration, so that censor-
ship and truncation are not a factor, A paired comparisons t-test did not show any significant
difference between the mean dates of the test and the commercial catches, as one might
suspect from the plot of the data. Of the two outliers  I97tt and I 967! one was early in the
series of years examined, f96+1978, and the other was late, so that no time trend in misi-
dentification of timing by the commercial catch was evident. The slope of the major axis
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Figure 3 Variance of cumulative
proportion ol commercial chinook
caleb by day iri area Y- f during the
years1961 1980
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 dashed line of positive slope, Fig. 2! was slightly greater than one. which is reasonable since
Flat Island is encountered by the migrating salmon just before they enter the fishing district.
so that the mean date of Hat Island catch should slightly precede the mean date of commer-
cial catch if both means were perfectly measured. 'I'hc approximate 9S percent confidence
interval on the slope of the major axis also included unity, which is consistent with the hy-
pothesis that there is no significant difference between the measures of timing by the test and
by the commercial catches. The approximate 9S percent confidence interval on the slope
intercept of the major axis contains zero, which is also consistent with the hypothesis of no
difference. Thus there is reason to believe that the commercial catch accurately relics the
mean date of migration at least as recently as 1978.

Having decided to hase the analysis on cominercial catch data, it was necessary to
determine if the periormance curve, the daily cumulative proportion of the catch  or CPIJE!,
was really the least variable characterization of historical performance in the fishery. Is it not
possihle that the average catch or CPLIE on a date is less variable than the cumulative propor-
tion of catch or CPUE on the date? Since the magnitudes of the catches and proportions of
catch differ widely, the coefficien of variauon  CV! was chosen as a basis for comparison
The standard deviation as a percentage of thc mean is a particularly good way to compare the
variability berween dates within a performance curve, since the variance of the cumulative
proportion of the catch or CPUF. as a function of time has a predictable behavior  Fig, 5! . The
variance is initially small because cumulative proportions early in the season are very close to
zero. As the season progresses, the average cumufative proportion increases in magnitude,
and so does the variance. But since each annual performance curve must go to unity at the
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Figure 4. Coefficients ol variahon ol cumulative proportion ol CPUE  squares! 2nd dai!y proportion ot CPUE
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end of the season, the variance declines to hec»me zero once again at the end of the season.
It is the speed with which lhe variance declines in relation to its mean which is»f interest for
predictive purposes.

To summarize quickly, the 0" s of cumulative catches and of CPUE'5, and the curnu-
lative proportions thereof, declined rapidly and predictably, whereas the CV's of the daily data
did not  Fig. 4!, The CV's of the cumulative proportionate data declined more rapidly than did
the CV's of the cumulative numeric data  Fig. 5!, and the CV's of the cumulative proportion»f
CPUE declined most rapidly of all  Fig. G!. The performance curse based on catch per boat/
hour is the historical record of choice for harvest control  Fig, 7!, but there is really little
difference between catch and CPUE in this case, probably because eifort is relatively constant
on each time interval, and because catchabilily is roughly constant wilhin a year, although nol
necessarily across years.

Having chosen the best performance curve, much work remained to be done, since
the variability observed was so extreme that prediction of future performance seemed aimi xst
impossible. %e knew that the incan dale of the migration of chinook salmon in the waters of
the Yukon delta had been observed to occur between June i! and June 29 from l9G 1 lhr»ugh
l980, but that was little more than the managers knew at the beginning of the study. The
result was not unexpected, since the migration is composed of an enormous number of
spawning stocks spread over a complex geography spanning M0.000 square miles.

Rut one advantage of the quantification of the time distribution of abundance by its
momenLs is that sources of variability in migraloiy timing can be systematicaUy evaluated. For
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Table 1. April mean air temperature   F! at hlome, the coded mean date of migration based on catch in area Y-1 and the
timing class ol each year, 1961-1980  N = 20!.

COOED MEAN DATEYEAR TEMP

21.2
4,23

17.4
4.93

+ Observation is greater than upper bound of 95% of Cl on X
� Observation is less than lower bound of 95% Ci on X

27

80
79
78
77
76
75
74
73
72
71
70
69
68
67
66
65
64
63
62
61

238+
25.5+
24.9+
9.4�
9.7�

13.4�
20.9+
18.3
11.9�
12.9�
15 I
21,8 +
14.4�
23.0+
15.2
20.4+
f3.4�
1 7,9
18.4
18.0

' 18,7�
I 7.1�
20.2
26.0+
28.3+
26.0+
16.1�
20.5
25.1+
27.8 +
22.0
15. 1�
20,0
141�
21.8
20.8
26,4+
18.8�
22.2
18.1�
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Figure B. Maxima. minima, and average curve ol the curnu alive proportion ol cPUE. cool temperature stratrlrca
lion ot the data ot Fig 7

example, the head harvest control biologist, Michael  geiger  another FRi alumnus!, sug-
gested that factors related to climate had a strong in !uence on the migratory timing. We chose
the most obvious index of cliinate, air temperature, for investigation, as had others before us
in other salmon populations  see Burgner,  978!. After examining weather data from Bethel,
Cape R<imanzof, and Nome from various time peri<ids preceding the «ppearance of chinook
on the Yukon delta, mean air temperature at Nome in April was found to be a fairly reliable
covariate of the incan date of commercial catch over certain ranges of mean «ir temperature
 see Table l!.

During the period 1961-l980, whenever the April mean air temperature was less
than 14'F. the mean dale of migration was greater than the upper hound on the 95 percent
conhdence interval «bout the grand mean date <if catch  the run w«s late!. When mean air
temperatures were greater than 20'F, the mean date of catch was usually less than the lower
bound on the 95 percent confidence interval about the grand mean date of catch  the run w«s
usually early! . inside the interval, l4'F � 20'F, the mean date of the catch was usually con-
tained in the 9S percent confidence interval about the grand mean date of catch. Per-
formance curves were developed from temperature strata and designated cool  Fig, 8!, aver-
age  Fig. 9!, and warm  Fig. 10!, Gearly the range of maxima and ininima had been reduced
relative to the unstratified case  Fig. 7!, but then, the number of year» in each stratum is
approxiinatety one-third that of the unstrati ied case. Note that the shape of the cool curve is
quite dilferent from the warm. The slope of the cool curve is quite steep, while the slope of
the warm curve is relatively shaHow, and the slope of the average stratum is intermediate. 'I'he
ranges of the maxima and minima are greater in the warm curve than in the cool stratum.
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One inference which can be drawn is that the rate of migration of chinook through
the Yukon delta waters is inversely proportional to the mean date of the migration; the salmon
move more slowly in warm years than in cool years. This obviously has strong impiicauons for
harvest control, since the rate of exploitation will be inversely proportional to the rate of
migration in the lower Yukon. The slope of the performance curve is related to the variance of
the time distribution of catch; a steep slope means a small variance and shallow slope means
a large variance, Indeed, the inverse relation between the mean date of migration and the
variance is seen on the Yukon delta  Fig, I I! .

The proof of a performance curve is in its application, ln 1982 the April mean air
temperature was consistent with a late migration, and such was the case. The estimates of
harvest by period and for the season which were based on the performance curve of the cool
stratum did not differ from those of the harvest management biologist who has vr orked in the
area  or over fifteen years. While the performance curve did no better than the biologist, it is
obviously a successful means of passing along state-of-the-art harvest control to the next
generation,

The rules attached to the performance curve to determine openings and closings are
apparently quite simple, If the cumulative catch is consistent with the guideiine harvest level,
then the predetermined pattern of openings will be continued. For example in 1987 the
pattern was lixed at 12-hour openings on Mondays and Fridays, since this amount of elfort at
average population levels was expected to deliver the guideline harvest level. If the cumulative
catch is over or below the level consistent with the harvest objective, it is a question of the
magnitude of the deficit or excess. Assuming that the timing has been adequately categorized,
a deficit could mean a low level of abundance and fishing may be curtailed. An excess proba-
bly means a migration which is more abundant than average, so that the guideline harvest
level, actrrally a range of appropriate harvests, may be exceeded, Thus lhe apparent simplicity
of the rules can rapidly decay into a complex series of value judgments which are characteris-
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tfc of most commercial marine harvest control programs in my experience. It is here that the
Yukon resembles every other commercial fishery, and so I depart for more general topics,

The Practice of Harvest Control

Most of the complexity of formulating rules around the performance curve can be
defeated by  I! carefully evaluating the haivest objectives and the relative merit of the data
categories before the heat of the season and �! refusing to make any major Iljustrnenis in
the agreed-upon logic  harvest control system! during ihe season. A further necessity is a
past mortem examination of the harvest control program within a few weeks after the end of
the season, Serious mistakes in judment have a way of appearing less and less serious as time
goes by until the same serious mistakes are repeated season after season as "standard operat-
ing procedure." Clearly soine formal review mechanism for the conunual evaluation of har-
vest control programs is necessary.

One approach to the institution, evaluation, and renewal of harvest conti pro-
cedures which I am atteinpting to implement in Alaska is to establish a coinputer prograin in
each area which serves as the depository and showcase of aU harvest control procedures and
the associated data, such as performance curves. Computers are not inagic panaceas to aU
scientific problems, but the often brutal, and never compromising, logic of higher level corn-
puter language is the perfect medium in which to describe the basis for the disposal uf tens of
millions of doUars of fisheries products each season. Aff of the objective components of the
harvest control program are in the computer program, and the subjective components are
outside the program. Confusion created by the atteinpi to justif'y social and political objectives
in terms of the historical performance of the fishery is ea»lfy recognized and eliminated, It is
easy to see where science ends and policy begins, It is also easy to distinguish between weU
founded hypotheses and those which need more work when it comes time to code the con-
cept into computer language.

Evaluation and renewal are readily accompUshed because anyone who desires to
question the harvest control procedure» can get exact specifications and performance curves
froiu the computer program and attendant data files. Research personnel can prepare analy-
»es for presentation at the post mortema and potential impact can be tested in simulation.
Ultimately the individuals responsible for the consequences of the regulations must decide on
the renewal of old concepts and the incorporation of new concepts.

The simulation aspect also opens up a nil horizon in fisheries nfucation, If the
harvest control programs and data base management »Y»terus are designed to mimic the
actual performance of the fishery, then by relatively minor modification they can be used as
training devices for new harvest control biologists. Such "management hy ATARI  R!" would
aflow a trainee to pit his or her skdl against all of the historical information available for a
fishety, reliving most of the critical experience of a veteran inanager in the course of a few
weeks. Experience never before available to veteran managers could be gained h! the trainee
if the simulation program had the ability to create migratiim» with different combinations of
mean and variance which faU within the realm of possibihry, even though never before seen in
a particular fishery. Such a program of instruction would provide experience in discerning
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the limitations of fisheries data in a particular area of interest, and in general. The trial and
error method of training apprentices in the techniques of hatvest control would not be elimi-
nated, but the process would be drastically shortened.

Summary and Conclusion

The basic simplicity of a harvest control system composed of a performance curve
and a set of rules for its interpretation is intellectually appealing, and it is also an accurate
refiection of the way harvest control now operates in mo»t commercial marine fisheries. At
present the performance curve may simply he carried in the mind of an experienced harvest
control practitioner and the rules may be unwritten tradition, but wherever fishing operations
are actually directed to achieve some objective, such a system exists. The challenge is to
describe and quantify the harvest control system so that knowledge can he advanced. If fish-
eries management, and in particular the harvest control of commercial fisheries. is ever to be
more than a cottage industry staffed hy somewhat gifted amateur», then ihe process of defin-
ing and interpreting the harvest control »~tern to general audiences inust go forward. Mathe-
matical complexity is no substitute for facing the hard questions surrounding contemporary
harvest control. It remains to identily those readily comprehended, elemental building blocks
which can unite and sustain the profession of harvest control of commercial marine fisheries.
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AMPLING CONSIDERATIONS

Terrance J. Quinn II

Fisheries management is a rather broad concept, embracing data collection to inoni-
tor both the fish population and the fishery, data analysis to estimate population parameter»,
and decision-making based on the analytical results. Beneralh, the goals of lisheries manage-
ment are to consetve the fish resource, to control fisherie» when overexploitation is a proh-
iem, arid to maximize or optimize the yield from the resource in terms of biological, »ociolog-
ical, and economic parameters. Because data collection and sampling programs to achieve
these goaL» may often be limited or improperly designed, the concept of sampling design to
provide management information requires more attention than has been give<i it! the past.

Previous lectures in this series have provided a comprehensive overview of tech-
niques used in salmon management. This and the linal iecture in this series will shift the focu»
to management of nonanadromous marine fish populations and, in particular. of the Pacific
halibut resource. This lecture will be devoted to sampling techniques for the data collection
phase of fisheries manageinent with emphasis on the monitoring of population abundance.
The subsequent chapter by Dr. Richard B. Deri»o wifi present quantitative techniques for
analysis of lisheries information and the detection of population response» in relation u>
fisheries management.

There are three major sa<npling procedures used by the international Pacific Halibut
Commission �PHC! for <nonitoring populati<>n abundance:

I, Collectio<i of catch and effort statistics from fishermen,

2, Sampling of juvenile and adult populations using station or grid survcw approaches,
3. Sampling for age composition of the commercial catch of fishermen.

in this paper, the current sampling program is described for each procedure with
emphasis on assumptions and limitations in interpreting the data as a measure of ahundance,
Sampling programs are reviewed annually by IPHC staK to detect deliciencies. The develop-
ment of sample-size requirements is discussed in terms of reducing variabilit< of e»timation.
Finally, certain e»timate» of abundance as obtained by the procedures are contr~»ted.

Background

A comprehensive overview of the Pacilic halibut populati<m, ii»heries, and ma<iage-
ment i» found in IPHC  f978!. The Pacihc halibut is a long-lived, bottom-dwelling, migrator!
Ilatfish living to a maximum of i0 years and a maximum weight of 500 pound». Pacilic halih<n
are found from California northward into the Bering Sea  Figure I !. Adult haiihut  older than
age 8! migrate seasonally from spawning grounds in winter to feeding grounds in summer.
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Figure 'l.  PH ; regianS, regulatOry areaS. and principal sampling ports.

Eggs are spawned in deep water, and eggs and  arvae are carried northward and wesbvard in
the Pacilic Ocean. Juveniles migrate in the opposite direcuon, presumably to counteract the
larval drift and to replenish the adult population  Skud 1977!. The species exhibits sexual
dimorphism in growth, maturity, and mortalib. with females growing to larger size and older
age,

Several fisheries affect the Pacific halibut pi>puiation. A longline  hook-and-line!
Fishery on adults has operated continuously since the  BB !s. Bell    9B1! provides a good
description of the early fishery and its developinent to the present. Fixed-hook gear has been
most prominent in the longline fishery, with hooks attached ui the gmundline with gangions
at a fixed hook-spacing. The proportion of other byes of longline gear  snap and auti>rnatic-
baidng gear! has increased in recent years, because these can he used with a smaller crew to
reduce fishing costs. The availability of easier-to-use gear and the advent of limited entrv or
reduction in fishing seasons in fisheries for other species such as salinon has resulted in a
great increase in the number of vessels fishing for halibut. By 1985 this increase in fishing
elfort had reduced the season length to five days in southeastern Alaska and seven davs in the
Gulf of Alaska, with further reductions likely in  98'.

incidental fisheries also have a large impact on Pacific halibut and include foreign,
domestic, and joint-ven ure bottom trawling. shriinp trawling, and crab lishing with poLs,
Halibut caught with these gear types are not aUowed to be re ained, but mortalib: from cap-
ture has resulted in estimated annual losses of 10 to 20 million pounds. Because the halibut
caught incidentaUy are generaUy smaU fish aged one to six years. the loss alects the amiiunt
of Fish available for cominercial longline catch. Recently, incidental catch losses have ac-
counted for $0 to SO percent of the estimated total surplus production,
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Sport fishing for halibut has becoine increasingly popular, with a current annual
coastwide catch of at least one miihon pounds  IPHC 1982!. IPHC intends to monitor this
rapidly increasing fishery closely,

IPllC has managed the Pacific halibut resource since about 19.!Z, with responsibili-
ties for both research and regulation. Principal IPH ; regions and regulatory areas are shown
in Figure l. Its regulatory activities have included imposition of catch limits, time-and-area
closures, minimum size Hmits, licensing of vesseLs, gear restrictions, and other controLs
 IPHC 19~8! .

The North Pacific Fishery Management C<iuncil in the U.S. has responsibility for de-
veloping nianagement plans for many fisheries in the Gulf of Alaska and the Bering Sea. and
has been instrumental in developing restrictions on incidental catrh of halibut. The Council
may also develop a limited entry program for the iiniied States halibut fisher!. The 1!epart-
ment of Fisheries and Oceans serves a similar role in Canada.

Catch and Effort Sampling

A description of the collection and processing of catch and effort statistics used by
IPHC is given by Myhre et al. �977!, along with detailed catch and effort information since
1929. The estimation framework and methods of combining catch and elfort data over geo-
graphic regions are given by Quinn et al. �98Z!, together with reference lo data cuffection
ss>tems of other organizations.

The coHection of catch and effort data is directed toward two goals: recording the
total amount of fish caught, and developing estimates of catch per unit of effort  CPUE! as an
index of population abundance. The lirst god is achieved through the requirement by other
agencies that aH fish processors fill out a fish ticket containing catch and price information
for each landing of fish, AH lish ticket information is eventuaHy coffected by IPHC personnel.

The second goal is achieved through the requirement that aff fishermen log their
daily catch, effort. and location of fishing. Not aH information from loghooks can be ciiffected
or used, because there are too many fishermen, many in remote locations, and often the
information provided is inadequate. Sampling of catch and effort data is necessarily opportun-
istic: IPHC personnel stationed at ports where a large number of vessels land fish attempt to
obtain as many logs as possible, Figure I shows many of these ports, At present, only logs
froin vessels with a fixed hook spacing are used in the CPLIE index, hut logs are coffected
froin other gear t	!es as well. Effort information is standardized based on the spacing of
hooks. Currently, usable log information for the CPliE index is sampled froin ZS percent of
the total catch in Canada, 14 percent in southeastern Alaska, and 50 to s0 percent in the Gulf
of Alaska and Bering Sea,

CPUE is estimated from catch  C! and standardized effort  E,! I'rom each logbook
 i! using a ratio estimator  Quinn et al, 1982!

CPUE = XC, /XE,

Total catch  C! is known from fish processor records, and total effective effort  E! is esti-
mated by

E =  'ICPUE
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The distribution of CPUE is frequently skewed in fisheries where a fe» hshermen
catch a larger quantity of fish than the majority. Furthermore, the estimator of total effective
effort has CPUE in the denominator. which makes iLs distribution uncertain, Thus, care must
he taken when making statistical inferences about CP iE or total effective effort.

The principaI assumption regarding CPUE is that catchabffity, the probabilit!»f
catching a fish»8th one unit of effort, is constant over space or time. CPUF. is a valid index of
fish density when this assumption is true, in the sense that its large-sample estimau>r shows
the same trend as density, If sample sire is not large, then the variahifit! in CPUE may still
preclude its utility as an index. For Pacific halibut data, one study suggested that if the coeffi-
cient of variation of CPUE exceeded 7.S percent, then the sample data were inadequate
 Quinn et al. I9II2! .

One problem with CPUE is that areas of fishing concentrati>m may shift over time,
The CPUE index will be biased in this case, unless f>shermen distribute themselves geographi-
cally in relation to fish density. One solution to this problem is to stratify CPI.'E data hy region
and to weight each CPUE by the bottom area occupied by the population  Quinn et «I. 1982! .
However. a comparison of effort-weighted and area-weighted CPUE's using Pacific halibut
data showed no essential differences in trends, suggesting that this pr<>blent may not he ma-
jor.

Another problem with interpretation of CPI'F. data involves the entr> of substantial
numbers of new Ashermen into the Pacific halibut fishery. Not onh are many of them inex-
perienced, they often lish with smaller vessels using snap-on gear in different areas than the
more experienced Ashermen using Axed-hook gear and larger vessels. Several problems» ith
the analysis of CPUF, data have resulted from this increased effort. First. the length of the
season has hecome substantiaIIy shorter in most regions. The effect of a shorter season mav
he to increase CPUE due to the aggregation of fish in spite»f local depletitm of the population.
Secondly, problems of gear competition, with more vessel» operating, would act to lower
CPUE. Third, the relative amount of catch due to fixed-hook gear has decreased, especially in
southeastern Alaska, increasing the variability in CPUE. A study to determine the standardiza-
tion factor for snap-on gear has been completed  Myhre and Quinn, 198 t! showing that
fixed-hook and snap-an gear have equal e5ciencies for catching Pacific halibut, Ih>waver,
results from logbook data have not been consistent among years, regions, or month», or with
experimental studies, Thus, a pressing concern for IPHC is to develop a set of selection
criteria for logbook data to assure the quality control of information.

Even if the former three problems are dealt with, the assumpuon of constant catcha-
bility is subject to question. Environmental, ec»logical. or biological factors are pri>hahly
invoIved in the response of lish to hook-and-line gear and the probability of the target species.
such as halibut, being captured in the presence of other species. For Pacific halibut. substan-
tial evidence suggests that catchability is not constant over time or area. Recently, estimates of
coastwide halibut abundance have increased about ~ percent per year, while estimates»f
CPUE have increased 10 to 20 percent per year. An analysis of CPUE data using a delav-
difference model  Deriso 19Nh Deriso, unpublished! produced annual estiinates of catcha-
bility, which var! considerably over time  Figure 2!, especially in recerit times. An example of
potential changes in catchability in Canada is currentfv under study. Dogfish popufati<>ns are
currently at high levels, while CPUE of halibut has not increased, in contrast to other areas. If
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Figure 2. Estimates ol annual calchability based on app ication of the deiay-difference mode lo selline catch and
effort data lor halibut of the northeastern Pacific Ocean.

doglish are caught by the gear before lhe gear reaches lhe bottom, then CP lg of halibut is
underestimated, Other potential effects of other species on hahbut CPUE, such as feeding
satiation or niche separation, are not weH understood, Thus, interpretation of CPUE as a
measure of abundance must be made with caution.

Survey Sampling

An alternative method to commercial hshery statistics for monitoring abundance is to
design scientific surveys of the population, generally using a collection of stations, grids, or
transects over a fishing ground or region of interest, These surveys can be ciassihed hy life-
slage and/or purpose: eggs and larvae, juvenile, adult, spawmng ground, feeding ground,
tagging, gear testing, etc. Surveys using trawl gear are frequently used for monitoring abun-
dance. A comprehensive volume of papers related to trawl survey design and analysis has
been completed  Doubleday and Rivard 1981! . Trawl surveys for Pacific halibut juveniles are
described by Best and Hardman �982! . l.ongline surveys for Pacific halibut adults are de-
scribed by Hoag et al, �980! .

interestingly, only one egg and larvae survey has been carried out by IPHC, and that
was in the 19505  Thompson and VanCleve 1936, Skud 19'? 7! . These surveys are quite expen-

40
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sive and take many years to complete, Furthermore, eggs and larvae are not easily found,
because they are carried great distances in deepwater currents. Timing of spawning mav var!
annually, and in some areas such as British Columbia spawning concentrations are dificult to
find. If the study could be properly designed and mone were available, a new survey of eggs
and larvae would be extremely helpful In understanding current population dynamics of hali-
but.

Trawl surveys of juvenile halibut have been conducted since 1965. IPHC has annually
surveyed from five to ten major regions from Canada to the Bering Sea. Trawl gear is selective
for small fish  ages one to six! and hence is preferable to longline gear for surveying juveniles.
Some regions have ofishore stations, which are surveyed with trawls of 9 I mm mesh for $0-
minute tows, and others have inshore stations which are surveyed with trawls of 42 mm mesh
for! S-minute tows. The major purpose of the juvenile survey is to forecast future adult
abundance, with subsidiary purposes of determining growth, sex and age composition, and
migration  Best and Hardman 1982! .

The major problem with juvenile surveys is the tendency of juveniles io aggregate.
About 80 percent of fish species are found in schools as juveniles and 20 percent continue io
school as adults  Burgess and Shaw 1979! . Adult halibut are probably more territorial and
evenly distributed than juveniles and hence are easier to sample. CPVE from trawl gear is
actually a measure of concentration rather than abundance, because the data generally do not
indude search time in fishing elfort  Quinn 1980!; therefore the results for scho<iling juven-
iles are highly variable. Furthermore, concentration of juveniles may vary over seavin, time,
and region, reflecting the distribuuon of teinperature, patterris of deepwater currents, and
probab!y other environmental conditions  Best and Hardman 1982! . These factors are di5-
cult to handle in experimental design. IPHC has attempted to account for this problem in the
Bering Sea, where juveniles are sampled on the shallow flats. Because the concentration
appears to be teinperature-dependent, sampling im the Hats is continued in one directiim
until no juveniles are found  Best and Hardman 1982!. Still, the inierpretation of trawl CPUE
data remains problematic due to variability,

Another problem with juvenile survey data is that the estimates may not be a reliable
forecast of future abundance. In Figure,k, juvenile CPUF. in the Bering Sea and the Gulf of
Alaska is plotted over time. The median age of survey juveniles is about three years, Hence,
these estimates should be correlated with the estimated number of eight-year-oitLs five years
later. This estimated number, which is fairly accurate except for the last few observations, is
derived from updated cohort analysis  Quinn et al. 1984! and is plotted in Figure .5 over time.
Contrary io Intuition, there is a negative, if any, correlation for either region between survey
CPUE and abundance  Table I! . If the estimates of eight-year-olds are not lagged, the correla-
tions are significant and positive  Table I!. These correlations are hiologicaiiy difihcult to
interpret. Perhaps availability of fish over alI ages may be affected hy environmental condi-
tions. and thus catchability of both longline and trawl gear would be aflected over time. Due
lo problems of this sort, a thorough investigation of the IPHC juvenile survey is being con-
ducted by C. Schmitt  M,S. Fisheries thesis, I.iniversily of Washington, in preparation!.

The adult stage of halibut has been sampled in iwo index regions; the Kodiak region
in the Gulf of Alaska and the Charlotte region in Canada  Figure I !, 'I'he first set of surve!»
was completed in 196%1966 and induded other regions as well, hui the surveys were
discontinued.
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The need for an alternative estimate of abundance was reaffirmed by IPIIC during the
population decline of the 1970s, and the Kodiak and Charlotte surveys have been conducted
alinost every year since 1976  Hoag et al. 1980!. ln 1982, Ihe survey »>~tern was expanded to
include the Shumagin and Southeastern Alaska regions as well. The survey is standardized by
using only fixed-hook longline gear, fishing the same stations each year, and keeping Ihe
same setting and haul!ng schedule, bait type and ordering on hooks and, when possible, time
of year. The survey has'the primary goal of obtaining an unbiased index of CPUE that is not
influenced by distribution of fishing effort or other gear-related factors. Furthermore, the
survey obtains information on the size, age, and sex composition of caichable fish, including
those below the miniinum size limit for commercial catche». Sex composition of the coinmer-
ciai catch cannot be obtained, because the fish are eviscerated ai sea.

Some of the same problems of catchability that affect commercial CPUE wiH also
affect survey CPUE. Furthermore, the amount of survey fishing effoit i» far !ower than m the
commercial fishety, and the lower sample size undoubtedly increases variabiTity in estimated
CPUE. On the other hand, the careful design of the survey eliminate» many other catchability
factors, so that survey CPUE may turn out to be a helter index of regional abundance.

The available data show promise in determining characteristics of the catch, althiiugh
the short time series of survey data at present precludes substantial analysis. ln the Charlotte
survey, CPUE is much lower than cominercial CPUF.  Figure 4!, because part of the »L e!
extends beyond commercial fishing grounds, Recently Ihe CPUE for both survey and commer-
cial CPUE's have been somewhat lower than in the 1960s, and bodi data sets since 19 6 have
shown no trend in population abundance. Average weight offish in the»urvev catch ha» been
between 25 and 55 pounds and the percentage of females has been roughly 80 to 90 percent
by weight. The percentage of females by number is lower, about 60 tii 70 percent, because
average female weight is higher. The sex information has been particu!arly useful in explain-
ing the low CPUE in Charlotte in recent times. Analysis of survey and cominercial catch data
has suggested that a change in the minimuin size limit in 19? 3»hifted effort from ground»
with smaHer male halibut to grounds with larger female halibut, with an impact on reproduc-
tive value of females  Deri»o and Quinn f985! . Without the survey data, this hypothesis would
have been difficuh to examine.

ln the Kodiak region, survey CPUE and commercial CPUE have been fairly close over
tiine, and both have increased greatly since 1976  Figure 5! . Average fish weight of <0 to p0
pounds is higher than in the Charlotte region and reasonably constant over time. The percent-
age of females is about 80 to 90 percent by weight, similar to the Charlotte survey.

Sampling for Age Composition

A comprehensive volume of papers related to sampling of cuinmcrcial catches for
age composition has been completed  Doubleday and Rivard 198.5! . A thorough review of the
sampling of coinmercial Pacific halibut catches i» found in Quinn et ai,  ! 98.'ia!, and a
shorter summary of current sampling design is presented in Quinn et al. �98!b!. The pri-
mary goal of these sainpling programs is to analyze the ratch by age, which then can be usnl
to infer Ihe population age structure  Quinn el al. 1984!. The primary sampling approach for
age composition is two-stage sampling, wherein a length frequency sample of fish is taken in
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the first stage. and a subsample of tish from lhe length sample is taken for aging in the second
stage.

For Pacilic halibut, the sampling design has been carefully constructed. Sampling is
done at porLs that receive a large porlion of the catch  Figure 1!. There are two important
sampling considerations at a port: which vessels to sample and how many fish from each
vessel to sample. Vessel selection follows a stratified random design. in that vessels are cho-
sen randomly but according to strata based on landing size. Smaller landings are generally
associated wilb smatter vessels which may fish di8'erent grounds than larger vessels. Samplers
are able to determine the size of landing before sampling. because a vessel makes a "hail"
upon arrival in port.

The sampling of fish from a vessel follows a systematic random design. Halibut are
unloaded from a vessel in large cargo neLs or sling~.. A sampler throws a die and samples all
hsh from the sling with that starting number and every sistti sling thereafter. Systematic sam-
pling distributes effort throughout the landing and prts cuts sampler bias, The sampling rate is
1/18 �.6 percent! of the fish from vessels landing ar least 1.000 pounds at sampled ports,
which imnslates into an overall sampling rate of 4 percent when data from unsarnpled porLs
and smaller landings arc added in  Quinn et al. 19%a! .

The mechanics of sampling are quite simple. The sampler opens the left auditory
capsule of a halibut, removes the otolith  earbone!, and stores it in a container. '.Vo other
measuremenls are taken, because the length and weight of the fish can be estimated from ihe
weight of its otolith. ln the 1PHC laboratory, a subsample of otoliths for determinatirm of age
is randomly selected bv computer in proporiion to the frequency of estimated lengths of the
tish,

Estimation of age composition is based on three principal assumptions:
i. That the estimation of lish length and weight from otoliths is unbiased;
?. That the sampled length frequency is representative of the catch;
.h. That the subsample for aging is chosen randomly.

First, catch in numbers C is estimated hy
C= T/W,

where T is the weight of all vessel landings in the region of interest and W is the average of the
predicted weights of otoliths from samples taken in the region, Although W is in the denomi-
nator of C, the variance of W is generally small, obviating distribudonal problems. Secondh,
the proportion of age k fish in the catch ok is esumated by

ok ~ t+ioilk '
Where cr, .iS the prOpOrtiOn Of fiSh in length Category j from the firSt Stage Of Sampling, and ~~l,
is the proportion of age k lish in length category j fiom lhe aging subsample. Finally, catch at
age Ck for the region is estimated by

C�� Co�
Other formulae for age composition, variance estimates, methods of combining data, and
sample size requirements are detailed in Quinn et ai. �98!a! . For Pacific halibut, at least
600 otoliths are collected from each month-region stratum, if possible, for a reasonable
estimate of age composition.



A potential problem with IPHC's sampling program for age coinposition is the reli-
ance on predicuon of fish length and weight frotn otolith weight, The predictive relationships
were developed with data collected in the past and inay not apply to certain regions, seasons,
or years. Consistent enhancement of the data base for developing or monitoring predictive
relationships is essential for the validity of the procedure, but the coUection of these data is
often di5cult to carry out in practice.

Logistical problems also arise in translating the sampling design into practice. The
distribution of landings changes over time, inaking it di5cult to obtain su5cient sampling in
certain regions or seasons. Landing operations may change at some ports, making it di5cult
to sample at the specified rates, if at aII, Fortunately. the current sampling design for Pacific
halibut is fairly easy to carry out, so these problems are considered minor. In oiher fisheries,
there are substantial sampling problems in practice  Doubleday and Rivard I985! .

Finally, the validity of age-determination techniques is an important considerauon.
For many fish species, no such valid technique has currently been developed or there is
controversy over the appropriate technique to use  E. Best, IPHC, personal cominunication!,
Although errors in age esumation are not considered to be a major problem for Pacific
halibut except for older ages, an oxytetracycline validation study is in progress to assuage
controversy.

The inajor scientific problein with sampling for age composition is the estimation of
population size from catch-age data, Hoag and McNaughton �978! applied cohort analysis to
catch-age data to estiinate historical abundance of Pacific halibut and they give a good review
of its assumptions and litnitations. Historically, abundance and CPUE show the same trends
over time, although there are short-term discrepancies  Hoag and McNaughton I 978: Deriso
and Quinn 1983; Quinn et al. I984! . The problem of obtaining recent estimates of abundance
by updating cohort analysis has been studied by many authors  Doubleday I976; Quinn et al.
1984; several papers in Doubleday and Rivard 1983!, but several unresolved problems are
still present, A new method of usmg auxiliary information  Deriso, Quinn, and Neal 1985!
resolves some of these problems.

Cond usions

This paper has reviewed the assumptions, limitations, and application to Pacific hali-
but data of three sampling techniques for deterinining an index or estimate of abundance.
Sampling by the use of data on catch and effort involves issues of constancy of catchability, of
fish and vessel aggregation, and of data limitations, Survey sampling involves these issues as
weII as those of scope and limitations of survey design. Sampling for age composition invoh es
issues of the validity of sampling design, of aging validauon, and of statistical esdmation. No
one technique can be judged superior to another, because each has its peculiar strengths and
lindtations. Cross-validation is probably the best way to establish confidence in these three
sampling techniques.
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TOCK ASSESSMENT AND NE%
EVIDENCE OF DENSITY-DEPENDENCE

Richard B. Deriso

The United States and Canada have jointly managed the Northeastern pacilic and the
Bering Sea halibut hshery since 1923 under treaty powers granted to the International Pacific
Halibut Commission  formerly called the lnternauonal Fisheries Commission! . The sole ob-
jective of this management has been the maximization of sustained yield  Halibut Convention
of 1953, the word "sustained" was changed to "optimum" in 1979!, As with most fisheries,
sustainable yields have not been possible, as seen in Figure 1. Setline catches range from a
high of 71.6 million pounds in 1960 to a low of 21.3 million pounds in ] 974. Changes in
annual catches reflect changes in catch quotas set by IPHC, which in turn are based on
changes in the productivity of the stock. IPHC Director D.A. McCaughran, speaking about
current management objectives, states, "we still seek to maxiinize sustainable yield, but the
emphasis now is on sustainable and not nec~ maximum, We try to avoid causing a
boom and bust type lishery, as has occurred in the past."

Annual surplus production  ASP!, a basic measure of stock productivity. is defined
as the amount of catch that can be taken in a given year without changing the bioinass of the
stock left at the end of the year from biomass present at the beginning of the year. It is
estimated by adding catch in a given year to the annual change in estimated stock biomass. In
recent years, IPHC has relied heavily on ASP estimates for the establishment of catch quota».
When catches are set at a level less than ASP, such st<>ck declines as the one that occurred in
the 1960s  Figure 2!, could not take place  by definition of ASP!.

A goal of IPHC in recent years has been to rebuild the pt>pulation. Thi» is being
accomplished by seuing annual catches at about, S percent of ASP and, thus, allowing 25
percent of the production to accumulate in stock biomass. An important task in our annual
assessment of halibut stock is, thus, to provide a reliable estiinate of ASP. Methods we use for
this calculation are discussed briefly in this paper with references given for more detailed
explanations.

Control of halibut abundance over intermediate time periods  say ten years! is easily
accomplished provided ASP is known reasonably well. We need not know anything about
population regulatory mechanisms such as densitv-dependent growth and survival However,
to control productivity of the resource, and in particular to inaximize yields, is tnuch more
di5cult, Management goals to increase stock size might actually decrease the productivity of
the resource if density-dependent mechamsms act to decrease recruitment or growth when
stock sizes increase. In this paper I present some of the data available on density-dependence
in the population dynamics of halibut and examine what consequences, if any, this has on
current management philosophy.

There are numerous aspects of the stock assessment program for Pacific halibut that
wlII not be discussed in any detail here. Programs to monitor halibut abundance trends are
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pounds
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discussed by Quinn in Part I of this report. Other assessment topics are discussed in the IPHC
Annual Report series, which feature current research programs undertaken during the par-
ticular year by IPHC sci«ntlc staff.

Stock Assessment Methods

Two methods are used at IPHC to estimate abundance and productivity of the halibut
stock. The first method uses total catch  in weight! and fishing eifort data as state variables in
a delay-dNerence population model  Deriso 1980! . The second method uses catch-ai-age
data in numbers of fish in a cohort analysis procedure for cohorts that have already passed
their fishable age span  Pope 1972! and, for recent cohorts, a catch-ai-age regression
method which uses fishing eNort to help stabilize estimates  Quinn et al. 1984 for a simplified
version, and Deriso et al. 1985 for the results reported here!. Both procedures provide
similar estimates of ASP over the past fifty years! Quinn et al. 1984! .

Catch quotas are sel by IPHC for each of the regulatory areas shown in Figure 1  in
Part I of this report! . In fact, subarea quotas are also set: in 1983 nine different subareas
were given commercial halibut catch quotas, each with individual season dates for fishing
 IPHC 1983!, This cumbersome regulatory scheme allows IPHC a mcchanistn for spreading
fishing over the major range of the single hahbut stock. Estimates of ASP by subarea are
currently made by first parutioning total stock abundance into subareas based on relative
CPUE  basicaiiy using the method described in Quinn et al. 19112! and then calculating indi-
vidual subarea ASP as the change in subarea abundance each year plus catch from the su-
barea.

Results and Discussion of Estimates
From Catch-at-age Analysis

Commercial catch, annual surplus production, and incidental catch  largely by-catch
from trawlers! are shown in Figure I for the years 1929 through 1982. Historical changes in
stock biomass  Figure 2! can be related to changes in Figure I between levels of commercial
catch and ASP. Prior to 1960 stock abundance shows a generally increasing trend during the
same period that catches were held below ASP. Between 1960 and 1974 boih abundance and
ASP dropped precipitously. The stock decline can be attributed to the fact that commercial
catch exceeded ASP during those years, while the decline in ASP is less clear. Certainly the
rise in incidental catches is part of tbe explanation for the drop in surplus production avail-
able for commercial harvest. An analysis of this period of decline by Quinn et al, �984!
attributes the decline in production to essentially two interrelated fitctors: incidental catches
and decreased stock abundance, The latter factor alfects production, since a decreased stock
produces fewer recruits if survival of the young ts relatively constant,

Figure 3 provides data which support a hypothesis of reduced number of recruits
into the halibut adult stock after 1955. This figure shows estimated numbers, biomass, and
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smoothed average weight of eight-year-olds  the recruits! every year since 19SS. These e»ti-
mates of biomass and numbers are adjusted upward hy 50 percent since 1960 to approxi-
mately account for pre-recruit morlahty due to incidental catch and, thus, indicate natural
changes in recruitment strength. The average factor was used primarily because the prior
quality of incidental catch data does not justify more precision, Adjusting the estimates i»
especiajjy important for the spawner-recruit analysis shown later. Biomass and numbers <if
eight-year-olds both were low in the mid-l9S05, which adversely affected stock productivity
for another ten years or so. Numbers of recruib continued to decline irregularly until 19, 4
with some recovery evident since then. Biomass recovered much sooner and from 1960 to
197S fluctuated around the long-term average. Since 197S biomass of recruits has increased
substantiafly. To a large extent the stability o biomass between 1960 and 197S is due to
major increases in the average weight of eight-year-olds. These average weighLs in Figure 0
are based on smoothed estimates from catch statistics and may be somewhat affected by»ex-
ratio in the catch  Deriso and Quinn 19M! and other sources of bias. However, the change in
weight is so large that a fundamental biological shift has likely occurred

Recruitment does not decrease since 1978 as we would expect if both survival and
growth of the young were relatively constant during those years, If an!shing, the fact that the
very large year-classes apparent since 1978 have come from low spawning stocks in the early
1970s suggests that production ofyoung is increased at joe spawning density. It may alsti be
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that the failure of year-classes to continue increas!ng in the 19St!s. despite large spawning
stocks, indicates that high spawning densities suppress the production of young. These no-
tions of density-dependence are supported hy Figure 4, which gives annual rates of produc-
lion of the young  biomass of eight-year-olds divided by biomass of the sexually mature
stock! and mature stock biomass by year of spawning. The index of spawning here is the sum
over age «>f age-specif>c mature biomass using the maturity schedule in Quinn  !981!, Pro-
duction rates are high from 19$S to 1945 and from 1967 to 1974, when mature stock
biomass was low and vice-versa for the vears 1944 to 1966.

If we focus in Figure 4 on the 1944 to 196S time period analyzed in Quinn �981!
and in Deriso and Quinn �985!, it is easy to see why both studies supported a hypothesis of
density-independent production. What a difference is made by another nine years of esti-
mates! We remain somewhat unsure about recent production estimates as these progeny have
been sampled by the fishery for only a few years, but nevertheless it is apparent that prr>duc-
tion rates have increased. What was originally thought to be an an«>ma!y of high production
between 193S and 1943 now fits nicely into a picture of density-dependence,

A spawner-recruit analysis was made to further examine variations in year-dass
strength. Figure S shows the results of a least-squares regression of logarithms of production
rate against mature stock biomass, as recommended in Ricker �97s! for a Ricker spawner-
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recruit curve fit. The tight correlation from this regression, R = -0.88, is somewhat mislead-
ing though, as my index of spawning stock is surely measured with error and it appear» as a
component in both the dependent and the independent variables in the analysis. Figure 6
plots recruits versus spawners along with the Ricker curve fitted in Figure 5. Aside from a few
�5 percent! large recruit values  year-classes born in 1951, 1955, 1961, 1970, 1972,
1973!, the recruitment appears to follow a mildly decreasing trend a» stock size increases,
Maximum stock recruitment of around 80 million pounds occurs on the Ricker curve for a
spawning stock near the lowest seen in our ume series   1 40 mihon pounds!, whereas a
potential recruitment of less than 60 million pounds might be expected from the spawning
stock estimated to be present today  about 300 million pounds!.

Density-dependent growth is suggested by results portrayed in Figure ., Here,
smoothed weight of eight-year-olds is plotted against the number of eight-year-olds from
estimates given earlier in Figure 3. The negative correlation, R = -.66, is consistent with a
hypothesis that competition between members of a cohort adversely affects their growth rate
somethne prior to their age of entry into the fishcry. The correlation using unsmoothed data is
similar  R = -,67!. The dependence of growth on density is of course not proven by this
statistical correlation. The increase in growth in recent years could be caused by abiotic or
biotic factors quite independent of changes in halibut abundance, or it could merely appear
so because of poor weight estimates  since 1962 1PHC has estimated hsh weight by extrapo-
lating fish otolith size!.
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If growth does depend on density, when does it occur during the early life of halibut?
Of particular importance to management is how much of the elfect is felt after incidental catch
losses have occurred. An indirect test of this question can be made using the weight data for
eight-year-olds. Such a test was made hy assuming that juvenile abundance is proportional to
later eight-year-old abundance, corrected for incidental catch mortality  incidental catches
occur primarily on halibut younger than eight years of age!, This results in the abundance
estimates in Figures 5 and 7, and in the correlation  R � -.66! between weight and adjusted
cohort abundance. Without adjusting cohort strength for incidental catches, we obtain an
estimate of year-class strength after incidental catch losses, The unadjusted abundance esti-
mates were used as additional independent variables in a multiple regression against weight.
A tighter multiple correlation is found, R = -.N9, suggesting some dependence of grov,th on
density occurs al'ter the primary age of incidental catches. Based on a partitioning of the
squared correlations, we can speculate that 0 I percent of the variance in weight is accounted
for by juvenile abundance, while another $6 percent of the variance is related to year-class
abundance as measured after the age of incidental catch losses, Currently we are exploring
the use of held measurements of juvenile size for analysis of growth density-dependence.

With respect to management policy, the implications of dcnsity-dependent growth
and production of year-classes are twofold. First, if population density does prove an impor-
tant factor in this respect, our concern at IPHC about the continuing high levels of incidental
catches of immature halibut would be mitigated to some extent, The loss of reproductive
capability in the incidentally caught 6sh could actually improve the producuon of future gen-
erations of offspring if current stock sizes are on the declining limb of a stock-recruitment
curve. On the other hand, if density-dependence operates primarily in the early life-stages uf
halibut, prior to the uccurrence of incidental losses, as suggested by growth results given
earlier, then incidental losses represent direct losses of imtnature halibut available for com-
rnercial harvest, A second implication of density-dependent production of young is that the
goal of IPHC in recent years to rebuild the stock should be altered if maximizing yield is our
primary ubjective, In its place a goal might be to move the stock nearer its lower range of
abundance, Increased variability in production might arise from such a major policy shift,
however, and adversely affect the sustainability of current levels uf harvest. The evidence does
suggest tha  there is little advantage in any additional rebuilding of halibut stocks.

Results and Discussion of Estimates
From Catch-E6ort Analysis

In this section results are given from the «n«lysis of data on total catch and fishing
effort on Pacihc halibut. This provides estimates independent of the agc-structure data used in
catch-at-age methods, Results are gh.en for regression of CPL:F. data to thrct types of popula-
tion model»:

1. A delay-dilference model  Deriso 198 i! where all random errors in the re-
gression «re assutned to uccur in the mc«surcment of CPI fF. as an index of
abundance,
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>, A de!ay-difference model where «II random err<>rs in the regress!<>n are as-
sumed to occur in the population dynamics of halihut  s<>-called pr<icess er-
ror, Ludwig and Walters, !9I I!.

5. A discrete c>chaefer model with  mh' pr<icess error  Ililh<>rn 19 9! .

The population models used here f<>r CPI>E analysis aI! have the p<>tcntia! to de-
scribe density-dependent population mechanisms. In thc delay-difference model >pptications,
a Ricker spawner-recruit relationship is used for the ren oval part of this populatiim m<idcl.
In the Schacfcr model, a logistic type  quadratic! function describes productioi! of the stock.
 ',ommerciai and incidental catches of halibut from the Northeastern Pa<.ific Ocean and thc
Bering gea are combined for catch data in the n><>dels with effort interp<iiatcd upward 6<> that
CPUE from setline data equals CPI!F, in thc con!bined data sets. The mod 'ls all lit  929
through 1 !NZ data reasonably well since R~0.90 in all regressions.

An interesting way lo <dew parameter cstin!ates from the model regr mesio!t» is a»
isoclines on the CP tE-versus-eKort phase plane in Figure H. The lines drawn for each model
def!ne isoclines � the k>ci of points where the stock «ould theoreticalh he at equilihrium
should conditions  e.g., hshing elfort! be held constant for a numher of years. The halihut
data dearly do nol portray a stock in equilihrium. Rather the arro«s sho>v a history of clock-
wise motion of CPLfE values ari>und the phase plane. Thc change» in haiihut data hek>w and

Figure 8. CPUE vs. effort phase plane. Isoclines  straight ines! are equilibrium coriditions predicted from three
model regiessions. Arrows connecl the time sequence ot obser Yed data. and MSY conditions are identified by poinrs
On lhe iSOClines.
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Figure 9. Equilibrium total yield tsetline plus incidental! vs. ad>usted tishing ettort as predicted by iwo de ay-
ditterenoe madel regreSSiOnS. Yield in unitS ol POundS. AdluSted etfurt in SkateS

above the isoclines are consistent with model prediction»: below the isoclines population
abundance should increase, and above the isoclines abundance should decrea»e. Unfr>rtu-
nately, ii is noi clear whether lowered density-dependence or reduction in fishing effr>rt «a»
responsible for increases in CPUF. when it was below the isoctines. These effecL» are clearh
confounded in the figure, since effort was generally declining below the isoclines: conver»eh,
for the declining trend in CPUE for values above the isocline, the effort was u»nally increa»ing
at those periods, From an experimental point of view. to increase effort in the presence of lriw
CPUE values would generate more contrast in ihe data and beuer determine the impr>rtance of
density-dependent mechanisms in controlling population growth.

All models indicate density-dependence, as s.en by ihe negative sk>pe of isocline»
in Figure 8. Maxi>num sustainable yieltLs are indicated for each of the modeL» by circles r>n the
isoclines. These MSY estimates suggest the stock has never been held at MSY, but rather ha»
oscillated around these points. Current CPUE of 124  ibm'»kate! is near the MSY abundance
estimate of 112  lbs'skate! predicted hy the delay-difference model with the all-measure-
ment-error assumption, but yields could be made higher by increasing effort apprr>ximately
'>0 percent  see also Figure 9!. MSY fishing effort is even higher for the models with the all-
process-error assumption  approximateh a 100 percent increase from current le> ebs!, These
predicted high MSY elfort levels produce an increase in yield as shown in Figure 9 of»r>me 2S
million pounds from current levels. The marginal return on this additional fishing elf>>ri  in
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lerins of additional yield! can be as low as SO percentof the current catch per unit of effort,
according to forecasts of the models with all process error. which suggests that economics
plays an important role in any such manakvmen  decision.

Conclusions

This report provides estimates of density-dependence in the population dynamics
of pacilic halibut. Both age-structured data and Cpf'B data suggest thai production of halibut
is density-dependent, The implications of these population regulator mechanisms for man-
agement of halibut suggests that there is little advantage to continuing the current goal at IPHC
of rebuilding the stocks  if maximizing yield is of primary concern! . The effect of increasing
yields, and the suslainability and stability of future harvests if yield were increased, are topics
not examined here, but they are of primary concern to management and should make inter-
esting subjects for further research,
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