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ABSTRACT

This report evaluates the condition of the Pacific whiting (Mrluccius
productus) resource in 1989 and includes nmanagenent recommendations for 1990.
The harvest of Pacific whiting has increased in recent years and in 1989 the
harvest was 309,000 netric tons (t). The fishery continues to be supported by
the strong 1980 and 1984 year classes. However, there has been no evidence of
strong recruitnment to the population since the 1984 year class; as a
consequence, the femal e spawning biomass will decline from 829,000 t in 1989
to an estimated 599,000 t in 1990 and will continue to decline through at
least 1991. Yields in the imrediate future will be much reduced fromthe
l evel s of the past few years. In the 1989 assessnent, the stock synthesis
nodel is used to estimate age-structured popul ati on abundance, past |evels of
femal e spawni ng biomass, and recruitment for the 1959-86 year classes. In
addition, differences in the selectivity patterns of U S. and Canadian
fisheries are investigated using this nethod. Recruitnment estinates and
fishery selectivity coefficients fromthe stock synthesis nodel are used wth
an age-structured sinulation nodel to estinate sustainable yield under
different harvesting strategies and levels of risk. Two harvesting strategies
are explored: a constant effort strategy and a variable effort strategy, where
effort for a particular year is proportional. to the level of femal e spawning
bi omass. Long-term average yield depends on the level of risk the managers
are willing to accept. Risk is associated with the probability that the
femal e spawning biomass will fall below a cautionary |evel of 398,000 t.
Estimates of average yield ranged from 178,000 to 244,000 t for the constant

effort strategy, and from 205,000 to 251,000 t for the variable effort
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strategy over a reasonable range of risk levels. \Wen a variable effort
fishing strategy is applied to the projected nunbers at age in 1990, the
potential yield is calculated to be 180,000 t for a noderate risk strategy and
245,000 t for a high risk strategy. Based on the age structure of the
population in 1990 and the estimated proportion of the stock in the U S
managenent zone, the total yield should be split: 80%to the U S. fisheries
and 20% to the Canadian fisheries. Potential yields in the inmediate future

will continue to decline until a strong year class recruits to the fishery.
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| NTRODUCTI ON

Ecol ogically and comrercially the coastal stock of Pacific whiting
(Merl i r is one of the nmost inportant narine fish species on the
west coast of North America. Francis and Hol | owed (1985) summarize the
hi story and nanagenent of the coastal fishery for Pacific whiting as foll ows.
A smal| donestic fishery for whiting has existed since at least 1879. The
Soviet Union initiated a foreign fishery for this species in 1966. Bet ween
1973 and 1976, Pol and, the Federal Republic of Germany (West Gernmany), the
CGerman Denocratic Republic (East Germany), and Bulgaria entered the fishery.
The estimated catches of Pacific whiting ranged from 118,000 to 238,000 netric
tons (t) during this period of expansion (Table 1). Catches peaked in 1976
and were subsequently reduced, due primarily to restrictions on foreign effort
i mposed after inplenentation of the Magnuson Fisheries Conservation and
Managenent Act (MFCMA) of 1976.

A joint venture fishery for Pacific whiting started in 1978 between
foreign nations and the United States and Canada. In recent years (1980-88)
this fishery, involving predom nately Soviet and Polish processing vessels,
has accounted for an increasing percentage of the whiting catch in the US.
and Canadi an managenent zones. At the same tinme, the foreign fishery has
declined in inmportance (Table 1). In 1988 the foreign catch amounted to just
11% of the total whiting catch in the U S. nanagement zone, and in 1989 there
was no foreign fishery for Pacific whiting. A new devel opment in 1988 was the
participation of a |large Japanese surim processor in the joint venture
fishery. These vessels have greater processing capacity than the vessels
participating in the whiting joint venture fishery in past years (350 t

average daily processing weight, as conpared to 50-60 t).
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Table 2 contains acceptable biological catch (ABC) and fishery quotas from
1977 to 1989 (PFMC 1989). Conbined U S. and Canadi an catches were bel ow the
recommended | evels during the period from 1977 to 1986. Wth the
donestication of the US. fisheries in the Qulf of Al aska and Bering Sea
foreign interest in Pacific whiting has increased in the last few years. In
1987 the conbined quota for the United States and Canada exceeded the ABC for
the first time. The coastal whiting resource is now fully utilized, and in
1989 the conbined U S. and Canadian catch of whiting was 309,000 t--the
largest yield since the inception of the fishery in 1966.

The fishery for Pacific whiting is closely tied to the migratory behavior
of the coastal population. Bailey et al. (1982) provides a detailed
description of the life history of the population. Adult Pacific whiting
spawn of f the coasts of central, southern, and Baja California during the
W nter. In the spring, adults migrate north to summer feeding grounds off the
coasts of northern California, Oegon, Washington, and Vancouver | sl and. The
extent of this northward migration is highly age dependent and fluctuates from
year to year. (Oder adults typically mgrate as far north as Vancouver I|sland
while juveniles remain off central and northern California. The southward
mgration of adults begins in autum and may be triggered by the shift of w nd
direction in the fall and the appearance of the Davidson Current.

In 1989, research on the biology and nanagenent of the coastal Pacific
whiting population at the Al aska Fisheries Science Center (AFSC) focused on
1) reconpilation of catch-at-age and | ength-at-age statistics to obtain
estimates by area-tine strata for the years 1978-88; 2) inplenentation of the
stock synthesis npdel to estimate the age-structured abundance of the

popul ation and fishery selectivity patterns; 3) analysis of the age-specific
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fraction of the population mgrating into the Canadi an nmanagenent zone; and
4) assessnent and revision of the population sinulation nodel used to forecast

sustai nable and short-termyields fromthe resource.
CATCH ATTRI BUTES

Al ongshore Distribution of the Catch

As a part of a cooperative research effort between U S. and Canadi an
researchers to study the popul ation dynamics, growh, and yield of Pacific
whiting on finer geographic and tenporal scales, we exam ned the spatial
distribution of the whiting catch in U S waters. Qur goal was to identify
geographi c strata based on the actual distribution of the stock. Figure 1
shows the al ongshore distribution of the whiting catch for 1981-88 (Jerald
Berger, U S. Foreign Fishery Cbserver Program Al aska Fisheries Science
Center, National Marine Fisheries Service, NOAA, BIN C15700, 7600 Sand Poi nt
Way NE., Seattle, WA 98115. Pers. comun., February 1989). Three persistent
areas of high productivity were detected. Accordingly, we defined three
spatial strata: 1) the area south of lat. 43°00'N containing the Eureka and
Monterey International North Pacific Fisheries Conmission (INPFC) regions, 2)
the area fromlat. 43°0C0 N to Cape Falcon (lat. 46°45'N) in the Colunbia I NPFC
region, and 3) the area from Cape Falcon to the U S.-Canada border including
the northern part of the Colunbia INPFC region and the U S. portion of the
Vancouver | NPFC region. In addition, we defined three tenporal strata:
1) early (April-June), 2) middle (July-August), and 3) late (Septenber-

Cct ober) .
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Catch-at-age Estimates

Estimates of catch at age from 1978 to 1988 were reconpiled using the
procedure devel oped by Kinura (1989). Wth this nmethod, the yield for a given
substratum is distributed by age by applying the length frequency infornation
from that substratum to age-length and weight-length keys conpiled for the
stratum of which it is an elenent. For this analysis the spatial and tenporal
strata defined above were used. A total of nine area-time strata were
possible for a given year, and within each stratum two substrata were
possible, joint venture fishery or foreign fishery.

Since for nost years approxi mately 3,000 Pacific whiting otoliths were
read, using as many as nine age-length keys for a single year could
potentially result in keys with large gaps, that is, length categories wthout
any corresponding aged fish. To prevent this from occurring, we calculated a
background age-length key using all the aged fish for a year. This key would
assign ages to fish that fell into the gaps in the age-length keys used for
each stratum Table 3 contains the revised U S. fishery catch at age for
1978-88 (Jerald Berger, U S. Foreign Fishery Observer Program Al aska
Fi sheries Science Center, National Mrine Fisheries Service, NOAA BIN C15700,
7600 Sand Point Way NE., Seattle, WA 98115. Pers. commun., My 1989) and the
Canadi an catch at age for the corresponding years (Mark Saunders, Pacific
Bi ol ogi cal Station, Department of Fisheries and Cceans, Nanainp, B.C. VIR 5K6.

Pers. commun., My 1989)

GROWTH

Estimates of weight at age are required both by the stock synthesis nodel

(Methot 1989) and by the popul ation sinmulation nodel used to determne the



| ong-term productivity of the resource. Although the popul ation nodel is
constructed with the assunption that weight at age is time-invariant, an
earlier investigation of Pacific whiting growh denmonstrated that a
substantial decline in size at age occurred from 1977 to 1987 (Holl owed et al.
1988). The cause of this decline has not been identified. Sone prelimnary
wor k suggests that a series of years with anonal ously warm sea surface
tenperatures during this period, including but not limted to the 1983 E
Nino, may be part of the explanation. Although difficult to study
analytically, the potential for size-selective fishing nortality to alter the
actual or neasured growth characteristics of a population is another area of
concern

New | ength-at-age estimates were conpiled for the years 1978-88. The
identical strata and substrata identified earlier for the revised catch-at-age
estimtes were used. In addition, a delta nethod variance estimtor was
derived and inplemented for these estimates of length at age. This estinator
takes into account the two-stage sanpling design used by the U S Foreign
Fi sheries Observer Programto sanple the catch. This design can be described,
briefly, as follows. The length and sex of a large initial sanple of fish is
recorded. For the second stage of sanmpling, a subsanple of fixed size is
sel ected for each conbination of length category and sex. Qoliths are
collected from each of these individuals, and the age is determned for each
fish. Details of this estimtor are available fromthe authors.

The analysis of Pacific whiting growh in Hollowed et al. (1988) was
updated using the reconpiled annual |ength-at-age estimates. \Von Bertal anffy
growth curves were fit separately to the males and fenmales for the dom nant

year classes (1967, 1970, 1973, 1977, 1980, and 1984) using the nonlinear
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wei ghted | east-squares algorithm PAR in the BVMDP statistical package (Dixon
1983). The weights for each mean length at age were the inverse of the
estimated variance, so that nmean |ength-at-age estimtes based on only a few
observations would receive |ess weight than those based on many observations.
As in the earlier analysis, we fit von Bertalanffy growh curves
reparaneterized to use L,, the length at age one, to specify a particular
solution to the governing differential equation, rather than using t,, the
theoretical age at which length is zero, as is the conventional practice.

This curve has the general form

1, = Lo+ (L, - Lg) exp( k(1 - t)).

For all year classes except 1984, L, values of 25.71 cmfor males and
26.56 cm for fenales were used in the nonlinear |east-square fits. These
val ues were the average of the estimated L, values for the 1977 and 1980 year
classes. These were strong year classes in which younger fish were well
represented in the sanples, For the 1984 year class, however, fish at age one
were |arger than those in previous year classes. Consequently, we used the
1984 year class length at age one for our L, values (males 30.3 cm fenales
30.6 cn.

The growth curves for the dom nant year classes show a striking and
sustai ned reduction in length at age, confirmng the earlier observations of a
decline in growth rates (Fig. 2). The growth curves indicate that |ength at
age for 8-year-old fish declined 10% for males and 7% for fermales fromthe
1970 year class to the 1980 year class. Since these curves are based entirely

on fishery estimates of length at age, which are biased estimtes of the
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actual popul ation characteristics, they are best interpreted cautiously, as
they give a only a qualitative picture of growh trends. Interestingly,

though, the growth curve for the 1984 year class during the 4 years it has
been present in the fishery shows a pattern simlar to the 1980 year class,
suggesting that size at age may have stabilized in recent years.

Because both ageing error and targeting of dom nant year classes by the
fishery can result in msleading estimates of length at age for the weak year
cl asses, we used a sinple procedure to obtain snoothed estimtes for these
year classes by interpolating fromthe von Bertalanffy growh curves for the
adj acent strong year classes. This nethod consisted of estimating the nean
length for a particular age by linearly interpolating fromthe von Bertal anffy
curves for the preceding and followi ng strong year classes. Since strong year
cl asses have occurred once every 3 or 4 years during the time series of catch
data, the distance between the interpolated values and the actual growth
curves is never greater than 2 years. For year classes bhefore 1967 and after
1984, the length-at-age estimates for the 1967 and 1984 year classes were
sinply extended outward to conplete the length-at-age matrix. For the
dom nant year classes, the actual fishery estimates were used for the ages
2-11, since these ages would be well sanpled in the fishery. For ages outside
this range, the predicted values fromthe von Bertal anffy curves were used.
These revised estimates of fishery length at age are given in Table 4.

Estinates of population length at age were obtained by assuming that a
stratified estimate of length at age for the West Coast groundfish surveys
(Weinberg et al. 1984; Nelson and Dark 1985; Col enman 1988; Neal WIIianson,

Al aska Fisheries Science Center, National Marine Fisheries Service, NOAA, BIN

Cl 5700, 7600 Sand Point Way NE., Seattle, WA 98115. Pers. commun., My 1989)
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was an unbi ased estimate of length at age in the population. By conparing the
survey estimates with the fishery estimates of length at age for the years
1977, 1980, 1983, and 1986, it was possible to correct for the influence of
size selectivity by the fishery on the estinmates of length at age.

Figure 3 illustrates the difference between the survey and the fishery
estimates versus the fishery mean length for each age present during the
survey years. The discrepancy between the survey and the fishery estinates
tends to increase as the size of fish increases. To estinmate mean length at
age in the population for the nonsurvey years, the difference between the
survey-estimated |lengths and the fishery-estimated |engths was regressed on
the fishery lengths. Only the domi nant year classes present during the survey
years were used in the regression since these estimtes would be based on
| arge sanple sizes and woul d not be dependent on questionable corrections for
ageing error. The results of regression are recorded in Figure 3. The

popul ation mean length at age is estimated by the equation

lp - + (1+ﬁ)1f,
where |, is the nean length in the population and 1; is the revised nean
length in the fishery, and a and B are the regression coefficients.
Sex-specific coefficients for an exponential |ength-weight relationship of
the formw - a-1° (Ricker 1975) were estimated for each year with nonlinear
regression using data collected fromthe U S. fishery (Table 5). The
coefficients in the length-weight relationship were used to estinmate weight at

age for the males and fenal es separately. These estimtes were conbined to
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obtain weight-at-age tables for the fishery and for the population (Table 6).

These tables were used in the nmodels for stock assessnent.
POPULATI ON ASSESSMENT

The historical abundance and nortality of Pacific whiting was estimated by
application of the stock synthesis nodel (Methot 1986, 1989) as described in
an appendix to the 1988 status of stock report for Pacific whiting (Holl owed
et al. 1988). The synthesis nodel is a separable catch-at-age analysis tuned
to the survey estimates of biomass and age conposition. The appendix to the
1988 report docunents that the nodel yields estimtes of abundance that are
simlar to those estinated by cohort analysis tuned to the observed abundance
at age in the surveys. Subsequent, unpublished work indicated that a third
tool, the CACEAN conputer program (Deriso et al. 1985), also yielded sinmlar
results. However, the synthesis nodel is nore flexible than other analytica
procedures in how the survey information can be used, and in how the fishery
can be partitioned into zones. Here we explore three ways in which the two
fisheries, U S. and Canadian, can be nodeled, First, the catch at age for the
two fisheries can be conbined and nodeled as a single fishery. This is the
approach that has been used in the past and will be used here to devel op
managenent reconmmendations.  Second, the two fisheries can be treated as
t hough they are conpeting gears, and the selectivity pattern for each fishery
can be nodeled relative to the entire stock. Third, the stock can be split
into a northern and southern zone, and the selectivity for each fishery can be
nodel ed relative to the portion of the stock in its zone. The latter two

scenarios are explored in Appendix 2.
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The synthesis nodel operates by simulating the dynanics of the popul ation.
Conpari sons are nade between the expected value of the observable
characteristics of the population and the actual observations of the
popul ation from surveys and fishery sanpling prograns. The observations for
Pacific whiting are catch biomass and age conposition for the U 'S and
Canadi an fisheries, survey biomass, and survey age conposition. The goodness
of fit to these observations is evaluated in terns of |og(likelihood). The
total log(likelihood) is a weighted sum of the |ikelihood conmponents for each
type of data. The npdel assunes that fishing nortality can be separated into
an age-specific conponent and a year-specific conponent. The paraneters which
the nodel estimates are popul ation age conposition in the first year,
recruitnent in each subsequent year, and age-specific selectivity by the U S
fishery, the Canadian fishery, and the survey. The total nunber of paraneters
to be estimated can be reduced by specifying the age-specific availabilities
as functions of age (Appendix 1). The year-specific fishing nortality factors
are not estimted as paraneters. Instead, they are tuned to the |levels
necessary to match the observed catch bionasses. The nodel paraneters are
estimated by an iterative process which involves nunerical estimation of the
first derivatives of total log(likelihood) with respect to each paraneter, and
the Hessian matrix of mixed partial derivatives. The inverse of the Hessian
matrix postnultiplied by the vector of first derivatives indicates how the
paraneters should be changed.

The nodel ed popul ation includes ages 2-14; age 14 is treated as an
accunul ator age, Most nodel runs covered the years 1973-88--the tinme period
for which there was age conposition data for the U S. fishery. The paraneters

in these runs estimated fishery selectivity patterns, survey selectivity
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patterns, ageing error, age conposition at the beginning of 1973, and year-
class strength for the 1973-87 year classes. Selectivity patterns and agei ng
errors were fixed at the values estimated in these runs, and the time series
was extended back to 1958 so that historical recruitments could be estimted.
Body wei ghts at age were set at year- and fishery-specific values for the
years 1978-88. Fish fromearlier years were assumed to have the same wei ght

at age as those from 1978.

Ageing | nprecision

The nodel incorporates ageing inprecision by assuming that the standard
devi ati on of observed age increases linearly with true age. The paraneters
which define this linear trend are the fraction msaged at age 2 and the
fraction msaged at age 14. The nodel is able to estimte these paraneters in
the Pacific whiting nodel because the spillover of |arge year classes into
adj acent poor year classes is readily apparent. The nodel estimates that 2%
are msaged at age 2 and 31% at age 14.

In addition to symretric ageing inprecision, the strong year classes in
Pacific whiting allow us to detect three instances of ageing bias. First, the
strong 1970 year class began to blur into the 1971 year class in 1978. This
bi as was accommodated by accunulating at age 7+ in 1978, 8+ in 1979, 9+ in
1980, etc. The estimated levels of the 1970 and 1971 year classes were 2.32
and 0.42 billion fish without the accunulation, and 2.64 and 0.15 billion wth
the accumulation. Second, previous anal yses have noted that the strong 1977
year class appeared as 3-year-old fish in 1979 because of a snall sanple size
in the age-length key for that year. Consequently, the data were adjusted

before conducting the cohort analysis. Here, this problem was accomodated by



12
accunul ating the age-2 and age-3 fish in both the data and the nodel's
estimate for the year 1979. Finally, the strong 1961 year class was proni nent
in the 1965-68 sanples (Dark 1975); in 1969, the age conposition was dom nated
by 7-year-old fish. W suspect that this age node was actually the 1961 year
class, msaged by one year. Therefore, we accumulated at age 7+ in the 1969

age conposition sanple.

Enphasis on Survey Bi omass Likelihood

The enphasis placed on each conponent of the total |og(likelihood)
function determnes how closely the npbdel's estimates will approach the
observations of that type. If all of the processes and error structures built
into the nodel matched their true counterparts, then all enphasis |evels
should be set at 1.0. Because the true nodel is not known, the enphasis
factors allow correction for the model's tendency to fit sonme types of data
nore or less closely than is reasonable. If the variance of a particular type
of observation were known, the enphasis factors could be set so that the
devi ations between the nodel's predictions and the observations are consistent
with this level of measurement error. O course, if the various types of data
are highly consistent with each other, the enphasis factors will have little
effect; fitting one type of data will automatically produce a good fit to the
other types of data. By varying the enphasis factors one is able to detect
i nconsi stencies anong the types of data. Here we explore the sensitivity of
the results to the enphasis on the l|ikelihood conponent for survey bionass
(Table 7). The mbdel tends to 1) match the 1977 and 1986 survey bionass
values very closely, 2) suggest these values are |less than the bionass

neasured in 1980, and 3) suggest they are greater than the biomass neasured in
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1983. Basically, any decrease in biomass from 1980 to 1983 is inconsistent
with a strong 1980 year class. As shown in Table 7, an increase in the
enphasis on the l|ikelihood conmponent for survey biomass causes changes in the
estimated strengths of the large year classes. These changes inprove the fit
to the survey biomasses, but degrade the fit to the U S fishery age
conposition, the Canadian fishery age conposition, and to the survey age
conposition (Fig. 4. W selected an enphasis level of 5.0 to provide a

reasonabl e conpromi se between the fits of the various types of data

Survey Selectivity

Exami nation of the survey age conposition indicates that the fish ol der
than about age 11 are not as common as expected. Either their availability to
the survey is reduced or the older fish have higher natural nortality than
younger fish. Selectivity of the survey for younger fish is difficult to
esti mate because npbst surveys have occurred when the youngest |arge year class
was 3 or 4 years old. Only the 1986 survey encountered a large 2-year-old
year class. W assume that fish becone fully available to the survey at age
2, but we also investigate the consequences of reduced selectivity at younger
ages. Patterns in age-specific selectivity are nodeled as a four-paraneter
function which is the product of two logistic curves (Appendix 1). Table 8
describes three scenarios for survey selectivity and natural nortality. In
the first scenario, only the descending side of the selectivity curve is
esti mat ed. In the second scenario, the ascending side is also estimated. In
the third scenario, all ages are assumed to be fully available and a linear
increase in natural nortality is estimated for the older ages, The goodness

of fit is best in the second scenario, but the increase in likelihood is not
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great when one considers that two additional paraneters are included in the
model .  The higher ending biomass also found in this scenario is due primarily
to an increase in the estimated size of the 1984 year class which is estinated
to be not fully surveyed in 1986. The third scenario produces a plausible
increase in the natural nortality (from0.2 at age 10 to 0.55 at age 14), and
a small degradation in the goodness of fit. At this tine we do not have
sufficient information to deviate from the null nodel described in scenario
one. A second observation of the 1984 year class in the 1989 survey wll
al l ow better evaluation of scenario two. A northerly extension of this survey

may all ow sone eval uation of scenario three.

Fishery Selectivity and Vulnerability

When the catch at age for the U S. and Canadian fisheries is conbined, as
has been done in the past, the resulting age-specific selectivity coefficients
increase fromage 2 to age 8, and decline thereafter (Table 9). This pattern
is very different than the average age-specific catchability coefficients (Q
estimated by the previous cohort analysis. W have exami ned the age- and
year-specific Q values in last year's cohort analysis. Many of the Q val ues
for weak year classes were large, especially as these year classes aged
These | arge values probably represent a bias due to a small |evel of nisageing
fromthe adjacent strong year classes. The synthesis nodel is |ess
susceptible to this sort of bias, and we note that the cohort analysis
estimate of average Q for strong year classes (Table 9) is simlar to the age-
specific selectivity pattern estimated by synthesis. The change in
selectivity pattern fromthe previous estimate may influence the nanagenent

nodel because the fishery will now be nodeled to concentrate its efforts nore
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on younger ages. Although the selectivity pattern for the conbined fishery is
the pattern used in the managenent nodel, Appendix 2 describes an initial

exploration of alternative descriptions of the fishery selectivity patterns.

Long Time Series

Extension of the time series back through the 1960s is possible because
age conposition data for the years 1965-69 is available (Table 10; Dark 1975).
The year-class index of Bailey (1981) utilizes the percentage at age 4-6 in
these data. Here we examine the percentage at ages 4-9 and treat these data
as the age conposition of the entire U.S. fishery during this period.
However, because these data are prinarily from the southern coast of
Washington, we expect themto represent a selectivity pattern different from
that of the current coastwide U S. fishery. A double logistic function
(Appendix 1) was used to nodel the selectivity pattern of these data, Also,
all ages were determned by surface reading of otoliths, whereas the current
nmet hodol ogy uses a conbination of surface readings. and break-and-burn
readi ngs. Age conpositions were accunul ated at age 9 because older fish my
not have been accurately aged. The 1969 age conposition was accunul ated at
age 7, as noted above, because of an apparent bias in the ageing of the 8-
year-ol d 1961 year class.

Rat her than attenpt to estimate the popul ation age conposition at the
begi nning of 1965, we have extended the time series back to 1958 and assuned
that the population had an equilibrium age conposition in 1957. The abundance
of this assumed equilibrium popul ation affects the estimted magnitude of the
early recruitnments, but the effect degrades rapidly (Table 11). W select a

high level of virgin, equilibriumrecruitment (900 million at age 2) so that
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the estimated fenal e spawning biomass is near constant during the early part
of the tine series. W estimate recruitnments beginning with the 1956 year
class, but do not support the estimates for the 1956 and 1957 year cl asses
because of their dependence on the assumed initial population level, and the
short duration they were observed as age 8-9 fish in 1965-66.

The long tine series of estimated recruitnent (Table 12) is simlar to
that previously estimated by calibration to the year-class index (Hollowed et
al. 1987). The 1961 year class is estinated to be very large, similar in
magni tude to the 1980 and 1984 year classes. Year classes fromthe |ate 1960s
appear to have been less variable than those of the late 1970s and 1980s.

Wile this may be true, it is also possible that |ess precise ageing during
the early 1970s caused a blurring of the early year classes.

The long time series of estimated fenmal e spawning biomass differs from
that previously estimated by cohort analysis and calibration to the year-class
index (Hollowed et al. 1987). The femal e spawni ng biomass during the late
1960s is now estimated to be relatively high, rather than dipping to
historical |ow |evels. In hindsight, the previous estimate is inconsistent
with the presence of a very large 1961 year class. The previous procedure was
able to produce low estinates of fenale spawning biomass during this period
because the fermml e spawni ng bi omass of ages 3-10 was estimated in relation to
the estimate of age 3-7 femal e spawni ng bionass produced by the cohort
anal ysi s. However, the age 3-7 femal e spawning bi omass does not include the
large 1961 year class, so the expansion to age 3-10 underestimtes the female
spawni ng bionass during the late 1960s. This change in the estimated tine
series of fenmale spawning biomass -renoves the rationale for treating 319, 000 t

as a cautionary level of fenale spawning bionass. An alternative procedure
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for defining cautionary fenale spawning biomass will be defined in the

managenent section.
ESTI MATI ON OF THE AGE- SPECI FI C FRACTI ON M GRATI NG | NTO THE CANADI AN ZONE

Sources of Data

There are two primary sources of information on the geographic
distribution of Pacific whiting: the triennial acoustic surveys conducted in
1977, 1980, 1983 and 1986 (Nelson and Dark 1985, Neal WIIlianson, Al aska
Fi sheries Science Center, National Mrine Fisheries Service, NOAA, BIN C15700,
7600 Sand Point Way NE., Seattle, WA 98115. Pers. commun., My 1989), and
the West Coast bottomtraw surveys conducted in the same years (Dark et al.
1980, Weinberg et al. 1984, Colerman 1986, Col enan 1988). These surveys took
place in md- to late sunmer, when the coastal population of Pacific whiting
is at the northern limt of its feeding mgration (Francis 1983). The two
survey methods sanple different conponents of the popul ation--the acoustic
survey sanpling the md-water conponent and the trawl survey sanpling the
denmersal conponent of the popul ation. In 1977 and 1986, the bottom traw
survey did not extend above the U.S.-Canada border, linmting the useful ness of
this source of information.

In the regression analysis that follows, we use only the acoustic
information on the geographic distribution of Pacific whiting. Table 13 gives
the estimated total abundance and the proportion in the Canadian exclusive
econom ¢ zone (EEZ) for the acoustic surveys (Neal WIIlianson, Al aska
Fi sheries Science Center, National Mrine Fisheries Service, NOAA BIN C15700,
7600 Sand Point Way NE., Seattle, WA 98115. Pers. commun., May 1989). In

1980 and 1983, when the trawl survey did extend into Canada, the trawl survey
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abundance estimates were less than 3% of the total estimted abundance in the
Canadi an zone. Nevertheless, since the traw survey captures a much higher
proportion of the older individuals (age 8+), its onmssion is indeed
consequenti al , The situation is further conplicated by the sharp decline in
the denersal bionass as estimated by the trawl survey in the Canadian portion
of the Vancouver |NPFC region when conpared to the U S. portion, a drop that

is not found in the acoustic estimtes (Table 14).

Logi stic Regression Methods

Logistic regression is a common nethod of analyzing data in the form of
proportions, that is, the nunmber of successes out of n trials. In this
application, success is defined as migration into the Canadi an zone, whereas
nunber of trials is the total number of Pacific whiting of a particular age.
In logistic regression, the logistic transformed proportions are equated with
a linear predictor containing explanatory variables (see MCullagh and Nel der
1983). The error assunption of logistic regression is independent binom a
error, although with large sanple sizes it is often found that there is nore
residual variability than would be expected with binom al error.
Overdispersion, as this is called, is encountered in this application, and
requires that the significance levels and standard errors be adjusted.

Another difficulty that prevents this analysis from being a
straightforward application is that logistic regression gives nore weight to
the binom al proportions with nore trials. Consequently, the younger ages,
whi ch are much nore abundant, would dominate the regression. This would
degrade the fit to the older fish, whose geographic distribution is nore

important from the standpoint of allocation. W circunvented difficulty by
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re-scaling all the proportions so that they represent the number of fish out
of 1,000 mgrating into the Canadi an zone.
The anal ysis was done using GLIM an interactive statistical program for
fitting a general class of regression nodels using an iterative re-weighted

| east squares algorithm (NAG 1987).

Logi stic Regression Results

A prelimnary step in the analysis was to fit a full nodel and use the
devi ance of the observations fromthat nodel (divided by the degrees of
freedom) as an estimate of the residual error. For data without extra-
bi nom al variability, this estimate of residual error should be near one. For
overdi spersed data, it will be larger than one. W fit a cubic polynom al of
age for each survey year separately as a full model. The deviance for this
model was 686.7 with 36 degrees of freedom giving an estimate of the scale
paranmeter of 19.075.

Tabl e 15 gives an analysis of deviance for the age-specific proportion of
the population migrating into the Canadian zone. The first four terns in the
nodel fit a single cubic function of age for all the survey years. The
temperature variable is mean August sea surface tenperature (°C) from ships of
opportunity fromlat. 40°N to lat. 50°N and fromthe coast west to |ong.
130°W  Adding the tenperature variable increases the R-square value from 52
to 81% (N.B. Rsquare is the percent of the null deviance explained by the
nmodel .)  Year-class abundance, as neasured by estimates of age-3 recruitnment
abundance from the stock synthesis program was also tested in the nodel,
However, the addition of the term measuring recruitment abundance caused only

a mnor reduction in the deviance and was not significant. This suggests that
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year-class strength is not a primary factor in determning the age-specific
fraction of Pacific whiting migrating into Canada. The p-val ues were
obtai ned by conparing the statistic (change in deviance/change in degrees of
freedom/scale paraneter to an F reference distribution. The correctness of
this test depends on asynptotic argunents that are not likely to have been net
in this application. Figure 5 shows the proportion at age estimated by the
| ogistic regression nodel for each of the survey years.

Since it is difficult to forecast sea surface tenperature, this npde
woul d have limted use for predicting the future distribution of Pacific
whiting for the purpose of allocation. Consequently, we fit another node
without the tenperature time series and excluding the anomal ous 1983 El N no
survey results. Table 16 gives the estimted age-specific fraction nigrating

into Canada for this nodel. (See also Figure 6.)

ESTI MATI ON OF SUSTAI NABLE YIELD

The age-structured sinmulation nodel of Francis (1985) used in previous
stock assessnents to investigate the productivity of the coastal Pacific
whiting popul ation was conpletely rewitten for this year's stock assessnent,
and sone different approaches were inplenented in our analysis. In this
section we identify the changes from previous assessnments and provide a
rationale for them W also sunmarize recent research on the recruitment of
Pacific whiting. Finally, we evaluate the potential yield under various
exploitation strategies and under different levels of risk using the revised

simul ati on nodel
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Popul ati on Dynami cs

The fundanental equations for the dynamcs of the Pacific whiting
popul ation are identical to that of earlier versions of the nodel: the
age-structured Baranov catch equations nodel the effect of the fishery on the
popul ation, and a sinple exponential nortality nodel updates popul ation
abundance. Based on previous anal yses, the natural nortality rate was assuned
to be constant with respect to age at 0.2 (Hollowed et al. 1987). In the
past, a single weight-at-age vector was used for the US. fishery, the
Canadi an fishery, and for the population. Since we have found |arge
differences in weight at age between these different sources, the nodel was
generalized to use separate weight-at-age vectors for each. These were
estimated by averaging weight at age for the years 1978-88 separately for each
sour ce. Since there has been a substantial decline in weight at age for the
past decade, this gave conpronise estimates of weight at age that are larger
than currently observed in the fishery, but smaller than 10 years ago. To
obtain the total yield in biomass, the estimted catch at age was divided
between the U S. and the Canadian fisheries according to the age-specific
proportion by nunber in the respective national zones as estinmated by the
acoustic surveys. Miltiplying by the characteristic weight at age for each
fishery and sunming over age gave the total vyield.

In order to directly utilize the parameters from the stock synthesis
model, the age-specific fishing nortality rates were nodelled as the product
of a full-recruitment fishing nortality rate and an age-specific selectivity
coefficient. A single vector of selectivity coefficients was used in the
simulations, representing the conbined characteristics of the U S and

Canadian fisheries. The annual control variable in this parameterization is
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the full recruitnment fishing nmortality, f(t). This is a change from the
previous version, which nodelled fishing nortality as a product of an age-
specific catchability coefficient and effort, where effort was assumed to be

proportional to fishing nortality.

Recr ui t nent

The factors governing the recruitment of Pacific whiting continue to be
the focus of much research. Research on the effect of the ocean environnent
on recruitment began with the work of Bailey (1981), who found a significant
correlation between Pacific whiting recruitnent and the intensity of w nd-
driven Ekman transport on the spawning grounds in the Los Angel es Bight during
spawning. To explain this correlation, he proposed a transport mechanism
whereby strong upwelling causes an offshore drift of the eggs and |arvae away
from favorable rearing habitat. Sea surface tenperature is inversely
correlated with the intensity of Ekman transport. Consequently, nean January-
March sea surface tenperature in the Los Angeles Bight, which can be
accurately and inexpensively neasured, is used as a predictor of recruitnent
success. The significance |evel of the correlation between Ekman transport
and recruitnment has eroded since Bailey published his findings (Hollowed and
Bailey 1989). Nevertheless, the relationship between tenperature and
recruitment is still significant (rank order correlation two-tailed p-value <
0.05) when using the recruitments fromthe stock synthesis nmodel for the year
cl asses 1959- 86.

G her hypot heses about the causes of recruitnent success in Pacific
whiting are currently being investigated. One hypothesis, based on the

observation that strong year classes have never occurred consecutively,
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proposes that juvenile cannibalism on |arvae and young-of-the-year is an
inportant factor in determining the strength of a year class. Another
hypot hesis, an elaboration of Bailey's transport hypothesis, proposes that
conditions are favorable for recruitment success when weak offshore transport
during either January or February is followed by a period of strong upwelling
in March (Holl owed and Bailey 1989).

Al though establishing a stock-recruit relationship is an inportant elenent
of assessing the productivity of the resource, the observed pattern of the
relationship between the spawning biomass of female whiting and recruitnent
(Fig. 7) does not lend itself to description by a paranetric curve with a |og-
normal error assunption. Hollowed and Bailey (1989) use the time series
nmet hods of Welch (1987) to filter density independent variability fromthe
recruitnent tinme series of Pacific whiting. The resulting scatterplot of
filtered recruitment versus egg production (proportional to femal e spawning
bi onass) shows a flat relationship over the range of historical |evels of egg
producti on. From this analysis they conclude that, at the observed |evels of
stock abundance, the occurrence of strong year classes cannot be directly
attributed to stock abundance and may be linked to factors independent of
popul ation density such as environmental conditions.

In earlier versions of the sinulation nodel, recruitment was assuned to be
driven by tenperature at the tinme of spawning. Years of cold water
tenperatures (average Jan. -March tenperature in the second quadrant of Marsden
square 120 < 15.0°C) were assuned to be years with [ow nmean recruitnment, and
years of warm tenperature ( > 15.0°C) were assuned to be years with higher,

t hough nore variable recruitment. To sinulate recruitment for a 1,000-year

run of the sinulation model, tenperatures for the years 1931-82 were cycled
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through the nodel repeatedly. A log-normal random variate was generated with
a mean and variance equivalent to the observed cold or warm tenperature
recruitnment according to whether the year was cold or warm

W considered this procedure to be unsatisfactory for several reasons.
First, reliable recruitnent estinates are available only for the 1959-86 year
classes. By cycling through the longer tenperature time series, it is
possible to obtain a different nean and variance for the sinulated recruitnent
than has been historically observed. Second, by driving the simulation
exclusively by tenperature, the possible influence of other environmenta
variables is neglected. Third, it gives the sinmulated recruitnent tine series
a particular autocorrelation (since tenmperature is positively autocorrel ated)
that is not supported by the recruitment data. A final objection concerns the
use of a log-normal random variate. Al though the assunption of |og-norm
variability in recruitnment is virtually ubiquitous in simulation nodels of
this type, the atypically high coefficient of variation of Pacific whiting
recruitnment (1.36) can produce a sinmulated recruitnment that is three to four
times larger than any historically observed recruitnment when | og-norm
variability is assuned. From a biol ogi cal perspective, such a recruitment is
unreal i stic.

A suitable nmethod to simulate the recruitment process should have the
followi ng properties: 1) simulated recruitment should be independent of female
spawni ng bi omass over the range of historical levels; 2) the recruitnment tinme
series should have the sanme statistical properties as the observed
recruitnent, particularly the sane nean and variance; and 3) strong
assunptions about the pattern of variability in recruitnent that are not

supported by the data should be avoided. Consideration of these requirenments
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leads us to adopt a procedure sinmlar to iterative resanpling statistical
procedures (e.g., bootstrap). W propose to sanple with replacenment from the
observed recruitment time series. For such a schene to have smooth behavior,
a noderately long time series of recruitment nust be available. The stock
synthesis nmodel allowed us to extend our estimates of age-2 recruitnent back
to the 1959 year class, mmking available 28 years of recruitment estimtes for

a sanple space,

Harvest Strategies and Risk
W thout know edge of the effect of harvesting on ability of the Pacific
whiting population to produce successful recruitments in a highly variable
ocean environment, we incur a risk of population collapse by taking a harvest.
We assess this risk by focusing on the femal e spawning biomass. This is

defined as

SB = ¥ POPN(a) - MATURE(a) - PROPFEM(a) - WEIGHT(a),

where POPN(a) is popul ation nunber of an age group, MATURE(a) is the fraction
of sexually nmature femal es of an age group, PROPFEMa) is the female
proportion of total biomass of an age group, and VEIGHT(a) is the popul ation
wei ght at age. Figure 8 shows a frequency histogram for 10 replicate

1, 000-year sinulations of an unexploited Pacific whiting population using the
recruitnment resanpling nethod described earlier. Wen an annual harvest is
taken fromthe population, the distribution of fenale spawning biomass will be
shifted towards | ower nmean levels of fenale spawning biomass, The risk is the

possibility that harvesting might |ower the fenale spawning bionmass to such



26
low levels that it could no |onger produce recruitnent to sustain popul ation
abundance even when conditions are favorable for larval survival.

To assess this risk we used the enpirical distribution of fermale spawning
bi omass for an unexploited population as a benchmark agai nst which we gauged
the magnitude of the disruption that occurs when an annual harvest is taken
from the population. W designated the 0.1 percentile of fenale spawning
bi omass as a cautionary level of female spawning biomass. This occurs at
398,000 t of female spawning biomass, which is 25% of the mean unfished female
spawni ng biomass (Fig. 8). W assess the risk of a particular harvest
strategy by determning the probability that fenmal e spawning bionass drops
below this level, and seek to develop harvesting strategies where yield from
the fishery is maximzed subject to the constraint that this probability is at
a selected level. Low risk harvest strategies are those where the probability
of dropping below this cautionary level is low, and high risk strategies are
those where the probability is high.

We acknow edge that the 0.1 percentile of unexploited fenale spawning
biomass is an arbitrary level, and we do not argue that the probability of
recruitnment failure increases rapidly below this level, although we do note
that it must increase rapidly below some level. The fact that the Pacific
whiting popul ation persists in an unexploited state at sone stable |evel of
mean abundance suggests that the distribution of unexploited female spawning
bi omass is sufficient to maintain the population through all but the nost
extraordinary of circunstances. The 0.1 percentile is a level below which the
femal e spawni ng bi omass has not dropped during our 32 years of observation.

Qur confidence in the assunption that recruitment is unaffected by ferale
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spawni ng bi omass erodes rapidly below this point- -hence the term cautionary
| evel .

W consider two classes of harvest strategies, a constant effort strategy,
and the variable effort algorithmoriginally pronoted by Shuter and Koonce
(1985) to nanage the Lake Erie walleye (Stizostedion vitreumvitreun) fishery.
The use of the term"effort" nay be somewhat misleading here since the annua
fishing nortality is the control variable. For the variable effort algorithm

fishing nortality in a given year is calculated by

where f, is the optinum level of fishing nortality, SB; is the current
femal e spawni ng biomass |evel, and SB,, is the mean femal e spawni ng bi onass
for the optimal constant effort strategy.

The variable effort harvest strategy has been used to nanage the Pacific
whiting resource since 1985. It is considered superior to constant effort
strategi es because in sinulations it gives a higher nean yield for a given
l evel of risk. It is able to achieve this higher yield despite cutting back
on the fishing nortality rate at |ow fenal e spawning bi omass |evels because it
greatly increases harvest when female spawning biomass is high. A
di sadvantage of this strategy is that it makes yield fromthe fishery
extrenely variable, and this variability necessarily includes |arge declines
in the yield fromone year to the next when a strong year class noves out of
the fishery. The econonmic and political consequences of the variable effort
strategy have not been confronted in the past sinply because before 1988 the

yield fromthe fishery was far below the recommendations, In this year's
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assessment, we tanmed sone of the nobre extrene behavior of the algorithm by
establishing a 500,000 t upper limt on the potential yield fromthe fishery.
In addition, the very large bionmass |evels generated by the previous |og-
normal recruitnent nodel do not occur in the resanpling nodel

Tabl e 17 gives the paranmeters used to simulate the dynamcs of the Pacific
whiting population. Estimates of sustainable yield for constant effort and
variable effort harvesting strategies are given in Table 18. The table
entries were estimated by averaging 10 replicate 1,000-year sinulations. To
remove the effect of initial conditions, the sinulation was run for 50 years
before beginning to tabulate the summary statistics. For each harvest
strategy we present three levels of risk (low, npderate, and high) to bracket
viable alternatives and to provide a mddle course. It is inportant to bear
in mnd that the |abels of low, medium and high risk are relative
designations, and are not intended to inply judgments about which strategy is
most reasonabl e.

The risk categories were defined as follows. Under a low risk strategy
the probability of falling below the cautionary fenale spawning biomass |eve
is 0.05; for noderate risk it is 0.15; and for high risk it is 0.25. Al though
the definitions of these categories are arbitrary, they result in fishing
nortality rates that span the biological reference points commonly used to
gui de fisheries management decisions (Sissenwine and Shepherd 1987). The | ow
risk options are near a strategy where fishing nortality equals natural
mortality (F - M. Under noderate risk harvesting strategies, the nean fenale
spawni ng biomass is between 42 and 47% of mean unexploited fenal e spawning
bi omass --slightly [ower than the 50% that a surplus production nmodel woul d

predict for maxinmum sustainable yield. The high risk strategies reduce nean
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femal e spawni ng biomass to 38-41% of the unexploited |evel and correspond nore
closely to a F,, strategy, although the situation is nore conplex than a yield
per recruit analysis would indicate. A yield per recruit analysis assunmes a
fixed age-specific selectivity pattern for the fishery. If, as the
exploitation rate increases, the fishery were to nove south to target on the
younger, nore abundant age groups, the selectivity curve for the fishery would
shift. This would change the shape of the yield curve and, thus, change the
| ocation of the F,; point.

W note also that recent scientific advice to managenent has advocated an
exploitation rate near our high risk option (Hollowed et al. 1988). It is
important to recognize that, because of the lack of interest in the Pacific
whiting resource, these high fishing nortality rates did not occur until |ast
year. For 1989, the projected yield was based on a variable effort strategy
with f - 0.53 (although paraneterized in terms of catchability). However
these projections assuned that the yield in 1988 was 50,000 t greater than
what actually occurred, so the actual fishing nortality rate in 1989 was nuch
| ower --closer to our noderate risk variable effort strategy of F - 0.35. For
the variable effort strategy, Figures 9 and 10 give a graphical analysis of
risk and yield as a function of the fishing nmortality rate.

Finally, note that these estimates of sustainable yield assume a fixed
pattern of age-specific selectivity simlar to that which has been observed in
the past. One of the characteristics of the Pacific whiting population is its
strong age stratification along the coast. Consequently, an alongshore shift
in the center of fishing activity, whether by managenent design or due to sone
other factor, would change the selectivity pattern of the fishery, and may

result in significantly different estimtes of sustainable yield
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YI ELD FORECASTS FOR 1990-92 AND 1990 ACCEPTABLE BI OLOG CAL CATCH

Since 1967, the Pacific whiting fishery has been supported by strong year
cl asses occurring every 3 or 4 years. The 1984 year class is the nost recent
strong year class observed in the fishery. In 1988 it constituted 57% of the
total U 'S. fishery catch of whiting by nunber, wth most of the renaining
catch contributed by the strong 1980 year class. The 1984 year class will
contribute even nore to the harvest in 1989.

The age-2 abundance of the 1985 and 1986 year classes, estimated by the
stock synthesis nodel (0.017 and 0.100 billion, respectively), are both bel ow
the nedian. Although these figures unquestionably include sone estimation
error, they should be accurate enough to fix the order of nagnitude of these
year classes. W base our conclusion that the 1987 year class is also weak on
the information presented in Figure 11. The strongest evidence comes from a
conpari son between the |ength-frequency histograms for 1985 and 1986, when the
1984 year class was 1 and 2 years old, and the histograns for 1988 and 1989,
when the 1987 year class would have been 1 and 2 years old. The strong 1984
year class was evident as a distinct node in the |ength-frequency histogram
fromthe U S fishery at both 1 and 2 years old, These nodes are absent in
the histograms for 1988 and 1989. Thus, the evidence is strong that the worst
case scenario presented in last year's stock assessment (nedian recruitnment in
1986 and 1987) has turned out to be the nmpbst correct one.

In 1988, both the U S. and the Canadian fisheries were very active,
harvesting an aggregate of 251,000 t. An estinated harvest of 309,000 t was

removed from the popul ati on biomass by the 1989 fisheries. Al these factors
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--the aging of the strong 1984 year class, the lack of significant recruitnent
since then, and the high yields of the past 2 years--have conbined to reduce
the projected fenale spawning biomass at the start of 1990 to the | owest
| evel s observed since the start of the fishery (Fig. 12). The substantially
reduced yields that we forecast for 1990-92 are a consequence of this rapidly
changing situation

One initial concern was that the changes in nethodol ogy between this
year's and last year's stock assessments had an effect on our vyield
projections for 1990. W investigated the switch between the asynptotic
catchabilities from cohort analysis and the done-shaped selectivity
coefficients fromthe stock synthesis nodel, the difference in final year
popul ati on numbers at age estinmated using cohort analysis and stock synthesis,
and the use of the recal cul ated weight-at-age vectors. None of these
alterations affected our yield projections for 1990 by nmore than 7%

The differences between the forecasts for last year and this year result
largely from our assessment of risk. As was nentioned earlier, this year's
high risk variable effort strategy corresponds to the single risk category
presented in previous as