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ABSTRACT

This report evaluates the condition of the Pacific whiting (Merluccius

productus) resource in 1989 and includes management recommendations for 1990.

The harvest of Pacific whiting has increased in recent years and in 1989 the

harvest was 309,000 metric tons (t). The fishery continues to be supported by

the strong 1980 and 1984 year classes. However, there has been no evidence of

strong recruitment to the population since the 1984 year class; as a

consequence, the female 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 immediate future will be much reduced from the

levels of the past few years. In the 1989 assessment, the stock synthesis

model is used to estimate age-structured population abundance, past levels of

female spawning 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 method. Recruitment estimates and

fishery selectivity coefficients from the stock synthesis model are used with

an age-structured simulation model to estimate 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 female spawning

biomass. Long-term average yield depends on the level of risk the managers

are willing to accept. Risk is associated with the probability that the

female spawning biomass will fall below a cautionary level 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. When a variable effort

fishing strategy is applied to the projected numbers at age in 1990, the

potential yield is calculated to be 180,000 t for a moderate 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.

management zone, the total yield should be split: 80% to the U.S. fisheries

and 20% to the Canadian fisheries. Potential yields in the immediate future

will continue to decline until a strong year class recruits to the fishery.
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INTRODUCTION

Ecologically and commercially the coastal stock of Pacific whiting

(Merluccius productus) is one of the most important marine fish species on the

west coast of North America. Francis and Hollowed (1985) summarize the

history and management of the coastal fishery for Pacific whiting as follows.

A small domestic fishery for whiting has existed since at least 1879. The

Soviet Union initiated a foreign fishery for this species in 1966. Between

1973 and 1976, Poland, the Federal Republic of Germany (West Germany), the

German Democratic Republic (East Germany), and Bulgaria entered the fishery.

The estimated catches of Pacific whiting ranged from 118,000 to 238,000 metric

tons (t) during this period of expansion (Table 1). Catches peaked in 1976

and were subsequently reduced, due primarily to restrictions on foreign effort

imposed after implementation of the Magnuson Fisheries Conservation and

Management 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 predominately Soviet and Polish processing vessels,

has accounted for an increasing percentage of the whiting catch in the U.S.

and Canadian management zones. At the same time, the foreign fishery has

declined in importance (Table 1). In 1988 the foreign catch amounted to just

11% of the total whiting catch in the U.S. management zone, and in 1989 there

was no foreign fishery for Pacific whiting. A new development in 1988 was the

participation of a large Japanese surimi 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 compared to 50-60 t).



2

Table 2 contains acceptable biological catch (ABC) and fishery quotas from

1977 to 1989 (PFMC 1989). Combined U.S. and Canadian catches were below the

recommended levels during the period from 1977 to 1986. With the

domestication of the U.S. fisheries in the Gulf of Alaska and Bering Sea,

foreign interest in Pacific whiting has increased in the last few years.

1987 the combined quota for the United States and Canada exceeded the ABC

the first time. The coastal whiting resource is now fully utilized, and

1989 the combined U.S. and Canadian catch of whiting was 309,000 t--the

largest yield since the inception of the fishery in 1966.

In

for

in

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 off the coasts of central, southern, and Baja California during the

winter. In the spring, adults migrate north to summer feeding grounds off the

coasts of northern California, Oregon, Washington, and Vancouver Island. The

extent of this northward migration is highly age dependent and fluctuates from

year to year. Older adults typically migrate as far north as Vancouver Island

while juveniles remain off central and northern California. The southward

migration of adults begins in autumn and may be triggered by the shift of wind

direction in the fall and the appearance of the Davidson Current.

In 1989, research on the biology and management of the coastal Pacific

whiting population at the Alaska Fisheries Science Center (AFSC) focused on

1) recompilation of catch-at-age and length-at-age statistics to obtain

estimates by area-time strata for the years 1978-88; 2) implementation of the

stock synthesis model to estimate the age-structured abundance of the

population and fishery selectivity patterns; 3) analysis of the age-specific
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fraction of the population migrating into the Canadian management zone; and

4) assessment and revision of the population simulation model used to forecast

sustainable and short-term yields from the resource.

CATCH ATTRIBUTES

Alongshore Distribution of the Catch

As a part of a cooperative research effort between U.S. and Canadian

researchers to study the population dynamics, growth, and yield of Pacific

whiting on finer geographic and temporal scales, we examined the spatial

distribution of the whiting catch in U.S. waters. Our goal was to identify

geographic strata based on the actual distribution of the stock. Figure 1

shows the alongshore distribution of the whiting catch for 1981-88 (Jerald

Berger, U.S. Foreign Fishery Observer Program, Alaska Fisheries Science

Center, National Marine Fisheries Service, NOAA, BIN C15700, 7600 Sand Point

Way NE., Seattle, WA 98115. Pers. commun., 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 Commission (INPFC) regions, 2)

the area from lat. 43°OO'N to Cape Falcon (lat. 46°45'N) in the Columbia INPFC

region, and 3) the area from Cape Falcon to the U.S.-Canada border including

the northern part of the Columbia INPFC region and the U.S. portion of the

Vancouver INPFC region. In addition, we defined three temporal strata:

1) early (April-June), 2) middle (July-August), and 3) late (September-

October).
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Catch-at-age Estimates

Estimates of catch at age from 1978 to 1988 were recompiled using the

procedure developed by Kimura (1989). With this method, the yield for a given

substratum is distributed by age by applying the length frequency information

from that substratum to age-length and weight-length keys compiled for the

stratum of which it is an element. For this analysis the spatial and temporal

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 most years approximately 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 without

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, Alaska

Fisheries Science Center, National Marine Fisheries Service, NOAA, BIN C15700,

7600 Sand Point Way NE., Seattle, WA 98115. Pers. commun., May 1989) and the

Canadian catch at age for the corresponding years (Mark Saunders, Pacific

Biological Station, Department of Fisheries and Oceans, Nanaimo, B.C. V9R 5K6.

Pers. commun., May 1989)

GROWTH

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

(Methot 1989) and by the population simulation model used to determine the
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long-term productivity of the resource. Although the population model is

constructed with the assumption that weight at age is time-invariant, an

earlier investigation of Pacific whiting growth demonstrated that a

substantial decline in size at age occurred from 1977 to 1987 (Hollowed et al.

1988). The cause of this decline has not been identified. Some preliminary

work suggests that a series of years with anomalously warm sea surface

temperatures during this period, including but not limited to the 1983 El

Nino, may be part of the explanation. Although difficult to study

analytically, the potential for size-selective fishing mortality to alter the

actual or measured growth characteristics of a population is another area of

concern.

New length-at-age estimates were compiled for the years 1978-88. The

identical strata and substrata identified earlier for the revised catch-at-age

estimates were used. In addition, a delta method variance estimator was

derived and implemented for these estimates of length at age. This estimator

takes into account the two-stage sampling design used by the U.S. Foreign

Fisheries Observer Program to sample the catch. This design can be described,

briefly, as follows. The length and sex of a large initial sample of fish is

recorded. For the second stage of sampling, a subsample of fixed size is

selected for each combination of length category and sex. Otoliths are

collected from each of these individuals, and the age is determined for each

fish. Details of this estimator are available from the authors.

The analysis of Pacific whiting growth in Hollowed et al. (1988) was

updated using the recompiled annual length-at-age estimates. Von Bertalanffy

growth curves were fit separately to the males and females for the dominant

year classes (1967, 1970, 1973, 1977, 1980, and 1984) using the nonlinear
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weighted least-squares algorithm PAR in the BMDP statistical package (Dixon

1983). The weights for each mean length at age were the inverse of the

estimated variance, so that mean length-at-age estimates based on only a few

observations would receive less weight than those based on many observations.

As in the earlier analysis, we fit von Bertalanffy growth curves

reparameterized 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

For all year classes except 1984, L, values of 25.71 cm for males and

26.56 cm for females were used in the nonlinear least-square fits. These

values 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 samples, For the 1984 year class, however, fish at age one

were larger 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, females

30.6 cm).

The growth curves for the dominant year classes show a striking and

sustained reduction in length at age, confirming the earlier observations of a

decline in growth rates (Fig. 2). The growth curves indicate that length at

age for 8-year-old fish declined 10% for males and 7% for females from the

1970 year class to the 1980 year class. Since these curves are based entirely

on fishery estimates of length at age, which are biased estimates of the
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actual population characteristics, they are best interpreted cautiously, as

they give a only a qualitative picture of growth 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 similar to the 1980 year class,

suggesting that size at age may have stabilized in recent years.

Because both ageing error and targeting of dominant year classes by the

fishery can result in misleading estimates of length at age for the weak year

classes, we used a simple procedure to obtain smoothed estimates for these

year classes by interpolating from the von Bertalanffy growth curves for the

adjacent strong year classes. This method consisted of estimating the mean

length for a particular age by linearly interpolating from the von Bertalanffy

curves for the preceding and following strong year classes. Since strong year

classes 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 before 1967 and after

1984, the length-at-age estimates for the 1967 and 1984 year classes were

simply extended outward to complete the length-at-age matrix. For the

dominant year classes, the actual fishery estimates were used for the ages

2-11, since these ages would be well sampled in the fishery. For ages outside

this range, the predicted values from the von Bertalanffy curves were used.

These revised estimates of fishery length at age are given in Table 4.

Estimates 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; Coleman 1988; Neal Williamson,

Alaska Fisheries Science Center, National Marine Fisheries Service, NOAA, BIN

Cl5700, 7600 Sand Point Way NE., Seattle, WA 98115. Pers. commun., May 1989)



8

was an unbiased estimate of length at age in the population. By comparing 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 estimates 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 estimates

tends to increase as the size of fish increases. To estimate mean length at

age in the population for the nonsurvey years, the difference between the

survey-estimated lengths and the fishery-estimated lengths was regressed on

the fishery lengths. Only the dominant year classes present during the survey

years were used in the regression since these estimates would be based on

large sample sizes and would not be dependent on questionable corrections for

ageing error. The results of regression are recorded in Figure 3. The

population mean length at age is estimated by the equation

where lp is the mean length in the population and 1f is the revised mean

length in the fishery, and a and B are the regression coefficients.

Sex-specific coefficients for an exponential length-weight relationship of

the form w - a·1b (Ricker 1975) were estimated for each year with nonlinear

regression using data collected from the U.S. fishery (Table 5). The

coefficients in the length-weight relationship were used to estimate weight at

age for the males and females separately. These estimates were combined 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 models for stock assessment.

POPULATION ASSESSMENT

The historical abundance and mortality of Pacific whiting was estimated by

application of the stock synthesis model (Methot 1986, 1989) as described in

an appendix to the 1988 status of stock report for Pacific whiting (Hollowed

et al. 1988). The synthesis model is a separable catch-at-age analysis tuned

to the survey estimates of biomass and age composition. The appendix to the

1988 report documents that the model yields estimates of abundance that are

similar to those estimated by cohort analysis tuned to the observed abundance

at age in the surveys. Subsequent, unpublished work indicated that a third

tool, the CAGEAN computer program (Deriso et al. 1985), also yielded similar

results. However, the synthesis model is more flexible than other analytical

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 modeled, First, the catch at age for the

two fisheries can be combined and modeled as a single fishery. This is the

approach that has been used in the past and will be used here to develop

management recommendations. Second, the two fisheries can be treated as

though they are competing gears, and the selectivity pattern for each fishery

can be modeled 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

modeled 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 model operates by simulating the dynamics of the population.

Comparisons are made between the expected value of the observable

characteristics of the population and the actual observations of the

population from surveys and fishery sampling programs. The observations for

Pacific whiting are catch biomass and age composition for the U.S. and

Canadian fisheries, survey biomass, and survey age composition. The goodness

of fit to these observations is evaluated in terms of log(likelihood). The

total log(likelihood) is a weighted sum of the likelihood components for each

type of data. The model assumes that fishing mortality can be separated into

an age-specific component and a year-specific component. The parameters which

the model estimates are population age composition in the first year,

recruitment in each subsequent year, and age-specific selectivity by the U.S.

fishery, the Canadian fishery, and the survey. The total number of parameters

to be estimated can be reduced by specifying the age-specific availabilities

as functions of age (Appendix 1). The year-specific fishing mortality factors

are not estimated as parameters. Instead, they are tuned to the levels

necessary to match the observed catch biomasses. The model parameters are

estimated by an iterative process which involves numerical estimation of the

first derivatives of total log(likelihood) with respect to each parameter, and

the Hessian matrix of mixed partial derivatives. The inverse of the Hessian

matrix postmultiplied by the vector of first derivatives indicates how the

parameters should be changed.

The modeled population includes ages 2-14; age 14 is treated as an

accumulator age, Most model runs covered the years 1973-88--the time period

for which there was age composition data for the U.S. fishery. The parameters

in these runs estimated fishery selectivity patterns, survey selectivity
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patterns, ageing error, age composition at the beginning of 1973, and year-

class strength for the 1973-87 year classes. Selectivity patterns and ageing

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 estimated.

Body weights at age were set at year- and fishery-specific values for the

years 1978-88. Fish from earlier years were assumed to have the same weight

at age as those from 1978.

Ageing Imprecision

The model incorporates ageing imprecision by assuming that the standard

deviation of observed age increases linearly with true age. The parameters

which define this linear trend are the fraction misaged at age 2 and the

fraction misaged at age 14. The model is able to estimate these parameters in

the Pacific whiting model because the spillover of large year classes into

adjacent poor year classes is readily apparent. The model estimates that 2%

are misaged at age 2 and 31% at age 14.

In addition to symmetric ageing imprecision, 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

bias was accommodated by accumulating 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 accumulation, and 2.64 and 0.15 billion with

the accumulation. Second, previous analyses have noted that the strong 1977

year class appeared as 3-year-old fish in 1979 because of a small sample size

in the age-length key for that year. Consequently, the data were adjusted

before conducting the cohort analysis. Here, this problem was accommodated by
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accumulating the age-2 and age-3 fish in both the data and the model's

estimate for the year 1979. Finally, the strong 1961 year class was prominent

in the 1965-68 samples (Dark 1975); in 1969, the age composition was dominated

by 7-year-old fish. We suspect that this age mode was actually the 1961 year

class, misaged by one year. Therefore, we accumulated at age 7+ in the 1969

age composition sample.

Emphasis on Survey Biomass Likelihood

The emphasis placed on each component of the total log(likelihood)

function determines how closely the model's estimates will approach the

observations of that type. If all of the processes and error structures built

into the model matched their true counterparts, then all emphasis levels

should be set at 1.0. Because the true model is not known, the emphasis

factors allow correction for the model's tendency to fit some types of data

more or less closely than is reasonable. If the variance of a particular type

of observation were known, the emphasis factors could be set so that the

deviations between the model's predictions and the observations are consistent

with this level of measurement error. Of course, if the various types of data

are highly consistent with each other, the emphasis 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 emphasis factors one is able to detect

inconsistencies among the types of data. Here we explore the sensitivity of

the results to the emphasis on the likelihood component for survey biomass

(Table 7). The model tends to 1) match the 1977 and 1986 survey biomass

values very closely, 2) suggest these values are less than the biomass

measured in 1980, and 3) suggest they are greater than the biomass measured 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

emphasis on the likelihood component for survey biomass causes changes in the

estimated strengths of the large year classes. These changes improve the fit

to the survey biomasses, but degrade the fit to the U.S. fishery age

composition, the Canadian fishery age composition, and to the survey age

composition (Fig. 4). We selected an emphasis level of 5.0 to provide a

reasonable compromise between the fits of the various types of data.

Survey Selectivity

Examination of the survey age composition indicates that the fish older

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 mortality than

younger fish. Selectivity of the survey for younger fish is difficult to

estimate because most surveys have occurred when the youngest large year class

was 3 or 4 years old. Only the 1986 survey encountered a large 2-year-old

year class. We assume that fish become 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 modeled as a four-parameter

function which is the product of two logistic curves (Appendix 1). Table 8

describes three scenarios for survey selectivity and natural mortality. In

the first scenario, only the descending side of the selectivity curve is

estimated. 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 mortality 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 parameters 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 estimated

to be not fully surveyed in 1986. The third scenario produces a plausible

increase in the natural mortality (from 0.2 at age 10 to 0.55 at age 14), and

a small degradation in the goodness of fit. At this time we do not have

sufficient information to deviate from the null model described in scenario

one. A second observation of the 1984 year class in the 1989 survey will

allow better evaluation of scenario two. A northerly extension of this survey

may allow some evaluation of scenario three.

Fishery Selectivity and Vulnerability

When the catch at age for the U.S. and Canadian fisheries is combined, as

has been done in the past, the resulting age-specific selectivity coefficients

increase from age 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. We have examined the age- and

year-specific Q values in last year's cohort analysis. Many of the Q values

for weak year classes were large, especially as these year classes aged.

These large values probably represent a bias due to a small level of misageing

from the adjacent strong year classes. The synthesis model is less

susceptible to this sort of bias, and we note that the cohort analysis

estimate of average Q for strong year classes (Table 9) is similar to the age-

specific selectivity pattern estimated by synthesis. The change in

selectivity pattern from the previous estimate may influence the management

model because the fishery will now be modeled to concentrate its efforts more
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on younger ages. Although the selectivity pattern for the combined fishery is

the pattern used in the management model, 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 composition 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 composition of the entire U.S. fishery during this period.

However, because these data are primarily from the southern coast of

Washington, we expect them to represent a selectivity pattern different from

that of the current coastwide U.S. fishery. A double logistic function

(Appendix 1) was used to model the selectivity pattern of these data, Also,

all ages were determined by surface reading of otoliths, whereas the current

methodology uses a combination of surface readings. and break-and-burn

readings. Age compositions were accumulated at age 9 because older fish may

not have been accurately aged. The 1969 age composition was accumulated at

age 7, as noted above, because of an apparent bias in the ageing of the 8-

year-old 1961 year class.

Rather than attempt to estimate the population age composition at the

beginning of 1965, we have extended the time series back to 1958 and assumed

that the population had an equilibrium age composition in 1957. The abundance

of this assumed equilibrium population affects the estimated magnitude of the

early recruitments, but the effect degrades rapidly (Table 11). We select a

high level of virgin, equilibrium recruitment (900 million at age 2) so that
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the estimated female spawning biomass is near constant during the early part

of the time series. We estimate recruitments beginning with the 1956 year

class, but do not support the estimates for the 1956 and 1957 year classes

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 time series of estimated recruitment (Table 12) is similar to

that previously estimated by calibration to the year-class index (Hollowed et

al. 1987). The 1961 year class is estimated to be very large, similar in

magnitude to the 1980 and 1984 year classes. Year classes from the late 1960s

appear to have been less variable than those of the late 1970s and 1980s.

While this may be true, it is also possible that less precise ageing during

the early 1970s caused a blurring of the early year classes.

The long time series of estimated female spawning biomass differs from

that previously estimated by cohort analysis and calibration to the year-class

index (Hollowed et al. 1987). The female spawning biomass during the late

1960s is now estimated to be relatively high, rather than dipping to

historical low levels. 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 estimates of female spawning biomass during this period

because the female spawning biomass of ages 3-10 was estimated in relation to

the estimate of age 3-7 female spawning biomass produced by the cohort

analysis. However, the age 3-7 female spawning biomass does not include the

large 1961 year class, so the expansion to age 3-10 underestimates the female

spawning biomass during the late 1960s. This change in the estimated time

series of female spawning biomass -removes the rationale for treating 319,000 t

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

management section.

ESTIMATION OF THE AGE-SPECIFIC FRACTION MIGRATING INTO THE CANADIAN 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 Williamson, Alaska

Fisheries Science Center, National Marine Fisheries Service, NOAA, BIN C15700,

7600 Sand Point Way NE., Seattle, WA 98115. Pers. commun., May 1989), and

the West Coast bottom trawl surveys conducted in the same years (Dark et al.

1980, Weinberg et al. 1984, Coleman 1986, Coleman 1988). These surveys took

place in mid- to late summer, when the coastal population of Pacific whiting

is at the northern limit of its feeding migration (Francis 1983). The two

survey methods sample different components of the population--the acoustic

survey sampling the mid-water component and the trawl survey sampling the

demersal component of the population. In 1977 and 1986, the bottom trawl

survey did not extend above the U.S.-Canada border, limiting the usefulness 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

economic zone (EEZ) for the acoustic surveys (Neal Williamson, Alaska

Fisheries Science Center, National Marine 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 estimated abundance in the

Canadian zone. Nevertheless, since the trawl survey captures a much higher

proportion of the older individuals (age 8+), its omission is indeed

consequential, The situation is further complicated by the sharp decline in

the demersal biomass as estimated by the trawl survey in the Canadian portion

of the Vancouver INPFC region when compared to the U.S. portion, a drop that

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

Logistic Regression Methods

Logistic regression is a common method of analyzing data in the form of

proportions, that is, the number of successes out of n trials. In this

application, success is defined as migration into the Canadian zone, whereas

number 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 McCullagh and Nelder

1983). The error assumption of logistic regression is independent binomial

error, although with large sample sizes it is often found that there is more

residual variability than would be expected with binomial 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 more weight to

the binomial proportions with more trials. Consequently, the younger ages,

which are much more abundant, would dominate the regression. This would

degrade the fit to the older fish, whose geographic distribution is more

important from the standpoint of allocation. We circumvented difficulty by
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re-scaling all the proportions so that they represent the number of fish out

of 1,000 migrating into the Canadian zone.

The analysis was done using GLIM, an interactive statistical program for

fitting a general class of regression models using an iterative re-weighted

least squares algorithm (NAG 1987).

Logistic Regression Results

A preliminary step in the analysis was to fit a full model and use the

deviance of the observations from that model (divided by the degrees of

freedom) as an estimate of the residual error. For data without extra-

binomial variability, this estimate of residual error should be near one. For

overdispersed data, it will be larger than one. We fit a cubic polynomial 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

parameter of 19.075.

Table 15 gives an analysis of deviance for the age-specific proportion of

the population migrating into the Canadian zone. The first four terms in the

model fit a single cubic function of age for all the survey years. The

temperature variable is mean August sea surface temperature (°C) from ships of

opportunity from lat. 40°N to lat. 50°N and from the coast west to long.

130°W. Adding the temperature variable increases the R-square value from 52

to 81%. (N.B. R-square is the percent of the null deviance explained by the

model.) Year-class abundance, as measured by estimates of age-3 recruitment

abundance from the stock synthesis program, was also tested in the model,

However, the addition of the term measuring recruitment abundance caused only

a minor reduction in the deviance and was not significant. This suggests that
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year-class strength is not a primary factor in determining the age-specific

fraction of Pacific whiting migrating into Canada. The p-values were

obtained by comparing the statistic (change in deviance/change in degrees of

freedom)/scale parameter to an F reference distribution. The correctness of

this test depends on asymptotic arguments that are not likely to have been met

in this application. Figure 5 shows the proportion at age estimated by the

logistic regression model for each of the survey years.

Since it is difficult to forecast sea surface temperature, this model

would have limited use for predicting the future distribution of Pacific

whiting for the purpose of allocation. Consequently, we fit another model

without the temperature time series and excluding the anomalous 1983 El Nino

survey results. Table 16 gives the estimated age-specific fraction migrating

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

ESTIMATION OF SUSTAINABLE YIELD

The age-structured simulation model of Francis (1985) used in previous

stock assessments to investigate the productivity of the coastal Pacific

whiting population was completely rewritten for this year's stock assessment,

and some different approaches were implemented in our analysis. In this

section we identify the changes from previous assessments and provide a

rationale for them. We also summarize 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

simulation model.
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Population Dynamics

The fundamental equations for the dynamics of the Pacific whiting

population are identical to that of earlier versions of the model: the

age-structured Baranov catch equations model the effect of the fishery on the

population, and a simple exponential mortality model updates population

abundance. Based on previous analyses, the natural mortality rate was assumed

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 U.S. fishery, the

Canadian fishery, and for the population. Since we have found large

differences in weight at age between these different sources, the model 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

source. Since there has been a substantial decline in weight at age for the

past decade, this gave compromise 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 estimated catch at age was divided

between the U.S. and the Canadian fisheries according to the age-specific

proportion by number in the respective national zones as estimated by the

acoustic surveys. Multiplying by the characteristic weight at age for each

fishery and summing over age gave the total yield.

In order to directly utilize the parameters from the stock synthesis

model, the age-specific fishing mortality rates were modelled as the product

of a full-recruitment fishing mortality rate and an age-specific selectivity

coefficient. A single vector of selectivity coefficients was used in the

simulations, representing the combined characteristics of the U.S. and

Canadian fisheries. The annual control variable in this parameterization is
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the full recruitment fishing mortality, f(t). This is a change from the

previous version, which modelled fishing mortality as a product of an age-

specific catchability coefficient and effort, where effort was assumed to be

proportional to fishing mortality.

Recruitment

The factors governing the recruitment of Pacific whiting continue to be

the focus of much research. Research on the effect of the ocean environment

on recruitment began with the work of Bailey (1981), who found a significant

correlation between Pacific whiting recruitment and the intensity of wind-

driven Ekman transport on the spawning grounds in the Los Angeles Bight during

spawning. To explain this correlation, he proposed a transport mechanism

whereby strong upwelling causes an offshore drift of the eggs and larvae away

from favorable rearing habitat. Sea surface temperature is inversely

correlated with the intensity of Ekman transport. Consequently, mean January-

March sea surface temperature in the Los Angeles Bight, which can be

accurately and inexpensively measured, is used as a predictor of recruitment

success. The significance level of the correlation between Ekman transport

and recruitment has eroded since Bailey published his findings (Hollowed and

Bailey 1989). Nevertheless, the relationship between temperature and

recruitment is still significant (rank order correlation two-tailed p-value <

0.05) when using the recruitments from the stock synthesis model for the year

classes 1959-86.

Other hypotheses about the causes of recruitment 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 larvae and young-of-the-year is an

important factor in determining the strength of a year class. Another

hypothesis, 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 (Hollowed and Bailey 1989).

Although establishing a stock-recruit relationship is an important element

of assessing the productivity of the resource, the observed pattern of the

relationship between the spawning biomass of female whiting and recruitment

(Fig. 7) does not lend itself to description by a parametric curve with a log-

normal error assumption. Hollowed and Bailey (1989) use the time series

methods of Welch (1987) to filter density independent variability from the

recruitment time series of Pacific whiting. The resulting scatterplot of

filtered recruitment versus egg production (proportional to female spawning

biomass) shows a flat relationship over the range of historical levels of egg

production. From this analysis they conclude that, at the observed levels of

stock abundance, the occurrence of strong year classes cannot be directly

attributed to stock abundance and may be linked to factors independent of

population density such as environmental conditions.

In earlier versions of the simulation model, recruitment was assumed to be

driven by temperature at the time of spawning. Years of cold water

temperatures (average Jan. -March temperature in the second quadrant of Marsden

square 120 < 15.0°C) were assumed to be years with low mean recruitment, and

years of warm temperature ( > 15.0°C) were assumed to be years with higher,

though more variable recruitment. To simulate recruitment for a 1,000-year

run of the simulation model, temperatures for the years 1931-82 were cycled
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through the model repeatedly. A log-normal random variate was generated with

a mean and variance equivalent to the observed cold or warm temperature

recruitment according to whether the year was cold or warm.

We considered this procedure to be unsatisfactory for several reasons.

First, reliable recruitment estimates are available only for the 1959-86 year

classes. By cycling through the longer temperature time series, it is

possible to obtain a different mean and variance for the simulated recruitment

than has been historically observed. Second, by driving the simulation

exclusively by temperature, the possible influence of other environmental

variables is neglected. Third, it gives the simulated recruitment time series

a particular autocorrelation (since temperature is positively autocorrelated)

that is not supported by the recruitment data. A final objection concerns the

use of a log-normal random variate. Although the assumption of log-normal

variability in recruitment is virtually ubiquitous in simulation models of

this type, the atypically high coefficient of variation of Pacific whiting

recruitment (1.36) can produce a simulated recruitment that is three to four

times larger than any historically observed recruitment when log-normal

variability is assumed. From a biological perspective, such a recruitment is

unrealistic.

A suitable method to simulate the recruitment process should have the

following properties: 1) simulated recruitment should be independent of female

spawning biomass over the range of historical levels; 2) the recruitment time

series should have the same statistical properties as the observed

recruitment, particularly the same mean and variance; and 3) strong

assumptions about the pattern of variability in recruitment that are not

supported by the data should be avoided. Consideration of these requirements
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leads us to adopt a procedure similar to iterative resampling statistical

procedures (e.g., bootstrap). We propose to sample with replacement from the

observed recruitment time series. For such a scheme to have smooth behavior,

a moderately long time series of recruitment must be available. The stock

synthesis model allowed us to extend our estimates of age-2 recruitment back

to the 1959 year class, making available 28 years of recruitment estimates for

a sample space,

Harvest Strategies and Risk

Without knowledge 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 female spawning biomass. This is

defined as

where POPN(a) is population number of an age group, MATURE(a) is the fraction

of sexually mature females of an age group, PROPFEM(a) is the female

proportion of total biomass of an age group, and WEIGHT(a) is the population

weight at age. Figure 8 shows a frequency histogram for 10 replicate

1,000-year simulations of an unexploited Pacific whiting population using the

recruitment resampling method described earlier. When an annual harvest is

taken from the population, the distribution of female spawning biomass will be

shifted towards lower mean levels of female spawning biomass, The risk is the

possibility that harvesting might lower the female spawning biomass to such
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low levels that it could no longer produce recruitment to sustain population

abundance even when conditions are favorable for larval survival.

To assess this risk we used the empirical distribution of female spawning

biomass for an unexploited population as a benchmark against which we gauged

the magnitude of the disruption that occurs when an annual harvest is taken

from the population. We designated the 0.1 percentile of female spawning

biomass 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

spawning biomass (Fig. 8). We assess the risk of a particular harvest

strategy by determining the probability that female spawning biomass drops

below this level, and seek to develop harvesting strategies where yield from

the fishery is maximized 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 acknowledge that the 0.1 percentile of unexploited female spawning

biomass is an arbitrary level, and we do not argue that the probability of

recruitment failure increases rapidly below this level, although we do note

that it must increase rapidly below some level. The fact that the Pacific

whiting population persists in an unexploited state at some stable level of

mean abundance suggests that the distribution of unexploited female spawning

biomass is sufficient to maintain the population through all but the most

extraordinary of circumstances. The 0.1 percentile is a level below which the

female spawning biomass has not dropped during our 32 years of observation.

Our confidence in the assumption that recruitment is unaffected by female
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spawning biomass erodes rapidly below this point- -hence the term cautionary

level.

We consider two classes of harvest strategies, a constant effort strategy,

and the variable effort algorithm originally promoted by Shuter and Koonce

(1985) to manage the Lake Erie walleye (Stizostedion vitreum vitreum) fishery.

The use of the term "effort" may be somewhat misleading here since the annual

fishing mortality is the control variable. For the variable effort algorithm,

fishing mortality in a given year is calculated by

where fopt is the optimum level of fishing mortality, SBt is the current

female spawning biomass level, and SBopt is the mean female spawning biomass

for the optimal constant effort strategy.

The variable effort harvest strategy has been used to manage the Pacific

whiting resource since 1985. It is considered superior to constant effort

strategies because in simulations it gives a higher mean yield for a given

level of risk. It is able to achieve this higher yield despite cutting back

on the fishing mortality rate at low female spawning biomass levels because it

greatly increases harvest when female spawning biomass is high. A

disadvantage of this strategy is that it makes yield from the fishery

extremely variable, and this variability necessarily includes large declines

in the yield from one year to the next when a strong year class moves out of

the fishery. The economic and political consequences of the variable effort

strategy have not been confronted in the past simply because before 1988 the

yield from the fishery was far below the recommendations, In this year's
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assessment, we tamed some of the more extreme behavior of the algorithm by

establishing a 500,000 t upper limit on the potential yield from the fishery.

In addition, the very large biomass levels generated by the previous log-

normal recruitment model do not occur in the resampling model.

Table 17 gives the parameters used to simulate the dynamics 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 simulations. To

remove the effect of initial conditions, the simulation was run for 50 years

before beginning to tabulate the summary statistics. For each harvest

strategy we present three levels of risk (low, moderate, and high) to bracket

viable alternatives and to provide a middle course. It is important to bear

in mind that the labels of low, medium, and high risk are relative

designations, and are not intended to imply judgments about which strategy is

most reasonable.

The risk categories were defined as follows. Under a low risk strategy

the probability of falling below the cautionary female spawning biomass level

is 0.05; for moderate risk it is 0.15; and for high risk it is 0.25. Although

the definitions of these categories are arbitrary, they result in fishing

mortality rates that span the biological reference points commonly used to

guide fisheries management decisions (Sissenwine and Shepherd 1987). The low

risk options are near a strategy where fishing mortality equals natural

mortality (F - M). Under moderate risk harvesting strategies, the mean female

spawning biomass is between 42 and 47% of mean unexploited female spawning

biomass --slightly lower than the 50% that a surplus production model would

predict for maximum sustainable yield. The high risk strategies reduce mean
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female spawning biomass to 38-41% of the unexploited level and correspond more

closely to a F0.1 strategy, although the situation is more complex than a yield

per recruit analysis would indicate. A yield per recruit analysis assumes a

fixed age-specific selectivity pattern for the fishery. If, as the

exploitation rate increases, the fishery were to move south to target on the

younger, more abundant age groups, the selectivity curve for the fishery would

shift. This would change the shape of the yield curve and, thus, change the

location of the F0.1 point.

We note also that recent scientific advice to management 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 mortality rates did not occur until last

year. For 1989, the projected yield was based on a variable effort strategy

with f - 0.53 (although parameterized in terms of catchability). However,

these projections assumed that the yield in 1988 was 50,000 t greater than

what actually occurred, so the actual fishing mortality rate in 1989 was much

lower --closer to our moderate 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 mortality rate.

Finally, note that these estimates of sustainable yield assume a fixed

pattern of age-specific selectivity similar 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 management design or due to some

other factor, would change the selectivity pattern of the fishery, and may

result in significantly different estimates of sustainable yield.



30

YIELD FORECASTS FOR 1990-92 AND 1990 ACCEPTABLE BIOLOGICAL CATCH

Since 1967, the Pacific whiting fishery has been supported by strong year

classes occurring every 3 or 4 years. The 1984 year class is the most recent

strong year class observed in the fishery. In 1988 it constituted 57% of the

total U.S. fishery catch of whiting by number, with most of the remaining

catch contributed by the strong 1980 year class. The 1984 year class will

contribute even more to the harvest in 1989.

The age-2 abundance of the 1985 and 1986 year classes, estimated by the

stock synthesis model (0.017 and 0.100 billion, respectively), are both below

the median. Although these figures unquestionably include some estimation

error, they should be accurate enough to fix the order of magnitude of these

year classes. We base our conclusion that the 1987 year class is also weak on

the information presented in Figure 11. The strongest evidence comes from a

comparison between the length-frequency histograms for 1985 and 1986, when the

1984 year class was 1 and 2 years old, and the histograms 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 mode in the length-frequency histogram

from the U.S. fishery at both 1 and 2 years old, These modes 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 (median recruitment in

1986 and 1987) has turned out to be the most correct one.

In 1988, both the U.S. and the Canadian fisheries were very active,

harvesting an aggregate of 251,000 t. An estimated harvest of 309,000 t was

removed from the population biomass by the 1989 fisheries. All these factors
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--the aging of the strong 1984 year class, the lack of significant recruitment

since then, and the high yields of the past 2 years--have combined to reduce

the projected female spawning biomass at the start of 1990 to the lowest

levels 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 methodology between this

year's and last year's stock assessments had an effect on our yield

projections for 1990. We investigated the switch between the asymptotic

catchabilities from cohort analysis and the dome-shaped selectivity

coefficients from the stock synthesis model, the difference in final year

population numbers at age estimated using cohort analysis and stock synthesis,

and the use of the recalculated weight-at-age vectors. None of these

alterations affected our yield projections for 1990 by more than 7%.

The differences between the forecasts for last year and this year result

largely from our assessment of risk. As was mentioned earlier, this year's

high risk variable effort strategy corresponds to the single risk category

presented in previous assessments. Our analysis demonstrates that this level

of exploitation is on the same end of the spectrum as an exploitation rate

based on a yield per recruit analysis, and thus must be regarded as a high

risk strategy in view of the minimal protection it gives to the female

spawning biomass.

Most of the indeterminacy in the yield projections for 1990-92 is due to

our uncertainty of the year-class sizes for 1988-90. Our ignorance is most

crucial with respect to the timing of the next strong year class. We consider

four alternative recruitment scenarios. In scenario A, the 1988 year class is
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strong, followed by weak year classes in 1989 and in 1990. In scenario B, the

1988 year class is weak, the 1989 year class is strong, and the 1990 year

class is weak. In scenario C, a strong year class does not occur until 1990.

Scenario D represents the worst case: weak year classes in all 3 years. A

strong year class is operationally defined as the mean of the top 25% of the

historical recruitments (age-2 abundance 3.178 billion), and a weak year class

as the mean of the historical recruitments below the 50th percentile (age-2

abundance 0.137 billion).

Although these recruitment scenarios are intended to represent plausible

alternatives, we do not argue that they are equally likely. A preliminary

tabulation of the length frequency for the 1989 U.S. fishery shows no sign of

a mode of small fish less than 30 cm that would indicate a strong 1988 year

class (Fig. 11). Also, 1988 and 1989 were cold years (J. G. Norton, Pacific

Fisheries Environmental Group, P. O. Box 831, Monterey, Ca 93942. Pers.

commun., May 1989), and a strong year class has never been observed during a

cold year. However, in 1989 the U.S. joint venture fishery closed in late

June, much earlier than the traditional closing in late September or early

October. Consequently the fast-growing one-year-old Pacific whiting may have

been missed by the 1989 fishery.

We used a deterministic version of the population simulation model with

the information in Table 19 to forecast the yield for 1990-92. The population

abundance for the beginning of 1988 (estimated by the stock synthesis model)

was updated to the start of 1990 by removing the yield for 1988 (251,000 t)

and 1989 (309,000 t). For the 1987 year class, age-2 recruitment was set to

0.137 billion, reflecting our conclusion that it was a weak year class. The

weight-at-age vectors given in Table 19 for the U.S. catch, the Canadian
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catch, and the Pacific whiting population are averages of the smoothed

estimates for 1987 and 1988 and the projected weights at age for 1989 based on

an extension of von Bertalanffy growth curves for the dominant year classes.

These vectors represent the weight at age currently observed in the stock

rather than the long-term average.

Table 20 gives the projected yields for 1990-92 under the different

harvest strategies and risk levels discussed in the previous section. The,

yield for 1990 ranged from 114,000 to 273,000 t. The risk level contributes

about 100,000 t of the range, the recruitment scenario contributes about

20,000 t, and the effort strategy contributes about 12,000 t. The fishing

mortality rate projected for 1990 using the variable effort strategy with high

risk, moderate risk, and low risk options is shown in Figure 13. The low risk

scenario provides greater stock protection than seems necessary thus is not

recommended. The moderate risk, variable effort strategy specifies a total

yield of 180,000 t for recruitment scenarios B, C, and D, which assume that

the 1988 year class is weak. The high risk variable effort strategy specifies

a total yield of 245,000 t for the same situations. We propose a range of

180,000 to 245,000 t for the total ABC in 1990. The U.S. proportion is

estimated to be 80% based on the projected population numbers at age for 1990,

the age-specific fraction migrating into the Canadian zone estimated using the

logistic regression model already presented, and the fishery-specific weight

at age.

In 1991, the yield projections ranged from 67,000 to 224,000 t. Under the

optimistic recruitment scenario A, which assumes a strong 1988 year class, the

yield for 1991 will still be close to the 1990 yield. A strong 1988 year

class will not have a great deal of influence on the female spawning biomass
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or the recruited biomass until 1991 and later. Under the less optimistic

scenarios B, C, and D the yield for 1991 will drop below the yield for 1990.

Because of the high level of uncertainty concerning the 1989 and 1990 year

classes, forecast of the yield for 1992 is purely speculative. However, it

is unlikely to exceed 266,000 t, and may be as low as 50,000 t.
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Table 1.- -Annual catches of Pacific whiting (1,000 t) in U.S. and Canadian
management zones by foreign, joint venture (JV), and domestic
fleets, 1966-89.

Sources : 1966-80 f rom Bai ley et at . 1980, 1981-89 f rom Pacif ic F ishery Information network
(PacFIN), Pacif ic Marine F isher ies Commission, Metro Center,  Sui te 170,  2000 SW. F i rs t  Avenue
Portland, OR 97201: Canadian catches reported by Mark Saundars, P a c i f i c  B i o l o g i c a l  S t a t i o n
Department of Fisheries and Oceans, Nanaimo, B.C. V9R 5K6, Pers. commun., January 1990.
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Table 2.- -Annual catches, quotas and acceptable biological catch (ABC)

recommendations for Pacific whiting (1,000 t) in U.S. and Canadian

management zones.

Sources: Pacific Fishery Management Council 1989, Canadian statistics reported by Mark Saunders. Pacific
Biological Station, Department of Fisheries and Oceans, Nanaimo, B.C. V9R 5K6, Pers. commun., January 1990
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Table 3.- -Revised catch at age (millions of fish) for the Pacific whiting
fisheries, 1978-88. Separate tables are given for the U.S.
fisheries, the Canadian fisheries and the combined fisheries.
These numbers include the foreign, joint venture and domestic
fisheries. The catch at age estimates for the U.S. fishery were
revised using the procedure described in the text.

Source: Jerald Berger, U.S. Foreign Fishery Observer Program, Alaska Fisheries Science Center, National Marine
Fisheries Service, NOM, BIN C15700, 7600 Sand Point Way NE., Seattle, WA 98115, Parr. co-., May 1989. Canadian
statistics reported by Mark Saunders, Pacific Biological Station, Department of Fisheries and Oceans, Nanaimo, B.C.
V9R 5K6, Pars. commun., May 1989
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Table 4 .--Revised estimates of U.S. fishery length at age (cm) for Pacific
whiting. Values for the dominant year classes are as observed.
Values for the other year classes were interpolated from the
estimated length at age from growth curves fit to the dominant year
classes.



44

Table 5.- -Coefficients for an exponential length-weight relationship for
Pacific whiting estimated with nonlinear regression using data from
the U.S. fishery and estimated weights (g) for selected lengths.

Source: Jerald Berger, U.S. Foreign Fishery Observer Program, Alaska Fisheries
Science Center, National Marine Fisheries Service, NOAA, BIN C15700, 7600 Sand
Point Way NE., Seattle, WA 98115, Pers. commun., February 1989.
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Table 6.- -Estimates of combined sex weight at age (g) for the U.S. Pacific
whiting fishery and the total population.
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Table 7.- -Impact of the emphasis on the log(likelihood) for Pacific whiting
survey biomass. All other runs of the model were made with the
emphasis set at a level of 5.0. Less negative values of the
log(likelihood) indicate better fit to that type of data. Survey
biomass standard error is the root mean square of the deviations
between measured and modeled survey biomass.

*This is the biomass of ages 3 and older at the beginning of 1989.
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Table 8.- -Effect of assumptions regarding Pacific whiting survey selectivity
and age-specific natural mortality. Survey selectivity was defined
as the product of two logistic functions of age, where two
parameters specify the ascending function and two parameters specify
the descending function. When a trend in natural mortality was
estimated, one parameter specified the inflection age and one
parameter specified the natural mortality rate at age 14.
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Table 9.- -Selectivity pattern for combined Pacific whiting fisheries as
estimated by the current synthesis model and the 1988 cohort
analysis. All selectivity patterns were scaled to be 1.0 at age 8.
The average selectivity pattern for the cohort analysis is
calculated according to the averaging procedure developed by Francis
et al. (1985), and as the simple mean of the catchabilities for the
strong year classes.
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Table 10.- -Fit to early Pacific whiting age composition data (Dark 1975) in the
long time series runs. The expected age composition (Exp.) is
compared to the observed age composition (Obs.) for the years 1965-69.
The last value in each column accumulates values for all older ages.
Age-specific selectivity coefficients are also given for each age.
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Table 11.- -Influence of the assumed level of virgin equilibrium recruitment on
the estimated recruitment for the 1956-62 Pacific whiting year
classes. Recruitment levels are in billions of age-3 fish. Female
spawning biomass (SB, million t) for 1965 is also given.
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Table 12 .--Time series of abundance and fishing mortality for Pacific whiting.
Catch and fishing mortality are for the combined U.S. and Canadian
fisheries. Abundance is in millions of tons of age-2 and older fish,
and is presented at the beginning of the year and the mean within the
year. Recruitment is presented as billions of age-2 fish at the
beginning of the year. Survey deviations are the
loge(observed/expected).
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Table 12.- -Continued.
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Table 13 .--Estimates of the midwater component of the Pacific whiting population
and the age-specific proportion in the Canadian exclusive economic
zone (EEZ) from the west coast triennial acoustic surveys (millions of
fish).
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Table 14.- -Pacific whiting survey biomass estimates (1,000 t) in the Vancouver
International North Pacific Fisheries Commission (INPFC) region. The
trawl biomass estimates for the Canadian sector in 1977 and 1986 were
estimated by applying the average of the 1980 and 1983 ratio of trawl
biomass between the U.S. and Canadian sectors of the Vancouver INPFC
region to the years 1977 and 1986.

Sources: Dark et al. 1980, Weinberg et al. 1984, Nelson and Dark 1985, Coleman
1986, Coleman 1988, Neal Williamson, Alaska Fisheries Science Center, National
Marine Fisheries Service, NOAA, BIN C15700, 7600 Sand Point Way NE., Seattle, WA
98115. Pers. commun., May 1989.
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Table 15 .--Analysis of deviance table for the age-specific proportion of Pacific
whiting migrating into the Canadian exclusive economic zone (EEZ).
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Table 16.- -Logistic regression estimates of the age-specific proportion
of Pacific whiting migrating into the Canadian exclusive
economic zone (EEZ) for a model without the anomalous results
of the 1983 surveys and without temperature as a covariate.



Table 17.--Parameter values for the age-structured simulation model used to estimate
long-term Pacific whiting yield.
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Table 18.- -Sustainable yield for different management policies estimated by
averaging the results of 10 replicate simulations of the Pacific
whiting fishery of 1,000 years each. SBopt used in the variable
effort algorithm is defined as the mean female spawning biomass
level at constant effort strategy where the probability is 0.15
that the female spawning biomass goes below the cautionary level of
female spawning biomass (SBcaut) of 398,000 t.



Table 19.--Summary of information used for the short-term yield forecasts of the Pacific whiting resource.
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Table 20.- -Summary of the 1990-92 potential annual yields. Yield and biomass
projections are in thousands of tons. Recruitment scenarios are
described in Item VII.
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Table 20 .--Continued.

V. Variable effort, high risk
strategy (F - 0.50)

IV. Constant effort, high risk
strategy (F - 0.36)

Note: Strong - 3.178 billion (mean of top 25 percent historical recruitment)
Weak recruitment - 0.137 billion (mean of historical recruitment below median)



Figure 1. --The alongshore distribution of the Pacific whiting catch in the
U.S. management zone, 1981-88. The persistence of three areas of
high fishing productivity is evident in the plots. Source: Jerald
Berger, U.S. Foreign Fishery Observer Program, Alaska Fisheries
Science Center, National Marine Fisheries Service, NOAA, BIN
C15700, 7600 Sand Point Way NE., Seattle, WA 98115, Pers. commun.,
February 1989.



Figure 2.-- Von Bertalanffy growth curves fit to the dominant Pacific whiting
year classes from 1967 to 1984 using length-at-age data from the
U.S. fishery with nonlinear weighted least squares. We used a
reparameterized form of the von Bertalanffy growth curve such that
length at age one is an unestimated parameter.



Figure 3. --Relationship between U.S. fishery mean length at age for Pacific
whiting and the difference between survey and U.S. fishery length at
age during the survey years 1977, 1980, 1983, 1986. This
relationship was employed to obtain estimates for population weight
at age for years in which no survey took place. Regression line
represents dominant year classes only. Sources: Jerald Berger,
U.S. Foreign Fishery Observer Program, Alaska Fisheries Science
Center, National Marine Fisheries Service, NOAA, BIN C15700, 7600
Sand Point Way NE., Seattle, WA 98115, Pers. commun., February
1989; Weinberg et al. 1984; Nelson and Dark 1985; Coleman 1988;
Neal Williamson, Alaska Fisheries Science Center, National Marine
Fisheries Service, NOAA, BIN C15700, 7600 Sand Point Way NE.,
Seattle, WA 98115, Pers. commun., May 1989.



Figure 4. --The effect of changing the emphasis factor for the survey biomass
log(likelihood) on recruitment estimates for the dominant Pacific
whiting year classes 1970, 1973, 1977, 1980, and 1984 (top panel),
and on the likelihood components for the different sources of
information used to fit the synthesis model (bottom panel). A less
negative value for an information source indicates a better fit of
the model to the data from that source.



Figure 5. --Observed and predicted age-specific fraction of the Pacific whiting
population in the Canadian exclusive economic zone (EEZ) during the
survey years 1977, 1980, 1983, and 1986 using logistic regression.
The model used a linear predictor consisting of a cubic function of
age and mean August sea surface temperature (°C).



Figure 6. --Observed and predicted age-specific fraction of the Pacific whiting
population in the Canadian zone during the survey years 1977, 1980,
and 1986 using logistic regression. The model used a linear
predictor consisting of only a cubic function of age. The 1983
surveys were omitted in this analysis because the 1983 El Nino
produced an atypical spatial distribution of whiting during this
year.



Figure 7. --Female spawning biomass versus recruitment graph for Pacific
whiting. Dotted diamonds indicate warm (> 15.0°C) years, the
unfilled diamonds the cold (< 15.0°C) years.



Figure 8. --Frequency histogram of female spawning biomass (million t)
resulting from 10 replicate 1,000 year simulations of an
unexploited Pacific whiting population. Recruitments to drive the
model were obtained by resampling from the observed recruitments
1959-86. A cautionary level of female spawning biomass of
398,000 t was identified as the 0.1 percentile of the empirical
distribution of female spawning biomass for an unexploited
population.



Figure 9. --Probability that the female Pacific whiting spawning biomass (SB)
drops below various levels between 250,000 t and 500,000 t as a
function of fishing mortality for the variable effort algorithm.
For a cautionary spawning biomass of 398,000 t, three rates of
fishing mortality, corresponding to low risk, moderate risk, and
high risk long-term harvesting strategies, are identified.
(Low risk: probability (SB < 398,000 t) - 0.05, moderate risk:
probability (SB < 398,000 t) - 0.15, high risk: probability
(SB C 398,000 t) - 0.25.)



Figure 10. --Total yield and U.S. yield as a function of fishing mortality for
the variable effort algorithm. U.S. yield was obtained by
dividing the catch at age between the U.S. and the Canadian
Pacific whiting fisheries according to the average proportion by
number in respective national zones and multiplying by the
characteristic weight at age for each fishery. The three long-
term harvest strategies shown in the graph correspond to those
identified in Figure 9.



Figure 11. --Length frequency and catch at age of Pacific whiting in the U.S.
management zone including the foreign, joint venture, and domestic
fisheries. The length-frequency histogram for 1989 is based on a
preliminary tabulation of a small subsample of the available data.



Figure 12. --Time trend of Pacific whiting female spawning biomass (million t)
for 1958-90. The two horizontal lines in the graph locate the
average unexploited female spawning biomass level and the
cautionary female spawning biomass level used in the analysis to
define risk. The average female spawning biomass from 1958 to
1990 was 1.097 million t. Trajectories A, B, C, and D represent
the projected female spawning biomass for 1991-93 with a moderate
risk variable effort harvesting strategy (VF - 0.35) under
recruitment scenarios A, B, C, and D. (See Table 20 for a
description of the different recruitment scenarios.)



Figure 13.--Time trend of full recruitment fishing mortality (f) for the
coastal Pacific whiting population. The high risk, moderate risk,
and low risk alternatives for 1990 are for a variable effort
strategy based on a beginning female spawning biomass projection
for 1990 of 599,000 tons, a decline of 28% from the female
spawning biomass in 1989.
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APPENDIX 1

Double Logistic Selectivity Function

The use of a functional form to describe age-specific patterns in

selectivity can greatly reduce the number of parameters which must be

estimated (Fournier and Archibald 1982). This approach links the selectivity

of adjacent age groups without making the restrictive assumption that a range

of ages has full and equal selectivity. Various functional forms have been

proposed, including a two-parameter gamma function with a third parameter

describing offset along the age axis (Methot and Hightower 1988). The problem

with functions with few parameters is that the ascending side of the

selectivity curve is coupled to the descending side of the curve. Here we

utilize a four parameter function (S), which is the product of two logistic

curves (S1,S2) :



76

a is age

max is the maximum of the product of S1 and S2

over the range of ages.

Some examples of the flexibility of this function are illustrated in Appendix

Figure 1.



77

APPENDIX 2

Fishery Specific Selectivity Patterns

First we investigated the patterns of selectivity under the assumption

that the entire stock is vulnerable to both fisheries. While this is clearly

not correct, at low levels of fishing mortality it is difficult to distinguish

between fish that are not at all vulnerable and fish that simply have a low

selectivity. The catch equations for this situation are

The estimated age-specific patterns of selectivity to the separate U.S. and

Canadian Pacific whiting fisheries are as expected; young fish are much more
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available to the U.S. fishery (Appendix Figure 2). The U.S. pattern is still

similar to that of the combined fishery because the U.S. fishery has harvested

most of the total catch. A poor fit to the age composition in Canada occurred

in 1983 when the Canadian fishery captured many young fish. The survey in

1983 also indicated that an anomalous large fraction of the young fish had

moved north. When a separate, double logistic selectivity pattern is used for

the 1983 Canadian fishery (4 additional parameters), the improvement in

goodness of fit is substantial (15 units per parameter), although statistical

tests of significance have not been conducted. When a double logistic pattern

is used to estimate selectivity for each fishery, the number of estimated

parameters is reduced from 23 to 8, and the likelihood for the fishery age

composition degrades by only 2 units per parameter (Appendix Table 1). This

double logistic formulation obviously provides an adequate description of the

data and will be used in much of the model exploration.

The above patterns of selectivity combine several phenomena, including

latitudinal variation in age composition and targeting behavior by the

fishery. These phenomena can be separated by independently defining the

magnitude of latitudinal variation in age composition, The vulnerable

fraction of the stock is defined as those fish having a positive probability

of being captured by a unit of effort. Here we define the age-specific

fraction vulnerable to the Canadian fishery as the fraction found north of the

U.S.-Canada border during late summer. The fraction vulnerable to the U.S.

fishery is the complement of the Canadian vulnerabilities. These

vulnerabilities are only an approximation because fish move through the U.S.

fishery en route to Canadian waters, and an aggregation of fish is commonly

found straddling the border. The following equations describe this situation:



If the vulnerabilities are set equal to the geographic distribution measured

by the acoustic survey (Appendix Table 2), one finds that the selectivity

patterns within each zone are similar, especially on the ascending side

(Appendix Table 2). This indicates that much of the difference in age

composition between the two fisheries can be explained on the basis of the

geographic partitioning of the stock.

Finally, we explore a hypothetical situation in which the survey

adequately estimates the distribution of young fish, but underestimates the

fraction of older fish that are vulnerable to the Canadian fishery. We
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consider the question: What must the vulnerability pattern be in order to make

the selectivity pattern the same for each fishery? The survey data indicated

that about 34% of the oldest fish are in Canadian waters. If this level is

increased to about 65% (Appendix Table 2), then the selectivity patterns

within each zone are very similar. Use of geographic vulnerabilities in the

model causes no change to the estimate of population abundance or to the fit

to the age composition of the U.S. fishery. The fit to the Canadian fishery

is improved slightly (-270 without vulnerabilities in Appendix Table 1, -252

with vulnerabilities estimated from the survey, and -260 with adjusted

vulnerabilities), and the estimates of recent fishing mortality rates imposed

by the Canadian fishery are greatly increased (F is 0.161 relative to the

entire stock and 0.828 relative to the fraction of the stock estimated to be

vulnerable to that fishery). The implications of these alternative fishery

selectivity patterns will be a subject of future investigation.
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Appendix Table 1. --Patterns of Pacific whiting selectivity to the U.S. and
Canadian fisheries. The four scenarios are distinguished by whether or
not the double logistic selectivity function (Appendix 1) was used, and
by whether or not the year 1983 was singled out as having a distinct
selectivity pattern in Canada. In all scenarios the selectivity is
defined relative to the entire stock, not relative to the portion of the
stock in the national zone. The following codes were used to
distinguish between the different scenarios. Each: a separate parameter
was used to. define the selectivity at each age, except age 8 which was
defined to have a selectivity of 1.0. Log: selectivity at age was
defined by the product of two logistic functions of age; this product
was scaled to be 1.000 at age 8. Can-83: special selectivity pattern
used for the Canadian fishery only in year 1983 when warm water caused
more young fish to move into range of the Canadian fishery.
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Appendix Table 2. --The effect of geographic segregation on estimated fishery
selectivity. All selectivity patterns were estimated as the product of
two logistic functions and are relative to the fraction of the Pacific
whiting stock found within each fishing zone. The age-specific fraction
of the population found north of the U.S. -Canada border during late
summer (% North) in the first case was estimated from the hydro-acoustic
survey data. In the second case the vulnerability coefficients from age
8 to age 14 were adjusted manually to produce a similar age-specific
selectivity pattern within each zone. Also given is the fishing
mortality multiplier necessary to obtain the 1988 catch biomass, the
log(likelihood) of the age composition data (less negative implies
better fit), and the estimated biomass of ages 3 and older at the
beginning of 1989.



Appendix Figure 1. --Double logistic selectivity patterns. The solid line is
the product of the two dotted lines, an ascending logistic curve and a
descending logistic curve, scaled to have a maximum of 1.0. Note in the
third example that a change in sign for the slope parameter will cause
both functions to be ascending.



Appendix Figure 2. --Some alternative parameterizations of the selectivity
coefficients for Pacific whiting in the U.S. and Canadian fisheries. In
parameterization A, separate coefficients were estimated for each age
for both the U.S. and Canadian fisheries. Parameterization B was
identical to A except that a separate double logistic function was used
to estimate the selectivity curve for the Canadian fishery in 1983, when
warm water caused more young fish to move into the range of the Canadian
fishery. In parameterization C, the double logistic function was used
to estimate selectivity curves for both the U.S. and Canadian fisheries.
Parameterization D was identical to C except that a separate double
logistic selectivity curve was estimated for the Canadian fishery in
1983. In all cases, the selectivity of the age 8 fish was fixed at 1.0.
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