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ABSTRACT
This paper is an attempt to explore the population and trophic dynamics

of the coastal stock of Pacific whiting (Merluccius productus). Results of

investigations on the basic population biology of whiting are reported. In
particular, attempts are made to quantify the biological mechanisms of growth,
mortality (natural and fishing), migration, and bioenergetics in such a way
that both fishery and trophic dynamics can be examined. The central focus

of the analysis is an age-structured computer simulation model. Through the
model, the implications of two different representations of individual fish
growth and age-specific natural mortality on both stock bioenergetics and

fishery dynamics are explored.
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INTRODUCTION

Pacific whiting, Merluccius productus, is commercially and ecologically

one of the most important fish species on the west coast of North America.
Since 1966, it has been the target of a large foreign fishery. Estimated
catches have ranged from 91 thousand to 236 thousand metric tons (t) (Bailey
et al. 1982). A small, rather insignificant, domestic fishery for whiting has
existed since at least 1879. 1In recent years U.S. and Canadian domestic joint
ventures for whiting have begun to develop. The U.S. joint-venture catch has
been estimated at 3, 13, 41, and 45 thousand t in 1978 through 1981.

Besides being an important resource to man, whiting is also important in
the California Current ecosystem. As a large predator, whiting influences
other fish and shellfish populations, notably the commercially important stocks
of herring, anchovy, and shrimp. Whiting is also important as prey in the
diets of marine mammals and large fishes (Bailey and Ainley 1982).

A detailed description of the life history of and fishery for Pacific
whiting is given by Bailey et al (1982). Briefly, the coastal stock of Pacific
whiting occupies the continental shelf and slope area of the California Current
system, ranging from a feeding area off Vancouver Island in the north to a
spawning area as far south as the southern tip of Baja California (Figure 1).
In autumn, adult whiting make an annual migration from the summertime feeding
grounds off the Pacific Northwest coast to the winter spawning grounds off
the coasts of southern California and Baja California. In spring and summer
large adult fish migrate northward as far as central Vancouver Island and
juveniles remain off central and northern California. Oceanographic condi-
tions at the time of spawning appear to play a major role in the recruitment

to the exploitable stock of Pacific whiting (Bailey 1981).
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The intent of studies of the population dynamics of exploited populations
is to determine the numbers, biomass, age-structure, and potential yield from a
population so that rational management decisions can be made to insure efficient
utilization of the resource. Studies of trophic dynamics shed light on the
relationships between various components of an ecosystem. Ecologists and
fisheries scientists have long recognized the importance of these interactions,
in particular their importance on fishery dynamics; however, attempts to
quantify these phenomena have been limited until recently.

This paper presents an attempt to explore both the population and trophic
dynamics of the coastal stock of Pacific whiting. Results of investigations
on the basic population biology of whiting are reported. In particular,
attempts are made to quantify the biological mechanisms of growth, mortality,
migration, and bioenergetics in such a way that both fishery and trophic dynamics
can be explored. The central focus of the analysis is an age=-structured com-
puter simulation model, entitled HAKE. Population parameters estimated in
this analysis are also subsequently used in a management analysis of the Pacific

whiting fishery (Francis et al. 1982).



THE SIMULATION MODEL

The basic structure of the simulation model (HAKE) is similar to that
described by Francis (1974, 1977) and Walters (1969). The primary function of
HAKE is to accurately describe the manner in which Pacific whiting population
biomass varies over time and area. Operating as a dynamic process, the model
is used as a tool in synthesizing, summarizing, and evaluating analyses of
whiting growth, mortality, and migration. These are presented in later
sections. The model is then used to make estimates of stock bioenergetic
demands.

The essential structural units of HAKE are the annual age group, quarter
of a year, and International North Pacific Fisheries Commission (INPFC)

statistical area. Letting

i = age group (2,...,12),

area (l,...,6),

.
1]

x € [t,t+l],
Nij (x) = number of fish of age i in area j at time x,
Zij (t) = 1instantaneous total mortality rate on age group i
during [t,t+l],
= Fiy (t) + My,
] qijfj (t) + My,
Fiy (t) = 1instantaneous fishing mortality rate on age group i

during [t,t+l],

M; = instantaneous natural mortality rate on age group i,
qij = catchability coefficient on age group i in area j,
fj (t) = number of standard days effort in area j during [t,t+l],

then
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where
Iijk (t) = instantaneous migration rate on age group i from area
j to area k during [t,t+1l].
Also
YNij (t) = rcatch in numbers of age group i in area j during
[t,t+1]
t+1
= f Fij (t) Nij (x) dx.
t
Ywij {(t) = catch in weight of age group i in area j during
[t,t+1]
t+l
= tf Fij (t) Bij (x) dx

where



Bij (x) = biomass of age group i in area j at time x
G4 (t) (x-t)
= Nij (x) wy (t) e 4
w; (t) = average weight of an individual on entry into age
group i during [t,t+1], and
Gy (t) = instantaneous growth of age group i during [t,t+l]

Il
-

In order to compute population bioenergetics, the gross biomass added to the
population by the process of individuval fish growth, referred to as gross

growth, must be calculated:

GGij (t) = gross growth of age group i in area j during [t,t+1]
= GGlij (t) + GGZij (t)
where
GGlij (t) = total biomass added to age group i in area j by

fish which survive [t,t+1]

= Nj41,5 (t+1) Wity (t+1) = wy (t) —J

—



GGZij (t) total biomass added to age group i in area j by fish

which die during [t,t+1]

t+1 [ 6 (£)(x-t)
= / (Fi3 (£) + Mj1 Njj (x) wy (1) Le dx.
t

Recruitment is assumed to occur in a knife edge fashion at the beginning

of age 2, as:

R: (t)

number of fish recruited into age class 2 at time t

]

GROWTH

Growth parameters were calculated from length-at-age and weight-length
data taken by U.S. observers aboard Soviet and Polish commercial fishing
vessels during the 1976-80 fishing seasons (May-October). The sampling pro-
cedures are described by French, Nelson, and Wall (1981). Briefly, length-
frequency measurements were taken from random samples of trawl hauls, and
otoliths and weight samples were taken from subsamples stratified by length
and sex. The determination of age from otolith is described by Dark (1975).
The following analyses are based on estimates (George Hirschhorn, Northwest
and Alaska Fisheries Center, Seattle, WA 98112. Pers. commun., 1981) of mean
lengths and weights at age stratified by:

1) Bimonthly stanzas - Stanza 1 = May, June; Stanza 2 = July, August;
Stanza 3 = September, October,

2) Year - 1976-1980,

3) Sex - Male, Female,

4) INPFC Statistical Area - Columbia, Eureka, Monterey.



The estimates are to be used in a model which attempts to represent the
trophic dynamics of whiting on an inter-annual and regional areal basis.

Since the latitudinal distances that whiting migrate seem to be determined by
size (length), and trophic demands determined by growth in weight, an attempt
is made to examine the fundamental characteristics of both growth in length
and growth in weight.

The following results summarize the problems associated with analysis of
whiting growth data.

Figure 2 gives annual length-frequency estimates for the whiting fishery
in U.S. waters by INPFC area (Columbia, Eureka, Monterey). Figure 3 gives mean
length at age during the July, August stanza by INPFC area (Columbia, Eureka)
and sex. And Figure 4 is a plot of mean length at age (2-12) by stanza and
sex for all areas combined., These figures indicate several points:

1) Both between (Figure 2) and within (Figure 3) age classes, fish
tend to stratify by size on a latitudinal gradient, with the larger fish
tending to move farther north than the smaller fish. This tendency is also
reported by Dark (1975).

2) The apparent decrease in average length for ages 3-12 between stanza
1 (May, June) and stanza 2 (July, August) (Figure 4) is a result of the larger
fish of a given age group migrating into and through a given fishing area
before the smaller fish. Therefore, for a given area, fish measured in stanza
2 are not necessarily the same fish that are measured in stanza 1.

These figures reveal the problems inherent in elucidating the factors
regulating growth in length of animals taken in a fishery where significant
migration is present. Unfortunately, direct measurement of individual animal
growth employing such methods as tagging is virtually impossible in this case.

One hope, however, is that the quantification of annual growth increments on
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scales might reveal more about the dynamics of growth of whiting than the
present use of otoliths (George Hirschhorn, Northwest and Alaska Fisheries
Center, Seattle, WA 98112. Pers. commun., 1981).

In order to facilitate this analysis, the data was stratified as follows:

Eureka Columbia
No. otoliths read No. otoliths read
Year Stanza No. Lengths and fish weighed No. Lengths and fish weighed
1976 1 - - 192 1,055
2 270 2,102 1,190 19,050
3 - - 236 4,465
1977 1 284 10,811 1,785 22,235
2 1,335 46,247 2,469 42,671
3 - - 1,789 20,590
1978 1 874 19,241 1,176 12,593
2 576 17,007 2,227 49,008
3 - - 980 26,872
1979 1 883 24,790 189 12,933
2 411 31,896 1,142 51,762
3 - - 501 51,804
1980 1 - - 446 14,531
2 231 12,851 827 25,394
4 - - -

The numbers of males and females examined were approximately equal.

Since Dark (1975) demonstrated that annual growth in length can adequately
be described by the von Bertalanffy equation, it was decided to focus this
analysis on the dynamics of within season (May-October) growth. Instantaneous
growth rates were calculated by taking the natural logarithm of the ratio of
lengths in successive stanzas. Calculations were made by cohort, area, and
sex. All rates were normalized to a quarterly (3 mo) time unit for compar-

ative purposes. Thus, if for a given area and sex,
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lijk = average length of an individual in cohort j at
annual age i in stanza k,

then 1
( 133
In li+l,j,l , and

ool w

9i,j,3=»1 =
s (2
9i,j,l-»2 =72 1n  1liy
The factor 3/8 normalizes an 8-mo growth rate to a 3-mo growth rate and the
factor 3/2 normalizes a 2-mo growth rate to a 3-mo growth rate.
These estimates of instantaneous growth were then subjected to analysis

of variance using the following linear model.

Yijk = pQa+ a; + bj + cxp + 343 + ey + acjy + cdyg + €ijklmn
where
Yijklm = Qquarterly instantaneous growth rate for age i,
area j, stanza k, sex 1, year m,
i = 2, ees, 12 = Age,
j = 1 Columbia _ Stanza,
2 Eureka
1 (May, June)---=(July, August)
k = 2 (July, August)---(September, October) - Stanza
3 (September, October)---(May, June) - over winter,
1 =) 1 Male - Sex,
2 Female
m = 1976, s.s, 1980 - Year, and

2
eijklm.n M N(O, o )o
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From the ANOVA, the only factors which were significant to growth variability
were Year (p <.10), Area (p <.05), and Stanza (p <.0l). However, an important
result was that, taking the estimates of the coefficients of the linear model,

the expected values of quarterly instantaneous growth were:

-.01332 K =1
E(q,,x) = .02787 K = 2
.02349 K =3

Thus, if one estimates instantaneous growth by area one obtains an estimated
negative growth in length between Stanza 1 (May, June) and Stanza 2 (July,
August), a result also reflected in Figure 2., This implies that, on the
average, the fish which are harvested in an area in July, August are not
among the fish that are harvested in that area in May, June.

In order to remove this apparent effect of migration on the estimates of
instantaneous growth, I re-estimated these rates under the following assumption:
fish which are exploited in Eureka in Stanza 1 (May, June) are exploited in

Columbia in (July, Augqust). Thus,

N jw

In | lij2 (Columbia)

-
m-i 1->2
13,13 1ijl (Eureka)

Since there were no estimates of average length (lijk) for Eureka in Stanza 3,

3
s In | 1i43 (Columbia)

li+1,j,1 (Columbia)

ndi,j,3-»1
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A similar ANOVA was done on these modified growth rates with Area no longer a
factor and 1980 not included in years (no suitable data). The only significant
factor was Year (p <.0l1), for which the expected values of quarterly instanta-

neous growth were

June~Aug mean upwelling at 45°N
(from Bakun, pers. com.)

.04440 1976 32

A .00179 1977 62

E (gd...) .01792 1978 46
.00881 1979 49

It is interesting to relate these estimates of relative annual growth to the
June-August mean upwelling index at 45°N latitude (Andrew Bakun, Southwest
Fisheries Center, Monterey, CA 93940, Pers. commun.). Although very little
can be drawn from four data points, it appears that annual whiting growth
could be inversely related to the magnitude of upwelling in the feeding area
off the northwest coast.

Figure 5 is a plot of mean length at age for 1976-79, with Stanza 1 in
Eureka and Stanzas 2 and 3 in Columbia, taken from the same raw data that
generated the modified growth rates above. Based upon this plot, I decided
to look for ages where there might be differences in growth between stanzas
by: 1) removing ages 2 and 12 dque to a lack of data and 2) partitioning the
analysis into two parts - one on ages 3-7 (ages where whiting become mature
and where sexual dimorphism should occur) and another on ages 8-11l. ANOVAs
on these two subsets reveal both Year (p <.0l1) and Stanza (p < .10) to be
significant for ages 3-7 and Year (p <.05) only to be significant for ages

8-11. Furthermore individual orthogonal contrasts reveal that for ages 3-7,
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® ) 0.02666
E (ndi =
i35 0.01152
and for ages 8-1l is
i
E (gg;,.) = 0.00278

([

differences in growth occur between what I will call spawning (September,
October —» May, June) and feeding (May, June —» September, October) stanzas.

‘ The expected values of instantaneous quarterly growth for ages 3-7 are

1->2, 2-33

i=3, "y 7,
3=-»1

8, L] ll .

The implications of this analysis in terms of estimates of model param-

eters are that:

1) Between ages 3 and 7, growth is seasonal.

Using the estimates of

instantaneous growth coefficients given above as indicators of relative growth

during different parts of the year, then

fq = fraction of annual growth in length occurring

during quarter q.

17391
= « 25000
.40218
17391

Quarter
Quarter
Quarter
Quarter

oW

(Jan-Mar)
(Apr-June)
(July-Sept)
(Oct=-Dec) '

2) Fish older than 7 are probably growing so slowly that any differences

are slight.
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One aspect that was rather disappointing in this analysis was the inability
to detect any significant differences in instantaneous growth between sexes.
Sex-Age and Sex-Stanza interactions were examined in the ANOVAs but never were
significant. Because the differences in growth between sexes appears around
ages 4-5 (Figqure 4), the apparent time of full maturity (Nelson and Larkins
1970), a more careful examination of the growth in length data around the
ages of 4-5 might reveal the mechanisms involved in the dimorphism.

In order to get annual increments in growth in length, the von Bertalanffy
equation was fit to the mean values of length during September, October for
ages 3 through 10 for 1976-79, averaged over sex and area, using a Fabens fit

(Fabens 1965). The resultant equation and parameters are

length in cm at annual age t

—
t
1

55.,402849 [ 1 - e—0.260831 (t - 1.605444) )

Partitioning the estimated annual instantaneous growth rates from the von
Bertalanffy fit for ages 3-7 into quarterly values according to the estimates
of fq given above, a modified von Bertalanffy fit is obtained. Estimates of
quarterly length at age for both of these fits are given in Table 1 and
Figure 6.

Weight-at-age has been traditionally obtained from length-at-age (1) by

employing the weight-length equation

(1) w = alb
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Table l.--Von Bertalanffy and modified von Bertalanffy estimates of length
(cm) of Pacific whiting at age, and standard and modified length
estimates of weight (kg) at age.

Length Weight
Modified
Age von Bertalanffy von Bertalanffy Standard Modified
2.00 33.8 .274 .258
2:.25 35.1 SAME .304 .285
2.50 36.4 «336 .340
2,75 37.6 « 367 . 386
3.00 38.7 38.7 «397 .381
3.25 39.8 39.4 429 .403
3.50 40.8 40,3 «459 «460
3,79 41,7 41.9 . 487 «533
4,00 42,6 42.6 516 .508
4,25 43.4 43,1 .543 .527
4,50 44.1 43.8 «567 .590
4,75 44,8 45.0 «592 . 661
5.00 45,5 45,5 .618 «610
5.25 46,1 45,9 «640 .628
5.50 46.7 46,5 .663 «697
5.75 47.3 47.4 « 687 «758
6.00 47.8 47.8 .707 .703
6.25 48,3 48,1 727 . 717
6.50 48,7 48,5 744 .782
6.75 49,1 49,2 « 761 .838
7.00 49,5 49.5 .778 .758
7.25 49,9 49.8 « 795 «773
7.50 50.2 50.1 . 808 .838
7.75 50.6 50.6 « 826 . 887
8.00 50.9 «840 .813
8.25 51.2 SAME +853 «829
8.50 51.4 +862 .894
8.75 51.7 +876 «931
9,00 51.9 .885 .846
9,25 52.1 SAME + 895 . 856
9.50 52.3 «904 .922
9,75 5245 914 . 954
10.00 52.7 .923 .871
10.25 52.9 SAME +933 .882
10.50 53.0 .938 941
10.75 53,2 « 947 « 977
11,00 53.3 «952 .882
11.25 53.5 SAME «962 .892
11.50 53.6 « 967 «953
11.75 53.7 «972 . 981
12,00 53.8 =977 .890
12,25 53.9 SAME .982 . 895
12,50 54.0 .987 «953
12.75 54,1 . 992 . 986

13.00 54,2 SAME .996 892
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Figure 7 is a plot of mean weight at age (2-12) by Stanza and Sex for the
1975-80 U.S. observer data. Figure 8 is a plot of mean weight at age against
mean length by Age, Sex, and Stanza of the growing season. These two figures
reveal a significant amount of variability in weight within a given growing
season which cannot be explained by a simple weight-length equation. An
analysis of covariance was applied in an attempt to account for some of this

variability. The model was a linear version of the weight-length equation (1),

Yijklm = M+ aj +by +cx +d; +ep+ bjxy Xjjkim * €ijkim

Yijklm = natural logarithm of average weight of age i,
area j, stanza k, sex 1, year m

Xjjklm = natural logarithm of average length
i = 2' eeo e, i
1 Columbia
j o= 2 Eureka
3 Monterey
1 (May, June)
k = 2 (July, August)
3 (September, October)
1 = 1 Male
2 Female
m = 1975, ..., 1980.

The model was first tested for differences in slopes (bj)) and none were
significant. An analysis of covariance (intercepts) was then performed under

the assumption that there is one common slope.(see the following table).
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Source af SS 7 MS F
Year 5 .71316 .14263 67.39%%%
Area 2 .02285 .01142 5.40%**
Sex 1 .00039 .00039 .18
Age 9 .40587 .04510 2L.31%*%
Stanza 2 39121 .19561 92,42%%*
Covariate 1 8.39019 8.39019 3,964,25%%%
Error 392 « 82965 .00212

|

k% -3 p<. 0l

It is important to note from the analysis that both Age and Stanza are highly
significant, which implies that an accurate representation of the within-season
dynamics of weight necessitates use of the following weight-length equation

(Modified) for sexes combined.

_ 3,21976
Wik = 2x 1

where the values of ajx are given in Table 2. A single weight-length equation

(Standard) was also fit to the data and had the form

w = .001815 12.73343

Figure 9a shows the observed weight-lengths and a plot of the standard weight-
length equation. Notice how most of the observations in Stanza 3 fall above
the line and in Stanza 1 below the line., Figure 9b shows the expected weight-
lengths by age employing the modified von Bertalanffy length-age relationship
and the modified weight-length equation. Finally, Figure 10 shows the standard
and modified quarterly weight-age relationships used in the simulation model

in addition to the mean observed values. The representation of within-season
growth in weight is noticeably different between the two curves. Later I will
examine the impact of these two representations of whiting growth on the

estimated trophic demands of the stock.



Table 2.,--Parameters for modified equation on the weight-length of

Pacific whiting.

13.21976

Stanza

Age 1 2 3
2 .000301 »000320 .000327
3 .000294 «000312 .000319
4 +000288 000306 .000314
5 .000280 »000298 .000305
6 .000275 .000292 . 000299
7 .000265 .000282 .000289
8 .000260 .000277 .000283
9 .000254 .000270 .000276
10 . 000249 .000264 +000271
11 .000243 .000258 .000264
12 . 000238 »000252 « 000259




27

1.5 A.
'l
10-3. '
1.0} e———— Qbserved Length — Weight !
by Age, Stanza '
Jo 0.2
93¢ /
---------- Expected Length — Weight H
a) von Bertallanfy Length — Age 92 [/
0.9 /w00
. —0.26083(t—1.60544) 83el/,

1=55.40285 (l1—e
b) One Length — Weight Relationship

=0 00181512'73343

0.8 e
. 0.7
(=]
=
-~
-g 43¢ S
k= J
=2 ’

06 i ,/’

4-2. /
’
¥ ed-1
/
’,
/
’l
0.5
3-2
0.4} /s
l,l
2.2 ,"
L T
03 r= ’,2'1
2347
| 1 2
40 50 60

Length (cm)

Figure 9.--Standard (A) and modified (B) length-weight of Pacific whiting
by age group (sexes combined).
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Figure 10.--Standard and modified weight-age for Pacific whiting.
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MORTALITY

Two sets of natural mortality rates are used in the simulation. The
first assumes that the annual instantaneous natural mortality rate Mj = 0.45;

i =2, «ee, 12. This is the average value of M presented in the Pacific Fishery
Management Council (PFMC) Pacific Coast Groundfish Plan (Pacific Fishery Manage-
ment Council 1981). The second uses the assumptions of Granfeldt (1979),
Cushing (1973), and Laevastu and Larkins (1981):

a) Between hatching and the critical age (age at which most of the
stock is fully mature), natural mortality is a density dependent function of
age (size).

b) After the critical age, natural mortality shows a rather steady
increase with age [approximately 10% per yr - Laevastu and Larkins (1981)] for
4 to 5 yr due to an increase of spawning stress, after which it undergoes
irregular fluctuations.

Average age-specific natural mortality was thus estimated assuming that
the critical age was age 5. This certainly seems reasonable from the litera-
ture (Bailey et al 1982). The average increase rate in post-critical age
natural mortality was estimated from the 1973-1980 mean age-structure of the

commercial catch given below.

Mean Composition of

Age Catch in Numbers ;?

1 .011

2 . 040

3 .081

4 .144

5 «150

6 .188 .193

7 155 «256

8 «120 «583

9 .067 . 947
10 .026 860
11 011 .788
12 .005 .916
13 .002
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The table also gives estimates of Z; i = 6, ..., 12, the average total
annual instantaneous mortality rate. Figure 11 gives a plot of Z; against age.
If one is willing to assume that on the average age-specific fishing mortality

is constant from age 6 on, then one can fit the regression.

Zg = F 4+ Mg+ AM (t-6); t =6, wus, 12
where
F = constant annual instantaneous fishing
mortality rate.
M, = baseline annual instantaneous natural
mortality at age 6.
AM = average annual increase in natural

mortality.

Using the above data, (%+M°) = ,127 and zsﬁ = ,146. The following two
factors lead one to believe that this estimate of A M might be an overestimate.
1) Preliminary cohort analyses indicate that on the average fishing
mortality increases with age past age 6, and
2) Survey results (Dark et al. 1980, Beamish 1981) indicate that
there is a tendency for larger, older fish to move into Canadian waters where
they are unavailable to the U.S. fishery.
Both of these factors would tend to bias the estimate of AM upwards.
Annual age-specific M was therefore estimated assuming a) and b) above, that
the annual increase factor in postcritical M was 0.1 (Laevastu and Larkins,

1981) and that
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Figure 1ll.--Annual instantaneous total mortality for Pacific whiting.
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Thus the total natural mortality of the simulated (ages 2-12) population is

the same under both options. The estimates of M; are given below.

Age i ﬁi
2 «377
3 .268
4 .210
5 .195
6 .257
7 «357
8 +457
9 .557

10 .657
11 +757
12 .857
)X 4,949

It is interesting to plot the growth and decay of an average unexploited
whiting cohort using the two options for growth and mortality used in the
simulation model (Figure 12). These options are

Option 1 =~ Standard weight-age, with

Mj = 0.45; 1 = 2, .o, 12,
Option 2 = Modified weight-age, with
Laevestu-Cushing natural mortality.

A cohort analysis using the analytic formulation of Pope (1972) and
Tomlinson (1970) was performed on the estimates of annual whiting catch by
age for 1973-80 to estimate age-specific fishing mortality rates and catch-
ability coefficients. Separate cohort analyses were carried out for growth-
mortality options 1 and 2. The basic input data for the analyses are given in

Table 3. The data limited the estimable ages to 3-=11l, The catch-effort data
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Option 1

Relative biomass

Age (years)

Figure 12.--Growth and decay of an average Pacific whiting cohort under two
growth-mortality options,



Table 3.--~Input data on Pacific whiting for cohort analysis.

a) Option 1 - Standard weight-age

Constant natural mortality

Age
Effort
Year 3 4 5 6 7 8 9 10 11 (103 days)
Catch 73 54,94 9.51 21.34 39.52 24.72 22.61 21.13 10.14 4,44 6.31
in 74 0.94 162.41 22.24 38.49 48.02 27.89 12.36 3.88 1.77 8.68
numbers 75 2.71 3.72 129.12 21.98 23.67 38.22 17.25 7.44 3.72 11.52
in 76 37.37 29.70 30.03 188.20 28.03 14.02 5.01 1.00 0.33 9.21
millions 77 3.84 54.87 11.34 20.12 68.59 11.16 5.85 2.74 1l.46 4,24
78 4.28 8.15 49.57 9.39 19.88 37.28 5.39 2.35 1.11 2.99
79 11.23 17.93 10.14 54.71 19.20 34.06 20.83 3.26 1.81 5.27
80 18.36 10.75 10.39 11.48 25.01 11.72 18.00 9.18 2.66 3.20
M 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45
L
(8]
b) Option 2 - Modified weight-age
Laevastu-Cushing natural mortality
Age
Effort
Year 3 4 5 6 7 8 9 10 11 (103 days)
Catch 73 52.66 9.11 20.46 37.87 23.70 21.67 20.25 9.72 4.25 6.31
in 74 1.00 153.94 21.09 36.48 45,51 26.44 11.71 3.68 1.67 8. 68
numbers 75 2.58 3.54 123.03 20.93 22.54 36.39 16.43 7.09 3.54 11.52
in 76 32.25 28.01 28,32 177.49 26.43 13.22 4.72 0.94 0.32 9.21
millions 77 3.65 52.11 10.77 19.11 65.14 10.60 5.56 2.61 1.39 4,24
78 4.07 7.74 47.08 8.92 18.88 35.41 5.11 2.23 1.05 2.99
79 10.70 17.09 9.67 52.12 18.30 32.45 19.85 3.11 1.73 5.27
80 17.65 10.33 9.99 11.03 24.03 11.26 17.30 8.82 24,55 3.20
M 268 «210 «195 «257 «357 «457 «557 «657 «757
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corresponds to that reported in Bailey et al. (1982). BAnalyses were made
using the backward solution (Tomlinson 1970) for each cohort assuming that
each year ages 10 and 11 were exploited at the same rate. Pope (1972) shows
that for a given cohort the error in the estimate of fishing mortality Fj for

some age i (and subsequently catchability qj) is proportional to the expression

t-1
- § Fx
Fi k=1
P(Fy) = l -e e
Fy
where
Fx = estimates of fishing mortality for that cohort at
ages k =i, +e¢, t=1, and
t = maximum age represented in the cohort analysis.
Letting

wij = weighting factor for age i in year j

1 /0% (5,

the cohort analysis was performed by setting initial catchability coefficients.

di,1980; i = 3, ..., 10 such that if

1980
L W5 digo
9i, =
j = 1973
1980
2
P Wiy Cagy -3, )
Var (qi,) =
j = 1973 .
1980
7 ) Wij

j = 1973
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1980
CWy, = ) cWij, and

j = 1973

2

catch in weight of age i in year j.

then

11 \//
var (T ,)

v = L cWy,

i=3 q;,

is minimized. Since the primary objective of the analysis is to estimate age-
specific catchability coefficients for the simulation, the cohort analysis was
performed to minimize the average coefficients of variations of these age-
specific catchability coefficients. The weighting factors (Wij) were chosen
to give greater weight to the more precise estimates of qiq. The results of
the analyses are given in Table 4. It is interesting to note that the
estimates of mean stock biomass for Option 1 are about two times what they

are for Option 2. The estimates of total whiting biomass from the NWAFC trawl-
hydroacoustic surveys of July-September 1977 and 1980 are 1.199 million t
(Dark et al. 1980) and 1.519 million t (Marty Nelson and Thomas Dark,
Northwest and Alaska Fisheries Center, Seattle, WA 98112, Pers. commun.),
respectively. Certainly the survey estimates tend to correspond to the cohort
analysis estimates of mean stock biomass much better when Option 2 is employed
than when Option 1 is employed. It is apparent that if age-specific catch-

ability has been relatively constant between 1973 and 1980 the cohort analysis
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Table 4.--Summarized results of cohort analyses of Pacific whiting data.

Recruitment Mean stock
(millions) bigmass _
Year at age 3 (10° mt) Age i q,
a) Option 1 - Standard weight-age
Constant natural mortality

1973 4,100 2,302 3 .00197
1974 2,126 2.474 4 00620
1975 1,248 2,190 5 .00829
1976 3,916 2.916 6 »01993
1977 936 2,386 7 .03044
1978 1,295 2,131 8 .04897
1979 1,115 1.858 9 .05329
1980 3,575 2,593 10 »04835
Mean 2,289 2.356

cv 0.593 0.135

b) Option 2 - Modified weight-age
Laevastu-Cushing natural mortality

1973 1,736 1.125 3 .00450
1974 673 1.265 4 .01185
1975 388 1.210 5 .01416
1976 1,255 1.454 6 +03072
1977 300 1.275 7 .04290
1978 434 1.182 8 .07121
1979 410 1.062 9 .07711
1980 1,582 1.450 10 « 06982
Mean 847 1.253

cv 0.691 0,113
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indicates that stock biomass has remained relatively constant over that time
interval. Finally it is interesting to correlate the estimates of recruitment
at age 3 (R3) provided by the cohort analyses with Bailey's corresponding

year class index (YCI) (Kevin Bailey, University of Washington, Seattle, WA

98195. Pers. commun.) based on environmental conditions at the time of spawning.

R, (10°
Year individuals)
class YCI Option 1 Option 2
1970 71.3 4,100 1,736
1971 11.7 2,126 673
1972 13.6 1,248 388
1973 117.7 3,916 1,255
1974 19.5 936 300
1975 14.2 1,295 434
1976 14.1 1,115 410
1977 38.9 3,575 1,582
The linear correlations are r = 0.804 for Option 1 and r = 0.691 for

Option 2.

MIGRATION
The annual migration cycle of Pacific whiting is described by Alverson
and Larkins (1969) and Bailey et al (1982). Adults spawn during the winter
and early spring, primarily in waters beyond the continental shelf of southern
California (south of Point Conception) and Baja California. Adult feeding
takes place inshore along the coasts of northern California, Oregon,

Washington, and Vancouver Island during the spring, summer, and early autumn.
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Figure 13 gives a schematic representation of the whiting migration as it is
represented in the simulation model. The simulated spawning migration takes
place over a 2 mo period (November, December) and the simulated feeding migra-
tion over a 6 mo period (February-July). It is assumed that animals migrating
north migrate through the inshore fishing grounds over the continental shelf.
The average distance an animal of a given age migrates is a function of its
average size with the larger animals tending to migrate farther to the north.
For a given age i, the instantaneous migration rate is calculated after a
model of Bledsoe (L. J. Bledsoe, University of Washington, Seattle, WA 98195.
Pers. commun.) for North Pacific albacore (reported in Kume and Bartoo 1981)

as follows.

Iij"l'J (t) = instantaneous migration rate of age group i from area j-1

to area j at time t

3
1 (t = toi)
2
j j=1,2
= e
bi? V21
aiJ = total instantaneous migration of age i from area
j=1 to area j
toi = time of maximum migration from area j-1 into area
j (mean of t)
bij = standard deviation of t
j-1 k 2
= N ( MRj )
k=2 4
MR-k = mean residence of age i in area k.
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Southern Spawning Continental Shelf Area
Migration Northern Feeding Migration
November — December February — July

1

1
I

—

=T\

Vancouver (6)
Columbia (5)

| Feeding Ground
Eureka (4) March — October

= =

Monterey (3)

Ix

Conception (2)
= -

Baja (1)

Spawning Ground . 2
January — February

Figure 13.--The annual migration cycle of Pacific whiting.
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Thus northern feeding migration between two adjacent areas j-1 and j is
normally distributed with a specified time of peak migration and a variance
based on the mean residence times in those and previously occupied areas. The
parameters of the model were estimated from results of the July-September 1977
NWAFC groundfish survey (Dark et al. 1980), The relative whiting distribution
over area by age for the survey is given in Table 5. From these, and the
estimated distances between areas (mj), the mean distance traveled for each
age (dj) can be calculated. Then, assuming that on the average it takes an
animal 120 days (4 months) to travel that distance, the mean swimming speed
(siy) was calculated. These are also given in Table 5. Parameters for the
model were then calculated (Table 6) assuming that the areal distributions
reflected by the survey are indicative of stable distributions on the feeding
grounds after the feeding migration is complete.

Plots of the relative areal distribution of ages 3 and 7 whiting
(unexploited) as a function of time of the year are given in Fiqures 14 and
15, The spawning migration for all ages is assumed to start at the beginning
of November and last through December. Little is known about the relative
distribution of the spawning population between the southern California
(Conception) and Baja California (Baja) spawning grounds. To accommodate the
hypothesis of smithl/, that large adults spawn farther south, the age-specific
distribution of whiting on the Baja ground was assumed to be the same (mirror

image) as the distribution of those same adults on the Vancouver feeding ground.

1/ Smith, P. Pacific hake larval distribution and abundance, 1951-1975.
Southwest Fish. Cent. Admin. Rep. LJ-75-83. Southwest Fish. Cent., Natl.
Mar. Fish. Serv., NOAA, P. O. Box 271, La Jolla, CA 92038.
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Table 5.--The 1977 groundfish survey data used to

parameters of Pacific whiting.

estimate migration

Age | Vancouver | Columbia Eureka | Monterey | Conception Ei ;1
2 .000 .003 .216 .768 .012 356 | 2.967
3 .000 .049 +431 «477 .042 427 | 3.558
4 .141 «153 +446 «257 .003 585 | 4.875
5 «273 0227 .433 .066 .001 703 | 5.858
6 «276 .331 «320 .072 .000 725 | 6.042
7 .366 «297 «275 .062 .000 756 | 6.300
8 .306 .408 «232 .052 .001 757 | 6.308
9 «365 «379 «213 .042 .001 777 | 6.475
10 .189 .483 +256 .071 .002 723 | 6.025
11 .282 .380 0224 112 .003 726 6.050
12 .021 . 767 .087 .125 .001 703 | 5.858
m 957 777 567 303 0
my = estimated distance from spawning ground to center of area j
(nautical miles)
d;j = mean distance traveled for age i (nautical miles)

mean swimming speed (nautical miles/day)
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Table 6.--Migration parameter estimates for Pacific whiting.

Conception Monterey Eureka Columbia Vancouver
Age j =2 j =3 i=4 j =5 i =6
2 MR, 38 128 51 83
a,’ 4.423 0.252 0.014 0.000
b3 9.50 33.38 35,73 41.32
t,y) 79 162 252 319
3 MR, 32 107 42 76
ay) 3.170 0.697 0.108 0.000
b,J 8.00 27.92 29,83 35,37
to) 76 146 220 279
4 MR ] 23 77 31 55
a,) 5.809 1.356 0.506 0.653
b,] 5.85 20.30 21.71 25.75
tog) 72 122 176 219
5 MR 19 65 26 46
ag) 6.908 2,717 0.768 0.790
bg) 4.87 16.89 18.06 21.42
tog) 70 112 157 193
6 MRJ 19 63 25 45
ag) 4.605 2.631 1.064 0.606
b6j 1 T2 16.37 17.51 20,77
too 69 110 154 189




Table 6.--(Continued)
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Conception Monterey Eureka Columbia Vancouver
Age j =2 j =3 =4 j =5 i =6
7 MR, | 18 60 24 43
a7j 4.605 2.781 1.227 0.803
b3 4.50 15.66 16.77 19.92
j
tse 69 108 150 183
8 MRSJ 18 60 24 43
ag) 6.908 2,956 1.406 0.560
bej 4,52 15.69 16.77 19.89
j
Bt 69 108 150 183
9 MRy 18 59 23 42
ag) 6.908 3.169 1.503 0.675
bg) 4.40 | 15.28 16.34 19.38
j
t 69 107 148 180
10-12% MR, 3 17 57 23 41
aij 7.601 3.507 1.558 0.680
b3 4.27 | 14.84 15.87 18.82
j
i 69 106 145 177
* assumed dj = 800
— i= 10, eeo e 12
S{ = 6.667
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Figure 1l4.--Simulated relative areal distribution of age 3 Pacific whiting.
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Figure 15.--Simulated relative areal distribution of age 7 Pacific whiting,
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MODEL CALIBRATION AND VALIDATION

Francis (1977) describes the process of model validation as<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>