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ABSTRACT

Two types of yield models were utilized to analyze fishery data from California's northern
most bed of ocean shrimp, Pandalus jordani. The Schaefer form of stock production
model was applied to catch and effort data for the years 1954 through 1969. Age-struc
tured catch data for 1955 through 1968 were analyzed by the Murphy method to obtain
mortality rates and biomass estimates. Catchability coefficients and a growth curve
were also estimated. Attempts to fit spawner-recruit models to estimates obtained from
the age-structured catch data were inconclusive; so, age specific mortality and growth
estimates were only used to fit a yield-per-recruit model.

After comparing the results from the two models, the Schaefer model was deemed
most suitable for managing this fishery. The model estimated the maximum sustain
able yield at 2.46 million pounds. A strategy for managing the fishery under a quota
system was proposed.

The fishery for ocean shrimp, Pandalus jordani,
in California has a unique importance despite
the fact that it does not rank high among the
State's fisheries in terms of pounds landed or
value of the landings. This unique importance
exists since the fishery developed after discovery
of the shrimp beds by the California Department
of Fish and Game's exploratory fishing and be
cause it has been under continuous quota control
by the California Fish and Game Commission
since the fishery's inception in 1952 (Dahlstrom
1961, 1970). It is also the only California com
mercial fishery whose catch is fully regulated
under a quota system.

This paper is limited to a discussion of the
population and fishery which range along the
coast from the mouth of the Mad River in Cal
ifornia to the Rogue River in Oregon. This
fishery consists primarily of regulated Califor
nia vessels, but there is a small Oregon fleet not
covered by California's regulations while fishing
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north of the California border. Three smaller
populations which occur farther south in Cali
fornia are not considered here.

Initially, quotas were set arbitrarily at one
fourth the estimated biomass on the bed. Bio
mass was originally estimated from an exam
ination of commercial catch data and later from
research vessel cruise data. In later years, quota
recommendations were at least partially directed
toward allowing what was deemed an appropri
ate spawning stock to remain at the end of the
season. Spawning stock values were based on
estimated preseason year class abundance and
estimated survival over the fishing season.

Estimating procedures which assume commer
cial or research fishing gear catches all shrimp
in the water column above the swept path must
inherently be negatively biased since escape
ment over, around, and through the gear occurs.
The methods just discussed are of this type. A
more complete account of the basis for quota
recommendations prior to 1969 is found in Dahl
strom (1961, 1970), Dahlstrom and Gotshall
(1969), and Gotshall (in press).

Over the history of this fishery substantial
amounts of data have been collected. Of rel
evance to this paper are catch and effort data,
estimated age and sex composition of landings,
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and Pella and Tomlinson (1969) used a numer
ical approximation of

P(t) [H (H _ p(O)l-m)= K+qf - K+qf

c(t) = 1:qf(t)P(t)dt (3)

for computer calculation of expected catch over
the interval. Pella (1967) gives the integrated
form of (3) for the Schaefer model.

A computer program, GENPROD, (Pella and
Tomlinson, 1969) for fitting the generalized
model to catch and effort data uses the criterion
of least squares between observed and predicted
catches. Fox (1971) discusses least squares for
estimating parameters in (2) and suggests al
ternatives which may be preferable to that used
by GENPROD.

CATCH AND EFFORT DATA

Catch and effort data have been collected since
the beginning of the fishery in 1952, but data
from the first 2 years of the fishery are not used
in this study because there was little effort and
low catch-per-effort values indicated that fish
ermen had not fully acquired the skills needed
for successfully catching shrimp. Californb
landings were obtained from market receipts,
and effort by California vessels was obtained
from compulsory logbooks carried by all Cali
fornia trawlers. Oregon landings and effort
were supplied by the Oregon Fish Commission
(Jack Robinson, Oregon Fish Commission, per
sonal communication).

California vessels were restricted to use of
beam trawls until otter trawls became legal in
1963. Oregon vessels have used otter trawls
since their entry into the fishery in 1960. A
correction factor was used to convert California
beam trawl effort to otter trawl effort for 1954
to 1962.

Fishing power of beam trawls relative to otter
trawls was estimated from 40 pairs of catch
per-hour statistics. These paired statistics con
sisted of the average weekly catch-per-hour for

(2)
X e-(K+qf)(l-mlt ] t!m

and research vessel biomass estimates for 1965
through 1968. These data were used in applying
a stock production model and a dynamic pool
model. The general characteristics of these two
models were discussed by Schaefer and Beverlon
(1963) under the designations of "Schaefer Ap
proach" and "Beverton-Holt Approach," re
spectively.

STOCK PRODUCTION MODEL

From an operational viewpoint stock produc
tion models possess the advantage of requiring
only catch and effort data, which are usually
available at relatively little expense, for their
fitting. Another desirable characteristic is the
inclusion of density dependent effects, even
though they are treated grossly and population
response to density is assumed to be instanta~

neous. Pella and Tomlinson (1969) discuss the
assumptions implicit in the model. The most
notable fisheries application of this type model
was to yellowfin tuna of the eastern Pacific by
Schaefer (1954, 1957), who developed a method
for fitting the model to a population in a non
equilibrium state.

Pella (1967) examined a number of methods
for estimating parameters of the Schaefer model
and concluded that a surface searching tech
nique for minimizing the summed, squared de
viations between observed catches and catches
predicted by an integrated form of the Schaefer
model was generally most satisfactory.

Pella and Tomlinson (1969) generalized the
Schaefer model to allow asymmetry in the inte
grated form and gave the population growth rate
as

d~~!:l = HP"'(t) - KP(t) - qf(t)P(t), (1)

where H, K, m, and q are constants. P(t) rep
resents the population size at time t, f (t) is the
fishing intensity at t, q is the catchability co
efficient, and m determines the amount of asym
metry in the equilibrium yield curve. In the
Schaefer model, m = 2 and the equilibrium curve
is a parabola. The integral of (1) from time 0
to t with f constant is
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each gear within a 10-fm depth interval bounded
by a 10-min by 10-min block area. The data
were collected during 1960 through 1962 when
Oregon vessels were using otter trawls and Cal
ifornia vessels were still restricted to beam
trawls. California Department of Fish and
Game trawler logbooks and information supplied
by the Oregon Fish Commission were the sources
of the records (Tom Jow, California Department
of Fish and Game, personal communication).

With otter trawl taken as the standard gear,
the relative log fishing power of beam trawls
was computed by Robson's (1966) method ex
cept the two gear types were used in a manner
analogous to his treatment of individual ves
sels. If the logarithm of catch-per-hour is nor
mally distributed and the other assumptions of
Robson's model hold, then his method produces
B I , an unbiased estimate of relative log fishing
power, f31, for the ith gear. However, exp (Bi )

is a biased estimate of exp (f3I). An unbiased
estimator for exp (f3i) is given by Laurent
(1963) as

~W = [exP(BI) ] [1 + t
;=1

X (n-k-l)l [v (BI ) ~ I ]

(n-k-l) (n-k+l ... (n-k+2j-3) ,

(4)

where v (B i ) is an unbiased estimate of the var
iance of B i with n-k-1 degrees of freedom.
Robson's method provides v (BI ) and our com
puter program for calculating fishing power
carries the series expansion in (4) to 15 terms.
This computer program is described by Berude
and Abramson (1972) and a FORTRAN listing
is contained in Abramson (1971).

The estimated fishing power of beam trawls
relative to otter trawls in the shrimp fishery
was 0.71; all beam trawl effort used in this
study was adjusted by that factor.

FITTING THE PRODUCTION MODEL

Usable catch and effort data covered a period
of 16 years, each divided into open and closed
seasons. Each season was treated as a sep-

arate interval in the fitting procedure and thus
population estimates were obtained at 32 points
in time. Table 1 shows catch, adjusted effort,
and time for the series of seasons used to fit
the generalized production model.

When initially fitting GENPROD to the data
the parameters representing optimum effort
(FOil!), catchability coefficient (q), maximum
catch-per-effort (Uma,), and the ratio of initial
population to r.laximum population (r) were un
restricted. Pella and Tomlinson (1969) give
these parameters as transformations of those in
(2). The equation was fitted with the parameter
1n taking values from 1.4 to 2.6 by increments
of 0.2. Results showed that number or distri
bution of data points was not sufficient to de
termine the value of 1n with any degree of pre
cision and that very small population estimates
accompanied by excessively large q values were
being obtained.

The first problem was handled by setting 1n

= 2, since the symmetric or Schaefer model
seemed best in face of the uncertainty. The
catchability coefficient was fixed at a value which
minimized the sum of the squared deviations be
tween GENPROD'S estimates of P(t) and re
search vessel cruise estimates of population bio
mass at seven time points when both were avail
able. The research vessel biomass estimates
were obtained from surveys conducted in the
spring and fall of 1965, 1966, and 1967 and the
fall of 1968 (Gotshall, in press). Gotshall's
catch in weight per standard haul was expanded
on an areal basis to provide estimates for the
entire survey area; as mentioned previously,
these are negatively biased. Based on this pro
cedure, q = 8.5 X 10-5 was the best value. The
final fit of the Schaefer model was made with
GENPROD's computing parameters KK and N
set equal to 5 and 10, respectively. KK is re
lated to the fineness of the surface searching
procedure, and N involves the accuracy of the
numerical integration used to estimate expected
catch. These computing parameters are ex
plained fully in PeIla and Tomlinson (1969).

GENPROD estimated a maximum equilibrium
catch (emil,) of 2.46 million pounds, an effort
level required to obtain this catch under equi
librium conditions (Fopt ) of 6,049 otter trawl
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TABLE I.-Estimates of Schaefer model parameters, observed catch and effort, predicted population size and catch,
population and catch in millions of pounds, effort in thousands of hours.

Time interval Population size A~R~~d Observed Predicted Catch/effort

Begin End end of interval CQtch catch Observed Predicted

May 54 Aug. 54 8.63 0.206 0.169 0.150 0.819 0.727
Sept. 54 Apr. 55 9.07 0.0 0.0 0.0

May 55 Oct. 55 8.82 0.733 0.505 0.557 0.689 0.760
Nov. 55 Apr. 56 9.11 0.0 0.0 0.0

May 56 Sept. 56 8.57 1.11 0.896 0.836 0.803 0.750
Oct. 56 Apr. 57 9.00 0.0 0.0 0.0

May 57 Oct. 57 8.59 1.05 0.748 0.783 0.713 0.746
Nov. 57 Apr. 58 8.96 0.0 0.0 0.0

May 58 Sept. 58 8.18 1.61 1.14 1.17 0.706 0.726
Oct. 58 Apr. 59 8.76 0.0 0.0 0.0

May 59 Sept. 59 7.83 2.01 1.69 1.41 0.841 0.702
Oct. 59 Mar. 60 8.45 0.0 0.0 0.0

Apr. 60 Oct. 60 7.36 2.90 1.80 1.93 0.623 0.667
Nov. 60 May 61 8.22 0.0 0.0 0.0

Jun. 61 Nov. 61 7.75 1.70 1.46 1.15 0.859 0.677
Dec. 61 Mar. 62 8.21 0.0 0.0 0.0

Apr. 62 Oct. 62 6.39 4.70 2.98 2.87 0.635 0.611
Nov. 62 Mar. 63 7.23 0.0 0.0 0.0

Apr. 63 Oct. 63 5.82 4.85 2.30 2.66 0.475 0.549
Nov. 63 Apr. 64 6.91 0.0 0.0 0.0

May 6-4 Oct. 6-4 6.63 2.28 1.20 1.31 0.525 0.575
Nov. 6-4 Apr. 65 7.56 0.0 0.0 0.0

May 65 Oct. 65 6.17 4.14 1.62 2.39 0.392 0.578
Nov. 65 Apr. 66 7.20 0.0 O.D 0.0

May 66 Oct. 66 6.13 3.76 1.61 2.12 0.427 0.563
Nov. 66 Feb. 67 6.85 0.0 0.0 0.0

Mar. 67 Oct. 67 6.22 3.71 2.26 2.05 0.608 0.553
Nov. 67 Apr. 68 7.24 0.0 0.0 0.0

May 68 Oct. 68 6.72 2.54 2.67 1.50 1.052 0.592
Nov. 68 Feb. 69 i7.36 0.0 0.0 0.0

Mar. 69 Oct. 69 6.03 4.82 3.11 2.71 0.6-44 0.563
Nov. 69 Apr. 70 7.09 0.0 0.0 0.0

Parameter estimates

Cmax Fopt Popt
q Uopt

Umax Pmax R K

2.46 6.05 4.79 8.5 X 10-- 0.407 0.814 0.884 9.58 -1.07 X 10-' -1.03

hours, and an optimum population size (Popt ) of
4.79 million pounds. Other parameter estimates,
as defined by Pella and Tomlinson, and the com
plete output from the program are shown in
Table 1.

Figure 1 shows both the expected catch as
predicted by the model and the observed catch
plotted against time. The fit appears to be gen
erally quite good, although it has worsened dur
ing the most recent 5 years. The statistic R,
derived by Pella and Tomlinson to measure the
improvement in estimating catch from this mod-
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el rather than from the mean catch, was 0.91.
However, a somewhat spurious R is obtained
when intervals with no catch are included in
the data. This occurs because the model always
predicts a zero catch from zero effort and the
arithmetic mean cannot make such a prediction.
Recalculating R from only periods when effort
was applied yielded 0.75.

Figure 2 shows the fitted line (m = 2) for
catch per unit effort versus effort in the equi
librium state and the observed catches per hour
by year. However, the population should not
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have been in equilibrium during the period
studied since the level of effort fluctuated from
year to year.

The actual catch exceeded the estimated max
imum equilibrium yield (2.46 million pounds)

,o~-+---r-

V>
~ 2.01---+__
:::>
o..
Z 1.5
2
-'
-'
i

YEAR

+-----

.............. Predic1.d Catch

- Ob..rvld Catch

during the period 1954 through 1969 only three
times (Table 1): 1962, 1968, and 1969. Effort
has always been substantially below the esti
mated level which would produce the maximum
sustainable yield. A literal interpretation of
these results would indicate the population has
been underexploited until recently.

It is a problem in actual management situa
tions to deduce how well a model such as this
represents a population. In years when the ob
served catch-per-unit effort deviates substan
tially from the corresponding expected value, it
cannot be determined whether deviations are due
to an actual departure from the expected popu
lation size or due to a temporary change in the
catchability. In the management strategy
which we will discuss later, we are assuming the
population size is being predicted correctly by
the model and we are essentially ignoring devi
ations between the observed and expected catch
insofar as they may represent actual population
deviations.

FIGURE I.-Ocean shrimp catches predicted by GEN
PROD and observed catches for the years 1954 through
1969.
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FIGURE 2.-Fitted model (m = 2) for catch-per-hour
as a function of hours under equilibrium conditions.

DYNAMIC POOL MODEL

Catch data by age categories, both in weight
and numbers, were utilized to estimate mortal
ity, growth, and recruitment parameters neces
sary in a dynamic pool model.

AGE-STRUCTURED CATCH DATA

Catches from the population were landed at
Eureka and Crescent City, Calif., and Brookings,
Oreg. Landings data were obtained mainly
from the Pacific Marine Fisheries Commission
Data Series (1965-1969). Catches south of the
California-Oregon border were recorded in that
publication in tables for PMFC Area 96, but
those from north of the border were included
in, but did not comprise all of, the catch reported
from PMFC Area 88. Catches within PMFC
Area 88 south of the Rogue River were obtained
from the Oregon Fish Commission (Jack Rob
inson, Oregon Fish CommiSsion, personal com
munication). Catches made in the more recent
years were obtained from the California Depart
ment of Fish and Game Shellfish Program (Dan
iel Gotshall and Walter Dahlstrom, California

1025



FISHERY BULLETIN, VOL. 70, NO.1
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FIGURE 3.-0cean shrimp growth in weight by month
from sampling commercial landings. Seasons included
are 1955 through 1968.
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0.0086 lb. per shrimp. The fishery was active
during 46 months of the second 7 years and
caught an estimated 1,644 million shrimp, ex
cluding age 0, for a monthly average of 35.7 mil
lion. These weighed about 14.63 million pounds,
averaging 318,000 lb. per month and 0.0089 lb.
per shrimp. The relative frequencies in num
bers during the first 7 years were: 0.559 for
age I, 0.422 for age II, and 0.019 for age III.
During the second 7 years the frequencies were
0.495 for age I, 0.463 for age II, and 0.042 for
age III. The reliability of the age frequency val
ues is uncertain due to the aging method.
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A growth in weight curve was obtained em
pirically by plotting average weights of shrimp
by month and age for all seasons 1955 through
1968 (Tables 2 and 3, Figure 3). Dahlstrom
(1970) and Gotshall (California Department of
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Department of Fish and Game, personal com
munication). Virtually all catches were made
during single day trips.

Landings were stratified into port-months,
with Eureka-Crescent City as "California" and
Brookings as "Oregon." Relative age frequency
and weight at age were determined from samples
of most port-month catches. Values used for
California strata not sampled were either the
average of preceding and following strata or the
nearest sampled strata of the same season. The
Oregon Fish Commission provided values for all
Oregon strata.

Several methods of drawing samples from
within strata were used by California. For all
but very recent years, the methods were equiva
lent to assuming a simple random sample of
shrimp from within strata. These sampled
shrimp were aged by carapace length measure
ments, and the fraction falling into a specific age
group determined its relative frequency. In re
cent years a simple random sample of boatloads
was assumed drawn, and the length composition
of a subsample from each boatload was weighted
by the estimated number of shrimp in the load.
Estimates by strata,done separately for Oregon
and California, were combined to obtain the val
ues in Table 2.

The average weight at age was determined
by two methods: (1) the aged shrimp were
placed into length frequency groups, a length
weight key was used to convert length to weight,
and average weight for each age group was
calculated; (2) the aged shrimp were weighed
and an average weight computed directly for
each age group. The study of aged catch data
was performed for the 1955 through 1968 sea
sons. All aged shrimp fell into age groups 0,
I, II, or III, but the 0 group was rare and omitted
from the study.

Catch by age category for 2,598 million shrimp
(22.88 million pounds) harvested during 1955
through 1968 are listed by month in Table 2.
During the first 7 of these years, the fishery was
active during 39 months and captured an esti
mated 954 million shrimp, excluding age 0, yield
ing a monthly average of 24.5 million. These
shrimp weighed about 8.25 million pounds, av
eraging 212,000 lb. per month of fishing and
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TABLE 2.-Aged catch' and catch-per effort (C.P.E.) statistics.
[Pounds and numbers in thousands.]

Sea.. Age Relative Average C.P.E. Sea.. Ago Relative Average C.P.E.
Month fre.. weight Pounds Numbers Month fre- weight Pounds Numbers

son group quoncy (lb.) numbers son group quency (lb.) numbers

1955 May I 0.226 0.0055 9.9 4.3 782 1958 July I .492 0.0053 29.7 30.9 5842

II .747 .0118 32.7 30.4 2586 II .496 .0108 29.9 63.3 5890

III .027 .0169 1.2 1.6 93 III .012 .0152 .7 2.2 142

June I .408 .0046 26.2 21.0 4531 Aug. I .596 .0064 64.8 121.7 18992,

II .576 .0118 37.0 75.3 6397 II .394 .0115 42.9 144.3 12555

m .016 .0172 1.0 3.1 178 III .0 TO .0161 1.1 5.1 319

July I .425 .0055 38.4 30.8 5603 Sept. I .786 .0068 70.8 209.9 30649

II .565 .0122 51.0 90.8 7449 II .209 .0118 18.8 95.9 8150

111 .0 TO .0172 .9 2.3 132 III .005 .0159 .5 3.1 195

Aug. I .378 .0057 28.8 2M 4897 1959 May I .599 .0055 87.2 T04.0 18919

II .603 .0122 46.0 95.3 7812 II .355 .0112 51.7 126.0 11213

til .019 .0172 1.4 4.2 246 III .046 .0159 6.7 23.1 1453

Sept. I .588 .0064 49.9 47.7 7441 June I .748 .0062 87.8 268.8 43542

II .397 .0123 33.7 62.0 5024 II .240 .0115 28.2 160.6 13971

III .015 .0172 1.3 3.3 190 III .012 .0167 1.4 11.6 699

Oel. I .588 .0067 19.3 2.1 309 July I .595 .0066 53.1 211.4 31921

Il .397 .0125 13.0 2.6 208 II .382 .0118 34.1 241.1 20494

III .015 .0175 .5 .1 8 III .023 .0161 2.1 19.9 1234

1956 May I .342 .0044 45.2 19.7 4479 Aug. I .648 .0069 47.9 91.1 13120

II .608 .0099 80.4 78.8 7963 II .329 .0120 24.3 80.3 6661

III .050 .0156 6.6 10.2 655 III .023 .0164 1.7 7.6 466

June I .140 .0051 13.1 16.1 3166 Sept. I .720 .0073 66.8 207.3 28403

II .833 .0093 78.2 174.4 18839 ·11 .258 .0123 23.9 125.7 10178

III .027 .0159 2.5 9.7 611 III .022 .0164 2.0 14.2 868

July I .140 .0051 13.0 13.7 2697 1960 May I .601 .0042 45.1 48.2 11464

II .843 .0097 78.5 157.7 16240 II .382 .0100 28.7 73.2 7287

III .017 .0154 1.6 5.0 327 III .017 .0153 1.3 5.0 324

Aug. I .161 .0057 13.0 27.8 4857 June I .689 .0050 53.2 94.0 18882

II .818 .0110 66.0 271.2 24680 II .289 .0115 22.3 91.5 7920

III .021 .0169 1.7 10.7 634 III .022 .0162 1.7 9.8 603

Sept. I .230 .0064 11.4 14.2 2221 July I .798 0055 78.5 321.7 58428

Il .753 .0115 37.3 83.6 7271 II .192 .0114 18.9 160.5 14058

III .017 .0164 .8 2.7 164 III .0 TO .0172 1.0 12.6 732

1957 May I .366 .0053 29.5 22.0 4159 Aug. I .700 .0060 63.4 281.4 47073

II .629 .0104 50.7 74.4 7147 II .276 .0110 25.0 204.0 18560

III .005 .0167 .4 .9 57 111 .024 .0162 2.2 26.1 1614

June I .592 .0057 33.4 21.9 3807 Sept. I .699 .0066 53.5 210.6 31760

II .403 .0110 22.7 28.5 2592 II .264 .0122 20.2 146.6 11995

III .005 .0167 .3 .5 32 III .037 .0168 2.8 28.3 1681

July I .592 .0063 a3.0 11.2 1785 Oct. I .698 .0076 33.3 51.3 6790

II .403 .0116 22.5 14.1 1215 II .280 .0132 13.4 35.9 2724

III .005 .0167 .3 .3 15 III .022 .0179 1.0 3.8 214

Aug. I .652 .0070 60.9 229.0 02515 1961 June I .454 .0052 48.8 52.3 10053

II .343 .0122 32.0 208.6 17105 II .531 .0112 57.1 131.5 11759

III .005 .0161 .5 4.0 249 III .015 .0162 1.6 5.4 332

Sept. I .597 .0072 40.0 52.4 7235 July I .441 .0063 36. I 79.0 12559

II .386 .0122 25.8 57.0 4678 II .549 .0126 44.9 196.7 15635

III .017 .0161 1.1 3.3 206 III .0 TO .0170 .8 4.8 285

Oct. I .597 .0074 50.9 9.0 1221 Aug. I .337 .0069 25.8 118.9 17195

11 .386 .0125 32.9 9.9 790 II .643 .0131 49.2 428.3 32809

III .017 .0167 1.4 .6 35 III .020 .0172 1.5 17.6 1021

1958 May I .429 .0048 30.1 41.6 8648 Sept. I .400 .0076 31.6 62.0 8152

II .541 .0101 38.0 110.0 10906 II .574 .0135 45.3 158.1 11698

III .030 .0150 2.1 9.1 60' III .026 .0190 2.1 10.1 530

June I .429 .0055 37.2 82.3 14987 Oct. I .222 .0073 15.7 23.4 3181

II .541 .0108 46.9 203.2 18899 II .758 .0146 53.5 158.5 10860

111 .030 .0159 2.6 16.6 1048 III .020 .0227 1.4 6.5 287
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TABLE 2.-Continued.

Relative
fre

quency

Average
weight

(lb.)

C.P.E.
numbers Pounds Numbers ~~~- Month

Age
group

Relative
fre

quency

Average
weight

(lb.)

C.P.E.
numbers Pounds Numbers

May I
II

III

1961 Nov. I
II

III

Sept. I
II

III

Aug. I
II

III

1359
1069

52

2351
1849

90

20029
9000
3698

35439
13390

1510

81360
11154

1219

25734
3779
480

14112
2023

179

6545
\427
138

2273
12295

897

13397
42812

2039

15364
43714

1890

5223
12289

376

5022
7178

49

2682
3587

57

2482
586
615

10444
2518
1345

2461
599
344

53862
16399
2624

106859
22860
3190

9.7
13.7

.9

17.8
24.3

1.7

98.2
88.4
52.3

168.8
146.3
23.3

456.1
128.8

19.9

177.7
49.1
8.2

105.2
26.7
3.3

48.7
\9.5
2.9

11.4
114.4

13.5

70.7
426.8

32.2

94.5
437.6

22.0

33.4
146.1

6.1

36.1
91.4

.9

19.4
47.9

1.2

\0.4
5.5
8.7

45.6
25.5
21.2

1\.9
6.6
5.6

294.7
188.9
39.8

672.5
273.8
50.2

13.4
38.1

1.6

9.9
23.3

.7

12.6
18.0

.1

15.8
21.1

.3

51.7
12.2
12.8

60.7
14.6
7.8

47.3
11.5
6.6

61.8
18.8
3.0

79.0
16.9
2.4

29.5
23.2

1.1

26.7
21.0

1.0

29.4
13.2
5.4

47.7
18.0
2.0

61.5
8.4

.9

35.6
5.2
.7

30.9
4.4

.4

30.6
6.7

.6

7.2
38.9

2.8

11.1
35.6

1.7

0.0071
.0128
.0179

.0076

.0131

.0186

.0049

.0098

.0141

.0048

.0\09

.0154

.0056

.0115

.0164

.0069

.0130
.0172

.0075

.0\32

.Q165

.0074

.0\37

.0211

.0050

.0093

.0151

.0053
.0100
.0158

.0062
.Q100
.0116

.0064

.0119

.0161

.0072

.0127

.0181

.0072

.0134
.0206

.0042

.0094

.0142

.0044

.0101

.0158

.0048

.0110

.0162

.0055

.0115

.0\52

.0063

.0120

.0157

.548
.431
.021

.548

.431

.021

.612

.275

.113

.704

.266

.030

.868

.119

.013

.858

.126
.016

.865

.124

.011

.807

.176

.017

.147

.795

.058

.230
.735
.035

.252

.717

.031

.292

.687

.021

.410

.586

.004

.424

.567

.009

.674

.159

.167

.730

.176

.094

.723

.176

.101

.739

.225

.036

.804

.172

.024

I
II

III

July

June I
II

III

June I
II

III

July I
II

III

Aug. I
II

III

July I
II

III

Aug. I
II

III

Sept. I
II

III

Oct. I
II

III

\967 Mar. I
II

m

June I
"I
III

Apr. I
II

,Ill

May I
II

III

Sept. I
II

III

Oct. I
II

III

1966 May I
II

III

Oct. I
II

III

1965 May I
II

III

1964 Sept. I
II

III

6811
29077
3943

7236
31796

4824

16226
39915
3079

7687
17582

1330

2943
5886

89

1\102
12622

410

13352
17078

621

9924
9315

413

22554
17739

864

728
397

25

10512
10626

1714

25664
25964

4188

15998
16172
2608

16206
21024

1918

4201 )
29633
3376

41305
30241

2213

14976
10347

1906

1751
8427

766

6028
27909

3275

4.8
4.8

.5

44.8
99.0
24.1

65.6
139.3

6.8

95.2
182.3
12.8

68.8
115.9

8.1

183.7
233.4

16.0

7.5
79.3
10.9

20.7
257.7

57.9

26.1
280.4
61.1

6.6 39.5
29.7 361.7
4.5 74.4

11.1 99.6
27.3 497.1
2.1 54.1

12.5 46.8
28.7 209.3
2.2 21.7

14.4 20.1
28.9 74.8

.4 1.0

41.6 121.6
42.3 259.1
6.6 62.0

30.9 60.2
31.2 182.9
5.0 46.8

22.4 86.4
29.0 253.3
2.6 34.3

32.6 249.2
23.0 382.9
2.6 78.0

41.2 281.6
30.2 387.7

2.2 39.7

51.3 95.1
35.4 140.8

6.5 33.7

33.1
18.0

1.2

38.6
39.1
6.3

11.2
54.0

4.9

10.6
49.0

5.7

8.9
37.9

5.1

26.4
30.1

1.0

23.5
30.0

1.1

24.1
22.6

1.0

30.4
23.9

1.2

.0043

.0093

.0141

.0047

.0100

.0146

.0050

.0113
.0160

.0053
.0120
.0179

.0059

.0129

.0231

.0066

.0128

.0160

.0064

.0136

.0177

.0043

.0094

.0142

.0034

.0092

.0177

.0038

.0096

.0155

.0055

.0114

.0154

.0061

.0125

.0176

.0061

.0119

.0163

.0068

.0127

.0108

.0059

.0110

.0165

.007\
.0107
.0206

.0069

.0124

.0196

.0081

.0132

.0186

0.0066
.0121
.0192

.633
.345
.022

.460

.465

.075

.460

.465
.075

.460

.465
.075

.414
.537
.049

.560

.395

.045

.560

.410

.030

.550

.380

.070

.160

.770

.070

.162

.750
.088

.171

.730

.099

.165

.725

.110

.274

.674
.052

.289

.661

.050

.330

.660

.010

.460

.523

.017

.430

.550

.020

.505

.474

.02\

.548

.431

.021

I
\I

III

Aug.

June I
II

III

July I
II

III

June I
II

III

July I
II

III

1962 Apr. I
II

III

May I
II

III

Oct. I
II

III

1963 Apr. I
II

III

June I
II

III

1963 July I
II

III

Aug. I
II

III

Sept. I
II

III

Oct. I
II

III

1964 May I
U

III
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TABLE 2.-Continued.

Sea.. Age Relative Average C.P.E. Sea~ Age Relative Average C.P.E.
Month fre· weight numbers Pounds Numbers son Month group fre~ weight numbers Pounds Numbers

son group quency (lb.) quency (lb.)

1967 Aug. I .868 0.0071 61.9 359.7 50317 1968 July I .380 0.0065 40.9 154.7 23947
II .107 .0131 7.6 81.5 6203 II .611 .0120 65.7 460.6 38504

III .025 .0171 1.8 24.7 1449 III .009 .0186 1.0 10.5 567

Sept. I .840 .0079 30.0 76.8 9734 Aug. I .277 .0066 15.0 46.1 6982
H .130 .0138 4.6 20.8 1506 II .685 .0120 37.1 206.8 17267
III .030 .0195 1.1 6.8 348 III .038 .0180 2.1 17.2 958

Oct. I .784 .0084 24.4 15.1 1807 Sept• I .161 .0056 9.4 4.2 761
II .171 .0154 5.3 6.1 394 II .814 .0108 47.5 41.6 3848

III .045 .0239 1.4 2.5 104 III .025 .0141 1.5 1.7 118

1968 May I .193 .0054 17.1 77.9 14303 Oct. I .164 .0062 10.1 .5 81
II .726 .0109 64.4 584.2 53801 II .812 .0105 50.2 4.2 402

III .081 .0166 7.2 99.4 6003 III .024 .0142 1.5 .2 12

June I .268 .0059 46.6 153.0 26091
II .715 .0112 124.3 776.9 69609

III .017 .0175 3.0 28.9 1655

1 Catches of 0 oge groups ore not included.

TABLE a.-·Average weight in pounds by age. From aged
cat<:h landed in northern California and southern Ore
gon, 1955-1968.

Month Age I Age II Age III

March 0.0038 0.0092 0.0146
April .0043 .0098 .0152
May .0049 .0104 .0158
June .0055 .0110 .0164
July .0060 .0116 .0168
August .0060 .0121 .0174
September .0065 .0127 .0180
October .0070 .0132 .0185
November .0074 .0135 .0190
January .0086 .0140

Fish and Game, personal communication) indi
cated that shrimp grow faster in the open season
than during the closed season. Hence, the em
pirical curve was drawn to show seasonal dif
ferences in the growth rate. A more objective
fit of the data could be obtained, but it would
not alter the results enough to change the con
dusions contained herein.

The curve shows relatively constant (linear)
growth in weight during the open season, but
slower growth during the closed period. The
shrimp apparently do not approach an asymp
totic weight prior to reaching maximum age in
the fishery, and growth in weight could be de
scribed as linear during the exploited phase.
Obviously, there was considerable variation, in
creasing with age.

Annual average count per pound for ages I,
II, and III combined varied from 94 in 1961 to
142 in 1965 (Figure 4). Monthly values varied
from 76 to 155 with an average for all years
of 114.

__ IoIO",,,,,.,,UU
··· .. ,!Il'O....l ...."'G..

FIGURE 4.-Average size of ocean shrimp in the landings
by month, season, and overall.

Because of the variation exhibited by the size
at age data, it is possible that significant random
or systematic errors are contained in the age
composition data and that the subsequent anal
yses of these data will be correspondingly af
fected.
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PARAMETER ESTIMATION WITH
THE MURPHY METHOD

Reference Values

We used the generalized Murphy catch equa
tion (Tomlinson, 1970) to analyze aged catch
data. Gotshall (in press) provides estimates of
natural mortality and biomass based upon a
fishery independent randomized trawling scheme
(Abramson, 1968). Since the biomass estimates
are inherently negatively biased regardless of
the catchability of shrimp and the mortality es
timates may deviate from the population pa
rameters in either direction, we decided to choose
a natural mortality which would provide Murphy
Method biomass estimates of a magnitude simi
lar to those obtained from the randomized
trawling scheme.

An annual natural mortality coefficient of M
= 1.44 applied to all age groups yielded the ap
propriate biomass estimates. This is within the
range of the M values given in Gotshall's (in
press) Table 6 and cannot be considered signifi
cantly different from those estimates in view of
the sizes of the standard errors shown in his
Table 9.

Constructing Catch Ratios

Ratios of number caught in month i + 1 to
number caught in month i were calculated for
all age III catches, giving values useful for with
in-season estimation of fishing mortality. To
estimate across the closed seasons, the ratio of
catch at age III in the first catch-month of
season i + 1 to catch at age II in the last catch
month of season i was calculated. For example,
with 2 seasons and 3 months in each season,
the ratios computed by this scheme would be:
R (1) = CllI (2) /Cm (1); R (2) = CIII (3) / ClIl (2) ;
R (3) =CIlI (4)/CII (3); R (4) = CIII (5) / Cm (4) ;
R(5) =C"d6)/CIl[(5) , where the catches used
represent monthly catches by age (Table 4) and
a closed season exists between months 3 and 4.

An additional assumption is that the exploi
tation rate (E) during the last month of each
season is equal for ages II and III. Thus in the
example, Ell (3) = Ell! (3). This assumption is

1030

FISHERY BULLETIN, VOL. 70, NO. J

necessary to allow estimation across the closed
season.

Using these ratios for age III within season
and age III to age U between seasons and assum
ing various exploitation rates for the last month
of fishing in 1968, it was possible to make nu
merous estimates of the exploitation rates at
age III during each month of fishing from 1955
to 1968. The Murphy method with backward
calculation (Tomlinson, 1970) was used. The
technique is similar to one used by Murphy
(1965, 1966), except that 'Murphy used years
instead of months, combined some age groups
within years, had no years without catches, and
did not treat year classes separately.

The data were separated into catches from
year classes 1952 through 1967. Using the same
hypothetical example as before (Table 4), the
catch data can be put in the order Cd 1), Cr (2),
C,(3), 0, CII (4), CII (5), CII (6), 0, Crrr (7),
C"d8), ClIl (9). The catch ratios are computed
as C,(2)/C,(I), C,(3)/C,(2), 0, CII (4)/C,(3),
C,,(5)/CII (4), CII (6)/Cll (5), 0, ClIl (7)/Cll (6),
ClJl (8)/CIIl (7), CIII (9)/ClJl (8). Since these
catches all came from the same cohort, the
Murphy method can be used to estimate Edl),
E, (2), ... , Em (8), given that E lIl (9) is known.
The previous analysis of age III data gave esti
mates of E at age III during the last month of
fishing in each season, and these were used as
starting values for backward calculation on each
year class from 1952 through 1965. It was nec
essary in estimating E for the 1966 and 1967
year classes to choose values which gave an av
erage population size in 1968 similar to the re
sults obtained from fitting the Schaefer model.

Additional Modifications and Assumptions

Two additional assumptions fundamental to
the results are: (1) ages II and III were ex
ploited at the same rate, on the average, over
the entire time period; (2) the catchability co
efficient (q), computed as monthly catch-per
effort in weight divided by estimated average
population weight for the combined age groups
during the month, was reasonably constant over
the entire time period. In order to satisfy these
two assumptions, it was necessary to alter some
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TABLE 4.-Hypothetical structure of age-structured shrimp catches and exploitation rates as arranged for analysis
by the Murphy method.

Catch·
Catches by ages Exploitation rates by ages

Season month Age I Age II Age III Age I Age II Age III

1 C,(l) C,,(1) Cmll) E,(I) E,,(1) Em(l)

2 CP) C,,(2) C
III

(2) E,(2) E,,(2) E
m

(2)

3 C
I
(3) C

n
(3) C

IlI
(3) E

I
(3) E

n
(3) E

m
(3)

Closed season

2 4 C,(4) C,,(4) C
m

(4) E,(4) E,,(4) E
m

(4)

2 5 CI(S) CIIIS) CIlI(S) EllS) EnIS) EmIS)

2 6 C
I
(6) C

n
(6) C

m
(6) E

1
(6) En (6) Em (6)

Closed season

3 7 CP) C,,(7) C
m

(7) E
l
(7) E,,(7) E

m
(7)

3 8 C
1
(8) C

n
(8) C

m
(8) E

1
(8) En IS) Em (8)

3 9 C
1
(9) C

n
(9) C

m
(9) E

1
(9) E

n
(9) E

m
(9)

of the E values from the age III analysis used
as starting values for the year class solutiqns.

An additional problem occurred which result
ed in some final changes that were arbitrary and
difficult to explain. For some years, especially
1955 through 1959, estimates of population size
were quite low and q very high. It was demon
strated that a good transfer from age III to age
II across the closed season did not occur for the
year classes involved. Therefore, with year
classes 1953 through 1958, 1962, 1963, and 1966,
the estimation from the last catch-month at age
II to the first catch-month at age I disregarded
estimates during age III. It is hoped that the fi
nal result justifies these arbitrary decisions. It
was also noted from the dots on Figure 3 that a
growth curve from the sample data (Table 2)
for seasons 1955 through 1959 indicates faster
growth during the closed season than during the
open season. This seems extremely doubtful in
light of other contrary evidence and indicates
that the problem was caused by inaccurate aging.
Since age III shrimp make up such a small frac
tion of the catch and population biomass, it was
not considered to seriously discredit final results.

Fishing Mortality Estimates

Estimation of monthly instantaneous fishing
mortality coefficients, (F), WaS accomplished for
each age group in each month by applying the
Murphy method, as described above, to catches

in numbers (Table 2). Since M = 0.12 was used
as monthly instantaneous natural mortality for
all months and ages, monthly exploitation rates,
E, and monthly survival rates, S, may be obtained
from

E = F[1 - e-("+O,12) ]/(F + 0.12),

and

The estimates of F (Table 5) varied consider
ably, but age I was always exploited at a rate
lower than ages II and III. During the 7 years,
1955-1961, average estimated F was 0.015 for
age I, 0.056 for age II, and 0.057 for age III.
In the 7 years, 1962-1968, F (I) = 0.023, F (II)
= 0.116, and F(III) = 0.159. Averages for
all 14 years were F(I) = 0.019, F(II) = 0.088,
and F (III) = 0.089. Thus, as previously stated
for a condition. of estimation, ages II and III
were exploited at about the same rates.

Converting fishing mortality to exploitation
(Table 6), it was estimated that the fishery was
removing about 5% of ages II and III and 1%
of age I each month of fishing. Fishing intensity
increased over the years and during 1962-1968
exploitation was nearly double that of 1955-1961
for each age. During the period 1961-1967, July
and August were the most important months,
followed by May, June, and September, while
April and October were of little importance.
Average F (Table 10) during these years, for
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TABLE 5.-Monthly instantaneous fishing mortality coefficients.

Age group Age group
Year Month Year Month

II III II III

1955 May 0.001 0.011 0.006 1963 Apr. 0.002 0.026 0.030
June .003 .032 .013 May .007 .105 .161
July .004 .044 .011 June .009 .140 .270
Aug. .004 .055 .023 July .011 .204 .555
Sept. .007 .042 .021 Aug. .029 .386 .762
Oct. .001 .002 .001 Sept. .016 .267 .812
Meon .0033 .0310 .0125 Oct. .007 .123 .100

1956 May .003 .021 .042
Mean .0116 .1787 .3843

June \ .002 .058 .046 1964 May .017 .071 .021
July .002 .060 .029 June .024 .119 .038
Aug. .005 .112 .066 July .021 .080 .029
Sept. .003 .040 .020 Aug . .055 .198 .072
Mean .0030 .0582 .0406 Sept. .004 .015 .005

1957 May .003 .022 .014
Oct. .008 .030 .010

June .003 .009 .009
Mean .0215 .0855 .0292

July .002 .005 .005 1965 May .017 .069 .298
Aug. .038 .080 .096 June .035 .128 .174
Sept. .010 .026 .098 July .098 .137 .190
Oct. .002 .005 .020 Aug . .037 .058 .098
Mean .0097 .0245 .0433 Sept. .024 .036 .044

1958 May .006 .039 .071
Oct. .013 .030 .040

June .012 .081 .154
Meon .0373 .0763 .1407

July .005 .030 .026 1966 May .002 .057 .097
Aug. .020 .077 .068 June .017 .262 .301
Sept. .038 .060 .050 July .023 .423 .456
Mean .0162 .0574 .0738 Aug. .009 .183 .140

1959 May .016 .037 .090
Sept. .010 .142 .022
Oct. .006 .090 .030

June .042 .055 .053 Mean .0112 .1928 .1743
July .036 .098 .113
Aug. .017 .038 .052 1967 Mar. .001 .002 .030
Sept. .043 .070 .120 Apr. .007 .011 .078
Mean .0308 .0596 .0856 May .002 .003 .024

June .045 .100 .228
1960 May .008 .030 .019 July .108 .180 .432

June .015 .038 .042 Aug. .063 .062 .325
July .055 .080 .060 Sept. .014 .018 .110
Aug. .052 .133 .168 Oct. .003 .005 .040
Sept. .042 .109 .241 Mean .0304 .0476 .1584
Oct. .0lD .030 .040
Mean .0303 .0700 .0783 1968 May .025 .098 .207

June .054 .162 .074
1961 June .009 .048 .021 July .059 .116 .030

July .013 .077 .031 Aug. .020 .064 .060
Aug. .020 .209 .137 Sept. .002 .017 .009
Sept. .011 .098 .090 Oct. .001 .002 .001
Oct. .005 .114 .059 Mean .0268 .0765 .0635
Nov. .001 .005 .006
Mean .0098 .0918 .0590

1962 Apr. .006 .034 .040
May .018 .099 .120
June .013 .016 .094
July .015 .122 .085
Aug. .045 .231 .193
Sept. .053 .354 .171
Oct. .022 .179 .200
Mean .0246 .1564 .1290
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TABLE 6.-Monthly exploitation rates.

Year Month

1955 May
June
July
Aug.
Sept.
Oct.

1956 May
June
July
Aug.
Sept.

1957 May
June
July
Aug.
Sept.
Oct.

1958 May
June
July
Aug.
Sept.

1959 May
June
July
Aug.
Sept.

1960 May
June

July
Aug.

Sept.
Oct.

1961 June
July
Aug.

Sept.
Oet.
NoY.

1962 Apr.
May
Juno
July
Aug.
Sept.
Oct.

0.0004
.0029
.0041
.0040
.0069
.0003

.0030

.0024

.0023

.0046

.0024

.0031

.0032

.0017

.0349

.0091

.0017

.0058
.0114
.0051
.0188
.0348

.0146
,0385
.0332
.0160
.0396

.0076

.0141

.0501

.0481

.0385

.0097

.0083

.0119

.0185

.0101

.004S

.0012

.0061

.0171

.0121

.0140

.0416

.0483

.0208

Age group

II

0.0107
.0301
.0408
.0505
.0387
.0019

.0195

.0531

.0547

.0995

.0370

.0203

.0085

.0045
.0720
.0241
.0047

.0362
.0736
.0281
.0695
.0549

.0346

.0504

.0881

.0356

.0638

.0277

.0350

.0727
.1172
.0976
.0279

.0442

.0696

.1778
.0880
.1016
.0047

.0311

.0885

.0686

.1084

.1946

.2820
,1550

III

0.0056
.0121
.0103
.0218
.0194
.0009

.0385

.0422

.0266

.0599

.0187

.0134

.0086

.0046
.0860
.0883
.0187

.0642

.1346

.0240

.0623
.0460

.0812

.0482

.1011

.0482

.1067

,0181
.0387
.0552
.1457
.2024
.0370

.0290

.0290

.1207

.0810
.0541
.0056

.0371

.1064

.0842

.0767

.1657

.1485

.1712

Year Month

1963 Apr.
May
June

July
Aug.
Sept.
Oct.

1964 May
June

July
Aug.
Sept.
Oct.

1965 May
Juno
July
Aug.
Sept.
Oct.

1966 May
June
July
Aug.
Sept.
Oct.

1967 Mor.
Apr.
May
June
July
Aug.
Sept.
Oct.

1968 May
June

July
Aug.
Sept.
Oct.

0,0017
.0067
.0086
.0104
.0267
.0147
.0064

.0162

.0223

.0192

.0501

.0036

.0070

.0162

.0328

.0880
.0346
.0222
.0119

.0024

.0160

.0210

.0082

.0090

.0055

.0013

.0063

.0017

.0414

.0968

.0573

.0133

.0028

.0233

.0492

.0538

.0187

.0023

.0003

Age group

II

0.0246
.0943
.1230
.1744
.3028
.2211
.1090

.0644

.1054

.0730

.1698

.0141

.0279

.0629

.1130

.1206

.0528

.0338

.0279

.0524

.2179

.3262

.1577

.1247

.0810

.0022

.0107

.0029

.0895

.1554

.0569

.0166

.0050

.0876

.1409
.1033
.0587
.0157
.0019

III

0.0282
.1402
.2235
.4037
.5062
.5282
.0898

.0199

.0347

.0270

.0656

.0048

.0094

.2433

.1509

.1635

.0878

.0407

.0370

.0870

.2458

.3471

.1230

.Q208

.0279

.0277

.0703

.0219

.1929

.3323

.2622

.0983

.0370

.1767

.0676
.0281
.0552
.0081
.0009

June to September, was 0.16 for age II, 0.21 for
age III, and only 0.03 for age 1.

Biomass Estimation

The Murphy method produces estimates of
population size in numbers at the beginning of
each catch interval. The present study also re
quired estimates of biomass. Murphy (1966)
stated he computed biomass by dividing the

catch in weight by the appropriate estimate of
E from his analysis of numbers in the catch.
This would result in a positively biased biomass
estimate, since it is equivalent to multiplying
the number alive at the beginning of a catch
interval by the average weight during the in
terval.

Two ways of computing the correct estimates
of biomass utilizing Murphy's method to esti
mate numbers are possible:
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(1) multiply the estimated average weight at
the beginning of each interval by the number
estimated for the population by the Murphy
method. That is,

............... ,..........""....,
P*lj = Cljw*lj/Eij = estimated biomass to be-

gin interval j, age i,
11J*u == estimated average weight for age i at

beginning of interval j,
eli estimated number of age i caught dur-

ing interval j.

(2) Multiply the average number of age i alive
during interval j by the average weight of age i
individuals during this interval. That is,

Plj = Ni(iJij = estimated average biomass
of age i, during j.

.a,iJ == average weight in the catch of age i,
"... during interval j.
'Nlj = average number alive during interval

j of age i.

For this study, the second meth.od was used with
average population numbers, Nii , being given by

Nu = N ii (I-e- tjzij)/ (tjZi/)

Nlj = Cu/Kij,
tj = fraction of year elapsed during inter

val j; t i = 1/12 for all intervals.
Zli = total annual instantaneous mortality

coefficient during j.

Total population biomass for ages I through III
was computed as

3

= ~ NI~u = average biomass available
1=1

during interval j, and the

catchability coefficient from

3

qj - ~ CI~Ij/ <!'i/ j) ; Ij is effort expended
1=1

during interval j.

Estimates of within-season monthly popula
tion biomass varied from a high of 12.0 million
pounds in May 1955 to a low of 3.4 million
pounds in October 1964 (Table 7). Population
changes estimated by the Murphy method follow
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trends estimated by the Schaefer model (Figure
5), except Schaefer model estimates exhibit con
siderably less within season change. This dif
ference in range of within season change was
caused by the different ways in which the two
models treat growth and recruitment. The
Schaefer model assumes a continuous process
for combined growth and recruitment, whereas
the Murphy method treats growth as continuous
(Figure 3) and recruitment as instantaneous
(Table 7).

Estimates of monthly catchability (q) (Table
7) had extreme variation and showed an average
within season increase (Figure 6). However,
the within season changes were inconsistent and
obscured by the variation. Monthly estimates
of q varied from 21.3 X 10-5 in June 1968 to
3.8 X 10-5 in May 1955. Yearly averages had
less variation and appeared to show no long-term
trend (Figure 7). Average q over all months
was about 9.0 X 10-5 which agreed closely with
the value 8.5 X 10-5 used for the Schaefer model.

Spawning Biomass and Recruitment

Female spawning biomass consisted of all
ages II and III shrimp plus some fraction of
age I shrimp. Some data from commercial catch
samples on the fraction of age I shrimp func-

III 10
o
2

~ 9

~ ,
"'2 ,
o
j 6

'i

ill •
~
"..
5:' ? - c:::=:J~-MURPHY METHOD

c:::=:J-SCHAEFER METHOD

YEAR

FIGURE 5.-Comparison of annual maximum and min
imum population sizes as estimated by the Schaefer
model and the Murphy method.
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TABLE 7.-0cean shrimp population biomass in thousands of pounds by age and month.

Ages Est. Ages Est.
Year Manth Total qXI0· Year Month Total

II III II III qXI0·

1955 Mey 9.100 2,670 265 12.035 36 1963 Apr. 4,101 3,000 358 7.459 64
June 6,788 2.318 237 9,343 61 May 2,892 2,448 360 5,700 104
July 7,119 2,051 208 9,378 91 June 2,830 2,008 227 5,065 95
Aug. 6,538 1,731 161 6,450 69 July 3,546 1,772 134 5.452 81
Sept. 6,467 1,481 157 8,105 51 Aug. 3,466 1.289 71 4.826 92
Oct. 5,942 1,300 140 7,382 41 Sept. 2,979 785 27 3.791 120

1956 May 6,265 3,770 246 10,281 107
Oct. 2,939 609 10 3,558 132

June 6,385 3,008 212 9,605 86 1964 May 3,790 1.970 317 6,077 83
July 5,649 2,637 175 6,461 101 June 3,972 1,538 341 5,851 67
Aug. 5,619 2,432 164 8,215 101 July 3.349 1,438 278 5,065 92
Sept. 5,570 2,089 134 7,793 66 Aug. ~,363 1,177 222 4,762 123

1957 May 6,701 3,425 67 10,193 68
Sept. 2,542 908 183 3,633 145

June 6,434 3,155 58 9,647 46
Oct. 2.378 810 167 3,355 146

July 6.229 2,940 51 9,220 51 1~65 May 5,676 1,281 176 7,133 49

Aug. 6,067 2,625 42 8,734 95 June 4.764 1,147 134 6,045 75
Sept. 5,405 2,207 34 7,646 82 July 4,657 942 105 5,704 80
Oct. 4,872 1,975 29 6.876 118 Aug. 4,751 852 84 5,687 57

1958 May 6,710 2,811 129 9,650 58
Sept. 4,409 732 75 5,216 57

June 6,739 2.501 108 9.348 80
Oct. 3,831 651 73 4,555 73

July 5,704 2,096 84 7,884 62 1966 May 4,481 1,999 140 6,620 67
Aug. 6,053 1.885 75 8,013 116 June 4,131 1,628 107 5,866 75
Sept. 5,574 1,598 62 7,234 99 July 4,191 1.035 48 5,274 92

1959 May 6,650 3,372 256 10,278 113
Aug. 3.804 799 43 4.646 76

June 6.441 2,922 222 9,585 93
Sept. 3,754 645 40 4,439 73

July 5,895 2,459 176 8,530 92
Oct. 3,332 533 39 3,904 103

Aug. 5,337 2,084 146 7,567 86 1967 Mar. 7.401 2.371 293 10.065 51
Sept. 4,830 2,795 119 6,744 121 Apr. 6,853 2,246 274 9,373 57

1960 May 5,987 2.453 255 8,695 57
May 6,708 2.154 236 9,098 51

June 6.217 2,419 276 8,912 62
June 6,566 1.895 174 8.635 70

July 5.894 2,001 209 8,104 82
July 6,212 1,522 116 7,850 94

Aug. 5,378 2,537 155 7,070 97
Aug. 5,741 1,309 76 7,126 80

Sept. 5,048 1,343 117 6,508 100
Sept. 5,407 1,172 62 6,641 48

Oct. 4,967 1,196 96 6,259 71
Oct. 5,049 1,148 62 6,259 51

1961 June 5,875 2,737 172 8,784 105
1966 May 3.105 5,991 480 9.476 95

July 6,234 2,566 155 8,955 90
June 2,853 4,804 389 8.046 213

Aug. 5,983 2,054 128 8,165 104
July 2,636 3.971 347 6,954 154

Sept. 5,749 1,614 112 7,475 119
Aug. 2,295 3,219 286 5,800 100

Oct. 4,885 1,391 110 6,386 145
Sept. 1.694 2.474 192 4,360 134

Nov. 3,893 960 80 4,933 93
Oct. 1,667 2,116 170 3,953 155

1962 Apr. 6,888 2,956 601 10,445 59
May 6,~14 2.631 518 9,863 73
June 6.197 2.424 500 9,121 66
July 5,764 2,076 404 8,244 63
Aug. 5,519 1,660 404 7,583 73
Sept. 5,358 1.095 232 6.685 106
Oct. 4,265 785 168 5,218 177

tioning as females were made available from III, plus the fraction of age I functioning as fe-
unpublished sources, but a good method for pre- males in September, is directly proportional to
dieting the fraction of age I shrimp that would spawning biomass during the spawning season.
function as females was not found. Thus, a Recruitment was defined as the number of
simple mean was computed from the data avail- age I shrimp alive on May 1 of each year. Thus,
able for years 1957 through 1967 (Table 8). It the female biomass in September of season i is
is assumed that this mean proportion (0.33) pre- proportional to the biomass which will spawn
diets the fraction of the biomass of age I shrimp sometime prior to May of season i +1 and the
alive in September that will be females and that progeny of this spawning will be recruited to the
the sum of the September biomass of ages II and fishery at the beginning of season i +2. Two
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models for predicting recruitment from popu
lation biomass were tried.

where

Model I: R i +2

Model II: R i +2

aSi e- bSj ;

cSj e-dPi + 1

't
IX 10')

AUG OCT.

number of age I shrimp on May 1,
season i+2.

average biomass of functioning fe
males during September of sea
son i.

Pi +1 average total biomass (ages I, II, and
III) during September of season
i+ 1.

a, b, c, and d are constants.
FIGURE 6.-Within-season changes in catchability coef
ficient (q). Line connects seasonal mean values. Circled
points were not used to compute means.

C__.1Monlhly VQI"..

.......... Seosonol A"'~'09"

A••,og"

't
IX 10')

IllAY MAY MAY MAY MAY MAY MAY MAY MAY MAV MAV MAY MAY MAY
$5 ~ 51 ~ 59 W 61 62 63 U e 66 61 68

MONTH AND YEAR

FIGURE 7.-Monthly catchability coefficients (q). Dashed
line shows 1955-1968 mean.

TABLE 8.-Estimated percentage of numbers of shrimp
functioning as spawners at age I.

Year Percent Year Percent

1957 43 1963 21
1958 17 1964 36
1959 36 1965 51
1960 42 1966 24
1961 11 1967 54
1962 30 Mean 33
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Model I assumes the number of eggs produced
is proportional to spawning biomass and that
survival from egg to recruitment is influenced
by this same spawning biomass. Model II as
sumes the number of eggs is proportional to
spawning biomass and that survival from egg to
recruit is a function of average biomass com
peting for the population space. September of
season i + 1 was selected for Model II because
this seemed likely to be proportional to the av
erage biomass encountered by age 0 shrimp, and
data were available for all Septembers. May 1
was selected for recruitment since most seasons
opened on this date.

Both models of recruitment were fitted by
using transformations and a linear model (Paul
ik and Gales, 1965). The transformed equations
are:

Model I : loge(R+2/Si) loge(a) - bSi;

Model II: loge(Ri+dSi) loge(c) - dPi+l.

Estimates of recruitment by the Murphy
method varied from a high of 1.5 billion shrimp
on May 1, 1962, to a low of 0.6 billion on May 1,
1968. Spawning stocks producing recruitment
varied from 4.5 million pounds in September
1959 to 1.8 million pounds in September 1963
(Table 9).

The range in recruitment observed at any giv
en spawning stock size was very large relative
to the range in size of spawning stock, and the
fitting of Model I did not result in a meaningful
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TABLE 9.-Recruits vs. spawners and population biomass.

Recruits in millions on May 1 of year i+2.
=: Spawners in thousands of pounds during Seotember of

Year (i)

1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966

1,341.6
1,491.0
1,295.8
1,508.4

'1,365.6
1,502.0

899.7
685.3

1,236.4
947.1

1,447.6
613.9

·S.,
3,772
4,061
4,025
3,499
4,508
3,126
3,623
3,095
1,795
1.930
2,262
1,924

7,793
7,646
7,234
6,744
6,508
7,475
6,685
3,791
3,633
5,216
4,439
6,641

SPAWNING FEMALES (Million, of Pound,)

recruitment of L = 36 months. The yield can
be expressed as

FIGURE 8.-Number of recruits on May 1 of year i+2
produced by spawning biomass of September, year i.
Smooth curve represents Model I of the text.

a Pi + 1 Population In thousands of pounds during September of

year i+1.
• Estimated from June.

relationship (Figure 8). Model II, which con
siders the effect of the population competing
with the prerecruits, did not account for the vari
ation in recruitment either. Consequently, a
realistic spawner-recruit relationship could not
be determined from the available data.

Yield per Recruit

L

Y = ~ y"
k=l

3 12

~ ~ Ci/Wij; k = 12(i-1) +j
i=l j=l

Because a well-defined spawner-recruit rela
tionship could not be determined the use of a
self-generating model of the dynamic pool type,
such as Walters (1969), is not feasible, We can,
however, utilize the age-structured catch data to
examine this type of model under the assump
tion that recruitment is constant.

We feel that the greatest confidence can be
placed in the estimates of instantaneous fishing
mortality (Fij) for 1961 through 1967 (Table 5).
For this reason, these values were combined to
yield average monthly values (Fij). The aver
ages were computed as simple arithmetic means
to give vectors of average fishing mortality by
month and age for April through October (Table
10), and allow for computations of yield per re
cruit. Yield per million recruits was computed
by step-wise integration (Ricker, 1958; Paulik
and Bayliff, 1967). For a season of l months,
a year class would be exposed to fishing for
n = 3l months and protected for 3 (l2-l)
months. This would give a total lifetime after

where

Wi} average weight taken from the empir-
ical growth curve,

Cij [,. Eij = number caught in month j of
year i,

Eij = Fij(l-e-zd/Zk = monthly exploita
tion rate in month j of year i

Z" (Fij + M) = total monthly instan-
taneous mortality
(note that Z was previously used

TABLE lO.-Mean monthly instantaneous fishing mortal
ity coefficients, F,j, by age group.

Age group
Month

II III

April 0.005 0.024 0.049
Moy .011 .067 .120
June .022 .123 .162
July .041 .175 .254
August .037 .190 .247
September .019 .133 .179
October .009 .082 .068
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to represent the annual mortality
coefficient) ,

k-I

Lk R exp [ - ~ Zh ] = number sur-
h=1

vivors to begin interval k,
Zh M during months closed to fishing.
R = number of recruits = 1,000,000.
M = 0.12.

fishing mortality accompanied the changes (Fig
ures 9 and 10). With the distribution of fishing
effort observed during 1961-1967, the average
total monthly instantaneous fishing mortality
(~ ~ Fij) operating against a year class during
3 seasons was estimated to be 2.0176. While
maintaining total fishing mortality at 2.0176,

o ~ I 0 15 20 25 :5 0 :5 5 40

MULTIPLIER OF F

500 1200 1500 1700 1900 2100 2300 2400 2500 2600 2700

25 40
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FIGURE 9.-Yield in pounds per million recruits as a
function of age at entry into the fishery and fishing
mortality. Fixed population parameters used were 1961
1967 means.

FIGURE 10.--Yield in pounds per million recruits as a
function of season opening date and monthly fishing
mortality coefficient. October 31 season closing date
assumed and fixed population parameters used were
1961-1967 means.

The yields at various levels of fishing intensity
were predicted by multiplying all Fij by a con
stant equal to the intensity change desired and
recalculating catches for all months. Estimates
of expected yield in numbers and expected av
erage weight per shrimp were also provided by
this procedure. By setting appropriate values
of F = 0, yields for various seasons and entry
ages were computed.

If M = 0.12 is the monthly instantaneous
mortality coefficient and if growth in weight at
age is taken from the empirical growth curve
(Table 3), a year class of shrimp that is not
fished will reach its maximum biomass during
the period July to August as age 1. The bio
mass will then decline rapidly and by July to
August as age II it will be about one-half the
maximum.

The estimated yield per recruit for the period
1961 to 1967 was 0.00165 lb. per shrimp. Since
the average annual catch during that 7-year pe
riod was 1.918 million pounds, it would have
required an average of 1.162 billion recruits on
April 1 to support the catch. The Murphy meth
od estimates an average recruitment on May 1
of about 1.155 billion. Thus, the analysis of
yield per recruit is in good agreement with the
Murphy method results.

Given 1.155 billion recruits on April 1, it
would require a yield per recruit of 0.(\0216 lb.
per shrimp to obtain a total harvest approxi
mately equal to the maximum sustainable yield
estimated from the Schaefer model. To have
obtained a yield-per-recruit of 0.00216 during
those 7 years would have required an increase
in fishing mortality of about 757r (Figure 9).
This additional yield could not have been ob
tained by shortening the season or changing age
at recruitment unless a substantial increase in
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PROPOSED MANAGEMENT STRATEGY

Popt + Cc (P(t»);

P(t) < Popt .

P (t)Q

Q = P(t) - P ollt

2

P(t) > P opt ,

Fitting an equation such as the Schaefer model
to a set of actual catch and effort data may be
viewed as merely an interesting exercise unless
one has to make actual management recommen
dations based upon the results. Then the situ
ation becomes somewhat sticky. It is obvious
that a simple deterministic model such as Schaef
er's will not precisely describe the dynamics of
a fish population. At best, there will be fluctu
ations in recruitment, growth, and catchability
which will cause some consternation to the man
ager attempting to use such a model.

In the case of the shrimp fishery, the manage
ment strategy we propose treats the Schaefer
model estimates as exactly correct, responds to
indicated deviations from the optimum popula
tion size in a relatively arbitrary but conserva
tive manner, and integrates the Oregon and
California fishing. This conservative strategy
attempts a gradual reduction in the biomass
when the model estimates it to be above P npt and
a rapid increase in the stock size when it is es
timated to be below P opt • To formulate this pro
cedure, let Q be the catch quota (California +
Oregon) and Cp (P) = HP2 - KP be the equi
librium yield obtainable from a population of
size P. With P (t) the population when the next
fishing season commences,

When the model predicts the stock is in the sur
plus condition we are, then, proposing to harvest
one-half of this surplus plus the predicted sus
tainable yield at the point midway between
P (t) and P opt. A predicted stock deficit evokes
a procedure which harvests the sustainable yield
at P(t) minus the amount by which the stock
falls short of POl'" For example, the 1970 Cal
ifornia shrimp quota of 3.4 million pounds was
set by the above method with P(t) - P opt =

INTER-MODEL COMPARISONS

the annual yield could theoretically be increased
to about 2.8 million pounds by shifting fishing
mortality so that 1's and II's suffered equal rates.
This would involve a 75o/r' reduction in fishing
mortality at ages II and III and assumes that
the population with the new age structure would
continue to produce 1.155 billion recruits. Such
a change would also produce a reduction of 26%
in the average size of shrimp in the catch and
pose the problem of how the mortality pattern
could be so altered.

Because we were unable to determine a spawn
er-recruit relationship and produce a self-gen
erating form of the dynamic pool model, a
realistic comparison of the results from the two
types of models is not possible. In addition, the
yield-per-recruit model treats natural mortality
and growth parameters as constant while in the
Schaefer model they are components of density
dependent terms.

It is of interest to note that the biomass esti
mates obtained from the age-structured catch
data by the Murphy method are in general agree
ment with the corresponding estimates of the
Schaefer model. Although this does not compare
the yield-per-recruit and Schaefer models, we
feel it indicates some support of the Schaefer
model from a semi-independent source. Another
point of agreement between the yield-per-recruit
and Schaefer models was that, given the average
recruitment over the 1961-67 period, the former
required a 75% increase in fishing mortality to
produce the Schaefer model's maximum sustain
able yield while the average annual effort ex
pended during that period would require a 68o/r'
increase to reach the optimum effort level of the
Schaefer model. However, as can be seen from
Figure 9, maximum yield-per-recruit is predict
ed to occur at a much higher effort level under
the previously mentioned assumption of constant
parameters.

It seems clear from the foregoing discussion
of results relative to the two models that man
agement procedures should be based on the
Schaefer model at the present time.
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7.1 - 4.8 = 2.3 and Ce (5.9) = 2.3 for a rec
ommended yield of 3.4 million pounds (Table 1).
It was assumed the Oregon fleet's catch from
Oregon waters would be negligible.

A more radical strategy such as harvesting
all of the surplus stock could be employed, but
the attendant risks would be higher. These
risks would include a possible disturbance of
whatever stability exists in the population, par
ticularly with reference to age structure. It
might also be argued that the observed catch
per-effort should be used to adjust P(t) before
making the quota calculation described above.
Here again, a substantial risk would be involved
if the observed catch-per.effort were much high
er than the expected since with our methods it
could not be determined whether such an anom
aly was due to abnormal catchability or to a real
increase in the stock size. The quota-setting
procedure we recommended above does respond
in a limited way to a higher than expected catch.
Since the fishery operates under a quota, a catch
per-effort which is higher than expected will
result in the quota being filled with a lower than
expected amount of effort and usually in a short
er time period. An examination of (2) shows
that this will increase P(t) and thus result in
a larger quota for the season beginning at time t.

This fishery must be carefully followed in the
future to observe how well the model based up
on current parameters describes the observed
catch and effort pattern. An equation such as
this which is fitted to data from only 16 years
cannot be considered definitive from a statistical
estimation viewpoint and, in addition, there is
a chance the population parameters will actually
be changing. For example, one cannot avoid
speculating about the effect of the large Pacific
coast hake fishery on the shrimp natural mor
tality rate. Since hake may be a substantial
predator upon shrimp (Gotshall, 1969), a reduc
tion of the hake population due to a large fishery
might increase the abundance of ocean shrimp.

Beyond the technical management problems
which we have discussed at length, there is the
institutional problem of a single state attempting
to manage an interstate fishery. While the catch
from Oregon waters by Oregon-based vessels has
usually been so small that it affects the popula-
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tion negligibly, at times it has been substantial.
A sustained change in conditions could nullify
the effect of California's quota mechanism.
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