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ABSTRACT 
We used CANSAR (Catch-at-age ANalysis for 

SARdine, an age-structured stock-assessment model) and 
a wide range of data to estimate bioniass and recruitnient 
of Pacific sardine (Savdinops sagax) off California and 
northern Baja California during 1983-95. Daily egg pro- 
duction method (DEPM) spawning bioniass estimates 
and an abundance index from CalCOFI data based on 
generalized additive niodels were iniportant new sources 
of information. Biomass (344,000 M T  of sardine age 1+ 
during July 1995, CV = 33%) increased by 28% year-’. 
Fishing mortality (particularly for older ages) after 1991 
was high and probably not sustainable under average en- 
vironmental conditions. DEPM data for sardine during 
1986-88 and 1994 niay have underestimated spawning 
bioniass due to incomplete coverage of spawning habi- 
tat. There was a modest potential for bias in the DEPM 
data due to nonrepresentative sampling of young age 
groups by survey gear. O n  the basis of experience with 
DEPM data for sardine and northern anchovy (Engraulis 
rnovdax), we make suggestions about how DEPM data 
should be used for fish stock assessment and fishery man- 
agement. Size-at-age declined during 1983-95 and was 
significantly correlated with sardine biomass. 

INTRODUCTION 
Pacific sardine (Savdinops sqqax) along the west coast 

of North America (stock structure reviewed in 
Hedgecock et al. 1989) is a small (28-30 cm SL), short- 
lived (less than nine years in recent years), pelagic school- 
ing fish usually harvested near shore with purse seine 
gear (Wolf 1992). The historical fishery for Pacific sar- 
dine developed during the second decade of the twen- 
tieth century (Schaefer et al. 1951). It expanded rapidly; 
landmgs exceeded 700,000 MT during the 1936-37 fish- 
ing season and often exceeded 500,000 MT season-’ 
during the following years (Kadovich 1982). Sardine 
landings fell off sharply after 1944 as abundance declined 
to low levels and the fishery collapsed. A minor fishery 
persisted off California during the 1960s and early 1970s 
until it was prohibited in 1973. 

Sardine biomass began to increase in the late 1970s 
(Barnes et al. 1992), and sardine became coninion as by- 

‘Address for correTpondence 

catch in fisheries off northern Baja California and 
California (Wolf 1992). There was immediate comnier- 
cial interest, and the prohibition on sardine fishing in 
California waters was lifted in 1986 when a small quota 
(1,043 MT) was allowed for directed fishing. California 
and Mexican landings subsequently increased to 5,000 
MT in 1987, 48,000 M T  in 1993, and 34,000 MT in 
1994 (table 1). In California during 1994, Pacific sar- 
dine was, next to market squid (Loligo opalescem), the 
second most iniportant species landed in terms of total 
landings, and the thirteenth most important in ternis of 
ex-vessel revenues ($2.8 During 1995, total 
landings of sardine along the Pacific coast (excluding 
Mexican landings from the Gulf of California and south 
of Ensenada) exceeded 70,000 MT (preliminary data). 
Thus the sardine fishery had grown to again beconie one 
of the largest along the coast from Baja California to 
British Columbia. 

Biomass of Pacific sardine is estimated annually and 
used to set quotas for the California fishery (Wolf 1992). 
A variety of models and approaches have been used to 
estimate sardine biomass (Barnes et al. 1992), but none 

2Revenues include 1,487 MT of live bait sold at S681/MT and 11,933 MT sold 
at S148/MT primarily for human consumption. 

TABLE 1 
Pacific Sardine Landings (MT) in the United States 
(California) and Ensenada, Baja California, Mexico, 

1983-1995 

First semester Second semester 

Year U.S.a Mexico  U.S. Mexico  Total 

1983 203.0 149.5 80.0 124.1 625.6 
1084 1 .iO.O 0.1 75.0 0.1 234.2 
1985 322.0 3,174.2 271.0 548.1 4,315.3 
1980 920.0 99.2 244.0 143.4 1,406.6 
1087 1,304.1) 975.0 791 .O 1,4.56.6 4526.6 
1‘188 3,i)2(1.0 620.2 7fifi.O 1,414.7 5,820.9 
1080 2,154.0 461.0 1.528.0 5,761.2 9,904.2 
1990 2,132.0 5,900.0 083.0 5,475.3 14,190.3 
1 ‘IO 1 5,173.0 9,271.0 2,577.0 22,120.8 3‘1,141.8 
1992 6,2.ih.O 3,326.5 ll,Of)O.(l 31,241 .7 51,884.2 
1993 12,153.0 18,649.0 4,034 0 13,396.0 48,232.0 
1004 8,498.6 5,706.2 4,336.4 15,165.0 33,706.2 
1995 28,4626 18,257.0 12,296.2 1>,441.1” 74,456.9b 

“U.S. landings include coiiimei-cia1 latiding7 and commercial bycatch. Live 
bait c m h c s  (less than 500 M T  during 1983-92 and 1c.s than 2,000 M T  in 
19‘13-94) are excluded. 
bPreIniiinxv. 
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took advantage of all available fishery and fishery-inde- 
pendent data. The purpose of our paper is to describe 
a stock assessment model (CANSAR for Catch-at-age 
ANalysis for SARdine; Deriso 1993) that includes all 
available data. Additionally, we describe a new index of 
abundance based on CalCOFI data. We also test as- 
sumptions about daily egg production method (DEPM) 
spawning biomass estimates for sardine and evaluate po- 
tential bias in DEPM data (Lo et al. 1996). 

DATA 
Catch-at-age (numbers of fish at age) and mean 

weight-at-age data for the California fishery during 
1983-95 and for the Mexican fishery around Ensenada 
during 1990-92 were from random stratified port sam- 
ples. Where catch-at-age data were unavailable, tons 
landed (table 1) were used instead (see below). Fishery 
data were aggregated by semester (January-June or 
July-December) and area (California or Mexico) because 
of seasonal and spatial differences in catch and weight- 
at-age. Before use in CANSAR, catch-at-age data were 
adjusted so that the sum of catch-at-age times weight- 
at-age was equal to tons landed for both fisheries in each 
semester of each year. Sardine were aged by counting 
annuli in whole sagittal otoliths (Yaremko 1996). A birth 
date of July 1 was assumed. 

We used three indices of relative abundance and 
DEPM spawning biomass estimates for 1986 (Scannell 
et al. 1996), 1987-88, and 1994 (Lo et al. 2996) in 
CANSAR to estimate sardine abundance (table 2, fig- 
ure 1). Indices of relative abundance were from CalCOFI 
data, fish-spotter reports, and spawning area surveys. 

CalCOFI Index 
The CalCOFI index measures annual egg production 

by sardine on a relative basis from ichthyoplankton data 
collected during 1984-95 (Hewitt 1988). We used data 
for sardine eggs and larvae taken in bongo nets within 
the boundaries of the current CalCOFI sampling grid 
(Lo and Methot 1989) from shore out to station 67.5. 
The current CalCOFI grid is smaller than the histori- 
cal range of sardine but is the largest area occupied by 
the survey in all years. Data from samples taken farther 
offshore than station 67.5 were omitted because sardine 
were seldom taken there and the data were highly variable. 

Previous studies used four types of aggregated 
CalCOFI data for sardine: egg density (mean eggs tow-'), 
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Figure 1. 
CANSAR. 

Relative abundance and DEPM data for Pacific sardine used in 

TABLE 2 
Abundance, Spawning Biomass, and Mean Three-Season Sea-Surface Temperature Data 

for Pacific Sardine by Fishing Season 

California Mean three-seasonc 
Scripps Pier Fish spawning Daily egg 

Seasona CalCOFI spotter CVh area (nrn') prod. (MT) C V ~  temperature ("c) 

1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1902 
1993 
1994 
199.5 

0.(3.524 
0.025 1 
0.01 75 
0.0519 
0.0813 
0.1431 
0.0530 
0.2325 
0.1623 
0.1370 
0.261 3 
0.2757 

55,539 
14,522 
78,605 
54,032 
29,314 
i6,479 
65,1159 
97,582 

251,862 
306,561 

0.31 
0.36 
0.30 
0.39 
0.36 
0.32 
0.32 
0.33 
0.31 
0.34 

070 
970 

1,850 
2, i08 
3,680 
1,480 
3,840 

11,360 

17.8 
17.9 
17.7 

7.059 (1.51 17.6 
15,7115 0.91 17.2 
13,526 1.0 17.2 

17.3 
17.6 
17.8 
18.0 
18.0 

12.5.537' 0.45 18.0d 
18.0" 

"Season runs from 1 July of one year to XI Jime of the following y u r ;  e.g., the 1983 season ran from 1 July 1983 to 30 Jiine 1984. 
hCoeficients of determination. 
'Mean three-season sea-sudacr temperature calculated 2s in Jacobson and MacCall 1995. For example, the temperature datum for 1983 is uqed to predict re- 
cruitment of age-zero sardine on 1 July 1983 and was calculated from nieaii daily sea-surface temperatures at Scripps Pier dwing 1 July 1982-30 June 1985. 
"Mean three-season trniperature assumed to be the same as for 1993. 
'Preliminary value. 
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larval density (mean larvae tow- ’), proportion of tows 
positive for eggs, and proportion positive for larvae. A 
general linear model (GLM) was fit to all four types of 
CalCOFI data in previous studies to obtain a single index 
of egg production (Barnes et al. 1992). The index was 
plagued, however, by problems with trends in residuals, 
the choice of a small additive constant used to log-trans- 
form the data (which includes “zeroes” when no eggs 
or larvae are taken; MacCall and Prager 1988), and dif- 
ferences in the appropriate statistical distribution for 
estimating parameters from proportion positive and den- 
sity data. 

To avoid the problems of previous studies, we fit lo- 
gistic regression niodels using generalized additive niodel 
techniques (GAM; Hastie and Tibshirani 1990) to nonag- 
gregated, tow-by-tow CalCOFI data. The advantages 
were greater flexibility in modeling, no additive con- 
stants, maximum likelihood parameter estimates, and no 
aggregation of data. The GAM used for sardine pres- 
ence-absence data was 

erlK 111 ,  L, 5 

(1) 
- - 

% 1 l , L , 5  l+erl, , , I ,  I,L,S + E>:wL.q 

where p): 1 1 1 ,  L .s was the probability that a tow in year 11, 
month 111, at line L and station s would contain at least 
one sardine egg or larvae, and E,, 111, was a statistical 
error. The term 7, yn, L,s is described below. 

The variance of statistical errors in equation 1 was 
modeled with quasi-likelihood techniques (McCullagh 
and Nelder 1983): 

where the scale factor (+) measures how large the ac- 
tual variance [Var(E, 111 L,s)]  was rel2tive to thatnexpected 
under the binorniaj’di’stribution [(Pl<r7z,L,s (l.-I:< m,L,s )] ,  
and hats ( A )  denote model estimates. The binomial dis- 
tribution was appropriate because data used to fit model 
1 were either zero (if no sardine eggs or larvae were taken 
in the tow) or one (if at least one egg or larva was taken). 
Results using just eggs or larvae were siniilar (correla- 
tion coefficient p = 0.9), so we conibined data for eggs 
and larvae and estimated the probability that a tow was 
positive for either an egg or a larva. 

The term 7 ,n,L,5 in equation 1 was a “linear pre- 
dictor” (McCuhgh and Nelder 1983): 

where X was a parameter for year y (years were treated 
as factors), and the coniponents-f(), g(), and h ( )  were 
smooth, possibly nonlinear, functions of the covariates 
month, line, and station. Sniooth ternis were fit with 
the locally weighted scatterplot smoother (Cleveland 

Y 

et al. 1988; called “loess” in Cleveland and Devlin 1988 
and Hastie and Tibshirani 1990) with a neighborhood 
size of 75% and quadratic local regressions on the data 
in each neighborhood. Statistical interactions between 
month, line, and station probably exist but were oniit- 
ted from model 3 because they are difficult to specify 
with loess components. MacCall arid Prager (1 988) 
found that interaction terms made little difference in es- 
timation of year effects from CalCOFI data for six fish 
species. 

Models like model 1 for egg and larval density data 
(numbers tow-’) were fit assuming the Poisson distri- 
bution with W E ) <  L .J = + i.{ ,n, /J,>’ We did not re- 
port or use the results, however, ‘b ecause the variance of 
residuals was extreme (4 = 9,928 for larvae and + = 
1,950 for eggs), and estimated trends were erratic. High 
variance in egg and larvae counts is typical for sardine 
because of patchiness in the spatial distribution of spawn- 
ing adults (Mangel and Smith 1990; Smith 1990). 

In contrast to results for density data, the variance of 
residuals for presence-absence data was close to one (+ 
= 0.89 for proportion-positive larvae and + = 1.4 for 
eggs), and trends over time were similar to other abun- 
dance indices (figure 1). The CalCOFI index (table 2, 
figure 1) was calculated for each year during May at line 
80 and station 50 (figure 2). 

Fish-Spotter Data 
An index of schooling biomass for sardine during 

1984-95 (table 2, figure 1) was based on fish-spotter data 
(Squire 1961) and delta-lognormal niodels (Lo et al. 
1992). We used the same procedures to calculate the 
index as in Lo et al. 3992, except that (1) data for each 
flight were weighted by the number of blocks searched 
so that data from long flights were weighted more heav- 
ily than data from short flights; (2) July-June annual 
periods were used to aggregate data (to match time steps 
used in CANSAR, see below); and (3) years with fewer 
than 100 positive flights for sardine were excluded. The 
fish-spotter information for 1995 included only data for 
July 1994-March 2995. 

Spawning Area Survey 
Estimates of spawning area (table 2, figure 1) were 

used in CANSAR as an index of spawning biomass. The 
CDFC; conducted spawning area surveys in California 
waters from 1985 to 1991 to measure the surface area 
of the ocean occupied by spawning sardine (Wolf and 
Smith 1985, 1986; Barnes et al. 1992). CDFG data were 
augmented by calculating spawning area during the 1994 
DEPM spawning biomass survey (Lo et al. 1996). For 
consistency, we included only spawning area in California 
waters during 1994. 
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Figure 2. Fitted values and residuals (with approximate 95% confidence intervals) for a generalized additive model fit to CalCOFl data for Pacific sardine. Plots 
are scaled so that the mean residual is zero. Many negative residuals occur between major CalCOFl lines because the samples were taken when sardine eggs 
were rare and no eggs were collected 

MODEL 
CANSAR was derived from the CAGEAN program 

(Deriso et al. 1985). All computer calculations and stor- 
age were double precision. The original CAGEAN model 
used only catch-at-age and catch-per-unit-effort data. 
Deriso (1993) modified the “observation model” com- 
ponent of CANSAK to accommodate fishery-indepen- 
dent indices of relative abundance, estimates of spawn- 
ing biomass, and aggregate landings data (without 
age-composition information). With these modifications, 
CANSAK was equivalent to other modern age-struc- 
tured stock-assessment models based on a forward s i n -  
dation approach (e.g., Methot 1990; Jacobson et al. 
1994a). 

Semesters were used as time steps in CANSAR; ages 
were incremented between semesters on 1 July; and 
spawning was assumed to occur on 1 April (the middle 
of the first semester). In reality, sardine spawn through- 
out the year, with a broad peak during March-August 
(figure 2), but new recruits (age-zero sardine &om spawn- 
ing during the current year) are seldom seen in the fish- 

ery before July 1. Ages in the model ranged from zero 
to 5+ (age five and older, a “plus group”; Megrey 1989). 
Natural mortality was assumed to be M = 0.4 yr-’ 
(MacCall 1979; Barnes et al. 1992). There were obvi- 
ous seasonal and latitudinal differences in sardine catch- 
at-age and weight-at-age data, so California and Mexican 
fisheries during the first and second Semesters were mod- 
eled separately. In addition, California catch-at-age 
(selectivity parameters, see below) during the first $e- 
niester of 1991-95 was modeled separately. 

Population Dynamics 
Abundance of sardine was modeled with standard 

equations and techniques (Deriso et al. 1985). For ex- 
ample: 

(4) 
- e- z n -  1 . y ,  1 

Yz,,,2 - Yz-l ,y , l  

where is the number of sardine age u alive at the 
beginning of either the first (s = 1) or second (s = 2) 
semesters in year y,  and Z is an instantaneous total 
mortality rate. Kecruitments (age-zero sardine at the 

a,s, y 
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beginning of the second semester of each year, No,), 3) 
were Parameters estimated in the model. 

Population biomass at the beginning of each semes- 
ter of each year was calculated by suinniing the prod- 
ucts of abundance at age and population weight-at-age. 
In most instances, population weight-at-age was assumed 
to be the same as weight-at-age in the California fishery. 

dine during the second semester of each year (shortly 
after hatching), however, because only the largest age- 
zero sardine were large enough to be captured. We there- 
fore assumed a constant value (wo,y,2,1,0p = 1.5 g, cal- 
culated from length data in Butler 1987 and a length- 

sardine in the population during the second seniester 
of each year. 

sumed more complicated selectivity patterns had con- 
vergence problenis associated with overparameterization. 

Catch-at-age data were not available for Mexican and 
California fisheries during some semesters, so we mod- 
eled total landings instead: 

> -  

5+ 

(8) - - c q ] I , x , r  'Y,)W %)W Fishery samples overestimated weights of age-zero sar- CO+,)l,5,t 
a = 0 

where ko+,y,c,t was predicted total landings in weight, 
and the wa,,, were weights-at-age. Ratios of mean 
weight-at-age' in the Mexican and California fisheries 

senlester) were used to calculate weight-at-age in the 
Mexican fishery where necessary. For the first semester, 

weight conversion forinula) for the weight of age-zero during 1991-92 (first semester) and 1990-92 (second 

Observation Model 
Predicted catch-at-age in the model was given by 

where Ca,y was the predicted catch in number of fish 
by fishery t'-(t = 1 for California and f = 2 for Mexico). 
The exploitation fraction U,, , , was froni Baranov's 
catch equation (Deriso et al. 1 83). @'L . 

I7 

where F,, was an instantaneous fishing mortality rate, 
and z a , y , ~  - M+F~,]!~,US + Fa,y,s,MEXICO. 

For modeling purposes, fishlng mortality was sepa- 
rated into annual niortality and age-specific selectivity 
components (Megrey 1989): 

- 

where was a selectivity parameter for age, year 
(see below), semester (first or second), and fishery (U.S. 
or Mexico); and s(,,5,1 was a fishing mortality rate. 
Selectivities were scaled to a value of one at age 5+ 
(Deriso et al. 1985). Selectivities (see below) and fish- 
ing mortality rates for each fishery and semester were 
parameters estimated by the model. 

First semester selectivities for the U.S. fishery were 
assumed constant during 1983-90 and 1991-95. The 
change from 1990 to 1991 accounted for a change in the 
United States from a first seniester incidental fishery (sar- 
dine as a bycatch) to a directed fishery with sardine as 
the main target species (table 1 in Wolf 1992). Selectiv- 
ities for the first semester Mexican (directed) as well as 
second semester fisheries in the United States (inciden- 
tal) and Mexico (directed) were assumed constant dur- 
ing 1983-95. Preliminary runs with simpler selectivity 
patterns had trends in residuals. Preliminary runs that as- 

the ratio of Mexican to California weight-at-age was 
0.74 for age zero and 0.95 for ages 1-.5+. For the sec- 
ond semester, the ratios were 0.56 for age zero and 
0.89 for ages 1-.5+. 

In CANSAR, predicted DEPM spawning biotnass 
was calculated: 

where QDEplvl was a scaling parameter; niLl was sexual 
maturity of sardine age a; wa,,, ~ I was weight-at-age in 
the U.S. fishery during the fh-semester; and was 
the abundance of sardine (males and females) in the mid- 
dle of spawning season (April 1). The scaling parameter 
QDEpilf was theoretically equal to one and unnecessary 
(because the DEPM method estimates spawning bio- 
mass), but we included it so that assumptions could be 
tested. For modeling purposes, sexual maturity (/no) is 
defined as the probability that a female sardine has al- 
ready spawned, is spawning, or will spawn during the 
current spawning season. 

Data from fishery and research trawl saniples during 
the 1994 DEPM survey indicate that maturity of young 
sardine was lower for samples collected north of the 
Southern California Bight near Monterey, California 
(Butler et al. 1996). Because the number of sardines col- 
lected near Monterey during the DEPM cruise was small, 
we used a larger set of fishery data collected during 
1 991-93 (Hester 1993) to estimate maturity-at-age for 
sardine. Kesults (table 3) confirm that maturity at age 
zero is lower in fishery samples taken near Monterey. 

All of the maturity data available for sardine taken 
near Monterey were from the fishery, which operates 
near shore, usually within 10 kin of the coast. It is pos- 
sible that lower maturity for young sardtie near Monterey 
was due to a tendency for smaller sardine (with lower 
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TABLE 3 
Maturity-at-Age Data for Female Sardine in Fishery and Research Catches during March-April, 1994 (Butler et al. 1996) 

and from Fishery Samples during March-June, 1990-92 (Hester 1993) 

- Pouulation Southern California Bight Monterey, California 

Mature Total Estimated Mature Total Estimated estimated 
Age females females maturity females females maturity maturity 

0 136 238 (1.0.5 9 29 i)..ii) 0.58 

- 763 798 0.96 48 .i 1 il.80 il.0 1 
3 441 450 i1.09 25 30 O.CI4 0.97 
4 244 245 1 .oo 12 12 0.97 I).% 
-5 + 164 165 1 .oo 12 13 I l.90 1 .Ol)  

1 720 704 0.87 130 184 0.71 0.79 
7 

~ 

Note: Southern dx.i include sxdine collected bet\veen 31 md 34' N.  L x . ,  p r i n i d y  .it Teriiiinal Isl~ind, C h C ,  atid Ensencida. Mexico. Mmirity n.as deter- 
mmed by v i u d  inspection of gonads (Hjort 101 4); female\ ui th  e g g  visible to the q e were recorded 'IS inmire. Estimated iiixurities were by logistic regres- 
\ion; slope and  intercept pxmieters for logistic- regresfions fit t o  Monterey a n d  southern wiiples \\ere sigiiificnntly difi>rent ( p  < 0.05). l'opulation in~iturities 
were estimated by averaging southern m d  Monterey v.ilues. 

maturity) to occur near shore (l'arrish et al. 1985), rather 
than to effects of latitude on the population (Hedgecock 
et al. 1989). In addtion, we had iio way ofknowing how 
to conibiiie inaturity estiinates for northern and south- 
ern areas to calculate age-\pecific iiiaturity for the sar- 
dine population as a whole. We ignored these probleint 
and used the siiiiple average of maturity-at-age for north- 
ern arid muthern samples in CANSAR (table 3). 

Predicted values for CalCOFI data 111 each year 
(ICdlCOFI,y) were calculated: 

E (10) 
- - ~c<?/corl,y QCnlCOi-1 )' 

TABLE 4 
Estimates of Relative Fecundity-at-Age ( f a )  Used in 

CANSAR for Pacific Sardine 

Predicted 
Fecundity- fecundity- Predicted Rescaled 
at-age data at-age for fecundity- fecundity- 
for mature mature at-age for at-age for 

females females all females all females 
Age (eggs batch-' (eggs batch-' (eggs batch-' (eggc batch-' 

(yean) mature fish-') mature fish-') fish-') fish-') 

i) 15,794 10,418 (i,i).?7 0.07.5 

1 23,101 24,408 10.354 0.239 

- 7 28,164 38,588 3.5.5 1 .i 0.434 

3 i2.140 52,678 S l , l ) O X  il.632 

4 77.777 60,768 60,100 0.817 

5+ 76,823 80.858 80,858 1 .oo 

(.V = 62) 

(S = 256) 

(,\- = 108) 

(n-= 18) 

(6 = 6) 

(S = 1 )  

Note: Fecundity estiiiidtes \\ere calculated from data for feni.ile sardlnc col- 
lected during the 1994 IIEl'M survey and aged (Macewicz et nl .  1996; Butler 
et al. 19%). For e ~ l i  fen& sardine, bntcli fecundity ( B )  \VAS calculated from 
ovary-frer body \veight (0) using B = - 108585. + 430.53 C) (U. Maie\\icz, 
Southwest Fis1ieric.s Science (:enter, 1 ' . 0 .  Uox 271, LJ Jolla, C A  9ZiI38, pers. 
conitii.). Avet-age batch fec.undities for each ~ g e  d ~ s s  were regressed on ~ g e .  
Predicted batch fecundities from the regression on age were multiplied by 
maturity-at-age (t'ihle 3) anci rescnled to .I n i ~ ~ i i i i t ~ n i  value of 1 .(I to calcu- 
late relative fccutidity fix feni~le s~ rd ine .  The s ~ m p l e  size for each 
(S = nuniber of female sardine) is given in parentlieses. 

where Qc~(zlcoFI was a scaling paranieter and E was rel- 
ative egg production on 1 April. Predicted values for the 
CDFG spawning area index were obtained in the same 
manner except that a different scahiig parameter ( QcJDF- 
was used. 

Relative egg production for cardine was calculated: 

1) 

where-L2 is relative fecundity a t  age for feiiiale sardine 
in units of eggs batch-' fish-' (table 4). Ideally, fecun- 
dities would be calculated from the product of age-specific 
batch fecundity (eggs batch- ') and spawning frequency 
(batches day-'), but estiinates for spawning frequency 
were not available. Scaling parameters (e.g., QClIICOFJ 

made it possible to calculate egg production (equation 
11) in terms of male and female aburidaiice (Ar' ), as- 
suining that the sex ratio was constant. 

Predicted values for the fish-spotter index were cal- 
culated: 

">]) 

- - 
! m T r E R ,  y 

where TI,)! .,s was the geonietric mean during year y of 
selectivities for sardine age A in the U.S. fishery during 
seniester 2 and fish age A-3 during semester 1. Fish spot- 
ters locate and direct harvesting operations in the U.S. 
commercial fishery. Thus it was reasonable to use the 
sanie age-specific selectivities for both the U.S. fishery 
arid fish-spotter data. 

CANSAR included a inodlfied h c k e r  (1975) spawner- 
recruit function that constrained recruitmeiit estimates: 

RY = z,, (,a + p zy + y T), 

where R ,  was the number of age-zero sardine on 1 July 
of year 1' predicted by the spawner-recruit model; Z 1 

I' 
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was a measure of spawning biomass during April; and 
T was temperature. The spawner-recruit parameters a,  
p, and y could, in principle, have been estimated by 
CANSAR, but this proved difficult because so few years 
of data were available. Jacobson and MacCall (1 995) fit 
a model like model 13 to a longer series of spawner-re- 
cruit data using biomass of sardine age 1 + in July to mea- 
sure spawning biomass (S ), and “mean three season” 
sea-surface temperatures at Scripps Pier in San Diego, 
California, to measure temperature (‘IJ. In CANSAR, 
we fixed spawner-recruit parameters at values from 
Jacobson and MacCall (1 995) after adjusting for differ- 
ences in units (a = -14.02, p = 3.147 x lO-’MT-’, 
y = 0.96loC-’). To correspond as closely as possible 
with Jacobson and MacCall 1995, spawning biomass for 
spawner-recruit calculations was the biomass of sardine 
age I+ :  

If 

)’ 

i+ 

where Ga,’, L;s were average first semester weights-at-age 
for sardine in the California fishery. The definition of 
sardine spawning biomass for spawner-recruit calcula- 
tions was similar, but not identical to, the definition of 
spawning biomass for DEPM calculations (equation 9). 

Parameter Estimation in CANSAR 
Paranieters in CANSAR (selectivities sI1 t ;  fishing 

illortalitiesf;,),, t; scaling parameters QCalcOFI~ QCDFC, 
QSPOTTER; and recruitments Rr) were estimated by 
nonlinear least squares as described by Deriso et al. (1985). 
All parameters were estimated after log transformation, 
and calculations were mostly log scale (to facilitate cal- 
culation of derivatives). Parameter estimates minimized 
the sum of squares: 

1- > 

where Ay was a weight applied to data of kind u ;  6 .  was 
a weight for observationj of lund v ;  and D . was a tatum. 
For the spawner-recruit constraint, “observed” values 
were the models’ current best estimates of recruitment 
( R J ,  and “predicted” values (I? ,) were from equation 
13. By definition (Deriso et al. 1985), A ,  was one for 
U.S. fishery data in CANSAR. The search for best pa- 
rameter estimates was terminated in CANSAK when 
either the change in the objective function (equation 15) 
or the relative change in all parameter estimates between 
steps was less than lop6 .  Problems with false niininia 
were reduced by using these relatively stringent con- 
vergent criteria. Bootstrap procedures (2,000 iterations) 

<.I 

1 

were used to calculate variance and bias of sardine bio- 
mass and recruitment estimates from CANSAR (Deriso 
et al. 1985). 

Theoretically, the weights X,, account for differences 
in precision among different kinds of data, whereas the 
weights 6 . account for differences in precision or vari- 
ance among observations of the same kind (Lleriso et al. 
1985). The theory is simple but difficult to implement 
because variance estimates for data are difficult to ob- 
tain independently of the model (Deriso et al. 1985; 
Conser and Powers 1989; Jacobson et al. 1994a). In prac- 
tice A,, is often used to increase or decrease the influence 
of a data type on parameter estimates, while S . is used 
to increase or decrease the influence of a single obser- 
vation. We set A,, for spawner-recruit estimates to a 
sinal1 value (0.1) because recruitment variability is large 
for sardine Uacobson and MacCall 1995). Weights (Aj )  
for other kinds of data were set to 1 .O except during sen- 
sitivity analyses. Weights for individual data and spawner- 
recruit estimates (6 .) were set to 1.0 (but see below). 

I’J 

I‘ .I 

YJ.1 

RESULTS 
Initial CANSAR runs gave estimates of sardine re- 

cruitment and biomass that were anoinalously high for 
the most recent seasons, and gave estimates of abundance 
for sardine age 5+ in 1983 that were near zero. Very low 
abundance of old fish during 1983 was reasonable be- 
cause the stock had just begun to recover arid few old 
fish were present. In final runs, the abundance of sardine 
age 5+ during 1983 was fixed at a sniall value and not 
estimated in CANSAR. 

To obtain more reasonable estimates of recruitment 
and biomass for sardine during recent years, we increased 
weights on spawner-recruit predictions in CANSAR for 

S R  
1993-95 to 6 , = 5.0, 7.5, and 10.0, which, with A 
= 0.1, gave total effective weights on spawner-recruit 
predictions of0.1, 0.5, 0.75, and 1.0 for 1993-95. Thus 
the spawner-recruit calculations for 1995 were given the 
same weight in parameter estimation as a catch or abun- 
dance datum. 

An interesting result from our study was evidence that 
I lEPM data for 1986-88 and 1994 underestimated 
spawning biomass in the sardine population. Preliminary 
runs with QDEPAw = 1 had large positive residuals (pre- 
dicted DEPM > observed value) for each year (figure 
3). This result was not definite, however, because the 
final scaling parameter estimate (Q,,,, = 0.34, CV = 
1.5) was not significantly different from one and because 
spawning biomass estimates from CANSAK were iin- 
precise. Residual patterns from runs with Q,,, = 1 
may have been due to model miss-specificatioii, errors 
in assumptions about maturity (i.e., the relation between 
spawning and total biomass), or other problems. 

We calculated sums-of-squares profiles (Mittertreiner 

r>.1 
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Figure 3. Observed and predicted DEPM data for models assuming DEPM 
data are an absolute (scaling parameter QqEpM = 1) and relative (Q,,,, = 
0.34) measure of spawning biomass for Pacific sardine. 

and Schnute 1985) for a wide range of maturity-at-age 
parameters to determine if problems with lack of fit to 
DEPM data were due to the assumptions about matu- 
rity used to interpret DEPM, CalCOFI, and spawning 
area data. The sums-of-squares surface was relatively flat, 
indicating that reliable estimates of maturity could not 
be obtained from our data. Moreover, maturity patterns 
that gave the lowest sums-of-squares (best fit) corrected 
the problem with residuals but were biologically unrea- 
sonable (i.e., maturity declined with age). In final runs, 
we used default maturity-at-age values (table 3), esti- 
mated QDEp,v, and assumed that DEPM data were a 
relative, rather than an absolute, measure of spawning 
biomass for sardine. 

Fishery selectivities from final runs made sense with 
asymptotic selectivity patterns estimated for the directed 
fisheries in Mexico and in California during the first se- 
mester of 1991-95. Selectivity patterns for the inciden- 
tal California fishery during the first semesters of 1983-90 
and second semesters of 1983-95 were domed. 

We found that CANSAK sometimes converged to 
local, rather than global, minima in the sum-of-squares 
surface, a coninion problem in complicated nonlinear 
models estimated from limited data (Jacobson et al. 
1994a). We reran CANSAR repeatedly, starting with 
different initial parameter values to confirm that our final 
parameter estimates were a t  the global minima. 

The model used for final runs included 104 parame- 
ters, ofwhich 101 were actually estimated in CANSAR. 
Mean squared log-scale residuals (calculated instead of 
variances because degrees of freedom were unknown; 
Jacobson et al. 1994a) were similar (0.2-0.4) for all data 
types except spawning area, which appeared to be more 
precise than other types of abundance data for sardine 
(see below). Kecruitment estimates for sardine from 

CANSAK did not fit the spawner-recruit function 
precisely. 

Data type 

Calif. f i s h r r y  
Mex. f i h e r y  
C X C O F I  
Spawning area 

LIEPM 
Spanmcr-recru~t 

Spotter 

Number of 
observations 

120 
5 0 
12 
8 

10 
4 

13 

Mean squared log- 
scale residual 

0.30 
0.20 
I).lO 
0.12 
0.37 
0.24 
1.3 

Like Jacobson et al. (1994a) and Bence et al. (1993), 
we found that biomass and recruitment estimates for sar- 
dine from CANSAR were generally biased high. Final 
estimates (table 5 and figure 4) were corrected for con- 
sistent bias according to Efron (1 982) and log-transfor- 
mation bias (Jacobson et al. 1994a). Consistent bias, mea- 
sured by comparing biomass and recruitment estimates 
to mean values from bootstrap runs, ranged 6% to 12% 

TABLE 5 
Sardine Biomass and Recruitment on 1 July 1983-1995, 

Corrected for Bias 

Year 

1983 
1984 
1085 
1986 
1987 
1 988 
1989 
1090 
1991 
1992 
1993 
1994 
10c95 

Biomass 
(age 1+ MT) 

‘1,061 
23,533 
32,021 
14,071 
68,683 
83,984 
99,534 

103,333 
164,159 
1 j1,4O3 
148,191 
24i,h25 
344,141 

CV” 

0.33 
0.24 
0.22 
0.20 
0.17 
0.16 
0.14 
0.13 
0.16 
(1.17 
0.23 
0.25 
0.33 

Recruits 
(lo6 fish) 

227 
246 
167 
550 
414 
666 
44 1 

1,142 
1,648 
1,623 
3,751 
4,863 
6,912 

CVa 

0.27 
0.23 
0.24 
0.19 
0.19 
0.17 
0.19 
0.20 
0.22 
0.29 
0.29 
0.35 
0.43 

~ 
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Figure 4. 
age-zero fish) for Pacific sardine during 1983-95. 

Estimated biomass (MT age I +  on 1 July) and recruitment (IO6 
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and averaged 8%. Log-transformation bias (from expo- 
nentiating log-scale biomass and recruitment estimates 
in CANSAR) ranged from -9% to - 1% and averaged 
- 3%. Consistent and log-transformation biases tended 
to cancel one another; total bias ranged from 4% to 8% 
and averaged 6%. All three types of bias in biomass and 
recruitment estimates were correlated with variance. CVs 
and bias in estimates from CANSAR were comparable 
to those from other models for pelagic fish (Lo et al. 
1992; Jacobson et al. 1994a, b) and indicate reasonable 
model performance. 

Sensitivity Analysis 
We varied weights (A,) on different data types to de- 

termine how differences among data affected estimates 
of sardine bioniass (ages 1+ on 1 July) during 1990-94 
from CANSAR. Results (table 6) indicate that average 
estimated sardine biomass during 1990-95 was not sen- 
sitive (change < 10%) to halving or doubling weights on 
different types of data or the spawner-recruit constraint. 
The estimate of sardine bioniass during 1995 was, how- 
ever, sensitive (change > 10%) to halving the weight 
on fish-spotter data and doubling the weight on CalCOFI 
data or the spawner-recruit constraint. Biomass estimates 
were more strongly affected (change > I  0%) when weights 
were increased to ten times their default values or set 
to zero (i.e., the data type was removed from the model; 

table 6). Results for the spawner-recruit constraint (de- 
creased biomass estimates when the weight on the 
spawner-recruit constraint was increased) indicate that 
sardine recruitment in recent years has been stronger 
than would have been predicted on the basis ofJacobson 
and MacCall's (1995) spawner-recruit model. 

DISCUSSION 
The available data (figure 1) and biomass estimates 

from CANSAK (figure 4) indicate that Pacific sardine 
increased in abundance and were highly productive dur- 
ing 1983-95. Estimated sardine biomass (fish age 1+ 
on 1 July) increased exponentially from about 9,000 (CV 
33%) to 344,000 MT (CV = 33%) at an average rate of 
28%) year-' (calculated as in Barnes et al. 1992). This 
impressive rate of increase occurred in the presence of 
fishing. Fishing mortality rates for sardine increased (table 
7) in 1991 when total landings increased from about 
14,000 to almost 40,000 MT year-' (table 1). 

Recent fishing mortality rates for sardine probably 
could not be sustained under average environniental con- 
ditions. Average instantaneous fishing mortality rates for 
sardine age 2+ (weighted by number of fish in each age 
group) ranged from 0.52 to 0.84 yr-l and averaged 
0.68 yrP1 during 1991-95. Sardine productivity is pos- 
itively correlated with sea-surface temperatures (Jacobson 
and MacCall 1995), and F;,lsl, (the fishing mortality rate 

TABLE 6 
Sensitivity of Biomass Estimates for Pacific Sardine to Weights ( X y )  Used in CANSAR 

Daily egg 
us. Mexican Spawning Fish production Spawner- 

Multialier fishery fishery CalCOFI area spotter method recruit 

Mean 1991-95 biomass 
0.0 7 1 1%) 1 16% 13% 0% - 29% I 1% 3i'%l 
0.5 1 1%) - 1% 3% (1% - 1 Ii'% ( i'%, 1 'XI 
2.0 - 51%) 11% - 10%) 1 '%I .5% 21% -7'% 

10.0 7 %, - 5% - 34% 1 i ' % r  5 6 (%I 2 7 CXI - 1 1 1%) 

0.0 -31%) 88%) 20% 0%) - 48% ( i'%, Oh'%, 
0.5 - 4'%, - 3%) 3%) I)%, - 16% (i'%, 1 1% 

2.0 - 9% - 3% - 17% 2% 91%) 3% - 15% 
10.0 3 6  - 1 9'%, - 5 4% 22%) 87% 32% - 24%) 

1995 biomass 

Note: Discrepancies between best fit estimates and estimates with different weights are g v e n  111 the table as percentages of best fit estimates. For each r u n ,  
bdse case weights (X, = 0.1 for spawner-recruit calculations and 1 .(I  for other data types) were scaled by the niultiplier in  the first co l~ imn.  B i ~ s  corrections 
were not used. 

TABLE 7 
Annual Fishing Mortality Rates (yr-') for Pacific Sardine, 1983-95, Estimated in CANSAR 

Age 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 

0 0.01 0.00 0.04 l l .00 0.00 0.00 0.l)Il l1.01 0.02 0.02 0.04 0.02 0.04 
1 0.1 8 0.03 0.23 0.01 0.(14 0.03 0.05 U.06 0.13 (1.19 0.29 0.18 0.30 
2 0.59 0.1 1 0.59 0.04 0.13 0.10 0.18 (1.19 0.42 0.62 0.71 0.48 0.65 
3 0.57 0.09 0.73 0.04 0.16 0 . 1  1 0.24 0.25 0.69 1.08 1 .(i4 0.80 0.93 
4 0.40 0.04 0 70 O.(J3 0.14 0.08 0.20 0.22 0.68 1.02 1 ,115 0.80 0.94 
5 0.46 0.06 0.71 0.03 0.14 0.00 0.21 0.23 0.64 0.94 (i.96 0.74 0.82 
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giving the maximum sustained yield or MSY) at current 
temperatures (three-season average of 18"C, table 2) is 
about 0.6 yr-', so recent fishing mortality rates were 
near the MSY level. In contrast, a t  average three- 
season temperatures (17°C) is about 6.2 yr-' @cobson 
and MacCall 1995). 

Weight-at-age data for sardine indicate that individ- 
ual growth rates decreased as abundance increased. 
Correlations between sardine biomass and weight-at- 
ages 2 to 5+ in the second-semester U.S. fishery were, 
for example, all between -0.7 and -0.9. This result 
suggests that weight-at-age might be used as an index 
of abundance for sardine. In addition, it appears that sar- 
dine biomass is currently large enough to affect growth 
rates in the stock. 

Uncertainty 
Bootstrap CVs for sardine biomass and recruitment 

indicate substantial uncertainty (table 5), but there were 
sources of uncertainty in our analysis not included in 
bootstrap calculations. Parma (1 993) found that bootstrap 
calculations underestimated variances for abundance of 
Pacific halibut (Hippoglossus stenolepis) because serial cor- 
relation in residuals (also present in results for sardine) 
was not included in the bootstrap procedure. Variances 
from CANSAR probably understated uncertainty about 
sardine biomass because bootstrap calculations included 
the spawner-recruit constraint, which reduced variabil- 
ity in biomass and recruitment estimates for recent years. 
In addition, uncertainties about natural mortality, age- 
specific fecundity, maturity-at-age, and other paranie- 
ters estimated outside of the model were not included 
in the bootstrap procedure (Restrepo et al. 1992). 

Sardine age 4+ were seldom observed in the recent 
fishery but were comnion in the historical sardine fish- 
ery (Murphy 1966; MacCall 1979). Absence of older 
sardines from recent landings may be due to relatively 
high fishing mortality rates on older fish (table 7) or 
niovement of large, old sardine to areas outside the range 
of the current fishery In statistical terms, effects of move- 
ment and fishing mortality niay be confounded in se- 
lectivity parameters estimated by CANSAR. 

Effects of uncertainty about relationships between 
DEPM data and sardine bioniass were substantial. Biomass 
estiniates with QDEpM = 0.34 were larger by 6'%,-250/0 
than biomass estimates with QDEPlz, = 1, and the dis- 
crepancy was largest for recent years. 

Nonlinear relationships between abundance data and 
sardine biomass are a potentially niajor source of un- 
certainty that we were not able to fully evaluate. This 
source of uncertainty may become more important as 
sardine biomass expands. Fish-spotter, CalCOFI, and 
other abundance data for sardine were collected from 
areas smaller than the current distribution of the sar- 
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Figure 5. Historical record of biomass estimates (MT age I +  on 1 July) from 
CANSAR used to manage the California sardine fishery. Estimates labeled 
"pers. comm." are from E. Konno (California Department of Fish and Game, 
330 Golden Shore, Suite 50, Long Beach, CA 90802) and T. Barnes 
(California Department of Fish and Game, Southwest Fisheries Science 
Center, P.O. Box 271, La Jolla, CA 92038). Estimates labeled "Current' are 
from this paper. 

dine stock. Abundance indices will "saturate" to the ex- 
tent that increased biomass outside the survey area is not 
reflected by proportional increases in the data. Residuals 
from final runs were plotted against time and predicted 
value, and there was no evidence for saturation, but the 
possibility remains. 

We evaluated retrospective bias (Sinclair et al. 1991) 
in CANSAR by running it with 1990-95 data omitted 
(Jacobson et al. 1994a). Results indicated little or no ret- 
rospective bias. Although CANSAK did not suffer from 
retrospective bias in a statistical sense, there is historical 
evidence that errors in bioniass estimates for recent years 
are usually correlated (figure 5). In addition, results from 
CANSAR appear sensitive to changes in data (e.g., the 
1994 DEPM observation and information about matu- 
rity-at-age), environmental conditions (e.g., 1991-93 El 
Niiio; Lynn et al. 1995), and changes in modeling ap- 
proaches routinely introduced from one year to the next. 

Bias in DEPM Data from 
Nonrepresentative Sampling 

Several studies have investigated bias in DEPM spawn- 
ing biomass estimates for northern anchovy due to non- 
representative sampling of adult fish (Parker 1985; 
Picquelle and Stauffer 1985; Smith and Hewitt 1985; 
Alheit 1985). We used a different approach to examine 
this question for sardine. Mathematical symbols used in 
this section for DEPM calculations are from Parker (1985) 
and not the same as used elsewhere in this paper. 

The DEPM estimator for spawning biomass (Parker 
1985; Lo et al. 1996) is proportional to: 

W 
FS 

~ 
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where W is average weight of mature females (6); F is 
batch fecundity for actively spawning females (eggs 
batch-' active female-l); and S is spawning frequency 
(fraction mature females that are actively spawning per 
day; one batch day-' female-' assumed). Adult para- 
meters (W, F,  and S) may vary in sardine with age and 
size, but the bias in equation 16 is minimal when adult 
parameters are estimated from representative samples of 
the mature female population (Parker 1985). Comparison 
of age-composition data for all sardine (mature and im- 
mature) sampled during the DEPM survey (Butler et al. 
1996) as well as estimates for the population during April, 
1994, from CANSAR indicate that age-zero sardine were 
undersampled during the DEPM survey by about 70% 
(see below). 

Age composition 

Age DEPM CANSAR CANSAR CV 

0 0.21 0.71 0.29 
1 0.41 0.19 0.30 
2 0.28 0.073 0.30 
3 0.063 0.021 0.39 
4 0.026 0.002 0.56 
5 +  0.003 0.004 0.76 

Estimates from CANSAR may be misleading because 
they were imprecise (CVs > 29%) and affected by a 
spawner-recruit constraint and other assumptions. It  
seems likely, however, that age-zero sardine were more 
common in the population than in the DEPM samples 
because sardine abundance has been increasing (figure 
1) due to strong recruitment during recent years. 

Estimates of population maturity-at-age and batch fe- 
cundity-at-age ( F )  were taken from tables 3 and 4. 
Weight-at-age (w) was assumed to be the same as in the 
U.S. fishery during the first semester of 1994. 
Unfortunately, no data were available to estimate age- 
specific spawning frequency (S). We therefore calculated 
potential bias under two scenarios: (1) S constant, and 
(2) S increasing from 1.0 at age 0 to 1.5 at age 5+. The 
choice of 1.5 at age 5+ was arbitrary. 

For each scenario, simulated sample means for adult 
parameters W, F,  and S were calculated assuming rep- 
resentative and nonrepresentative sampling. In our cal- 
culations, the age composition for nonrepresentative sani- 
ples was the same as the population age composition 
except that 

40 = no K (17) 

where q0 was the proportion of age-zero sardine in 
DEPM samples; no was the proportion of age-zero sar- 
dine in the population; and K measured survey gear se- 
lectivity for age-zero sardine. Gear selectivity ranged 
from K = 0 (no age-zero fish sampled) to K = 1 (repre- 
sentative sampling). 

5% 

-25% J 
SURVEY GEAR SELECTIVITY (K) 

Figure 6. Potential bias in DEPM spawning biomass estimates due to non- 
representative sampling of age-zero sardine. Age-zero fish are not sampled 
by survey gear (1 00% undersampling) when K = 0, and are sampled in pro- 
portion to their abundance when K = 1. 

Results (figure 6) indicate the possibility of modest 
bias in the 1994 DEPM estimate due to nonrepresenta- 
tive sampling. When the proportion of age-zero sar- 
dine in DEPM samples was 30% of the proportion in 
the population (K = .30 for 70% undersampling), po- 
tential bias was -10% for the constant S scenario and 
-14% for the increasing S scenario. Bias due to non- 
representative sampling was not large enough to account 
for the difference between DEPM data and spawning 
biomass estimates from CANSAR. 

Bias in DEPM data was probably not as great as in- 
dicated in our calculations because mature age-zero sar- 
dine were probably undersampled to a lesser extent than 
smaller, immature age-zero fish. In addition, sampling 
gear may have taken large, mature age-zero sardine pref- 
erentially, leading to estimates of maturity at age zero 
that were biased high. Maturity-at-age is not important 
in DEPM calculations but was used in our bias calcula- 
tions. Potential bias was lower when the assumed nia- 
turity at age zero was reduced. O n  the other hand, our 
potential bias calculations did not include nonrepresen- 
tative sampling of fish ages 1+, which would likely in- 
crease estimates of potential bias. 

Use of DEPM Data for Fisheries Management 
DEPM spawning biomass estimates have been used 

directly to set catch quotas and manage fisheries (e.g., 
Priede and Watson 1993). The precision of advice to 
managers may be enhanced, however, when DEPM and 
all fishery and fishery-independent information, including 
DEPM data, are combined in a single stock-assessment 
model. Estimates of total biomass for sardine from 
CANSAR during 1986 and 1994 (table 5) were sub- 
stantially more precise than the DEPM data on which 
they were based (table 2). Jacobson et al. (1994a) ob- 
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tained CVs of about 0.14-0.20 for northern anchovy 
(Engvmlis ~zordax) spawning biomass emmates during 
1981-86, while CVs for DEPM data ranged from 0.17 
to 0.26. In addition, use of DEPM data in a model niakes 
it possible to adjust estimates bawd on DEPM data for 
spawning habitat that was not surveyed. 

Use of DEPM Data in Stock-Assessment Models 
As in Methot (1989) and Jacobson et al. (1994a), 

DEPM spawning biomass estimates for sardine were used 
as “tuning” data in CANSAK. A problem with this 
approach is that there are assuinptions about popula- 
tion age structure and adult paranieters in both the DEPM 
estiinate (equation 16) and the model (equation 9) which 
may be contradictory (see above). I t  may be better to 
tune future inodels to total egg production rather than 
to spawning biomass. Adult parameters could be mod- 
eled individually or collapsed into single age-specific pa- 
rameters (e.g., so = Ra Fll So).  External estimates of adult 
parameters could be used either directly, as starting val- 
ues for further parameter estimation, or as Bayesian con- 
straints on feasible parameter values (Jacobson et al. 1994a; 
Dorn 1995). This approach would be more flexible 
and would allow more consistent interpretation of data. 
In line with Methot’s (1990) approach and recent mod- 
eling trends, our suggestion makes the “model look like 
the data,” rather than the reverse. 

It seem likely that DEPM data underestiiiiated spawn- 
ing biomass for the sardine population because of in- 
complete coverage of the spawning area during DEPM 
surveys. Sardine occur along the coast to the north 
(Hargreaves et ai. 1994) and south (Fklix-Uraga et al. 
1996) of the areas surveyed during IIEPM cruises. 
Relative underestimation of spawning biomass by DEPM 
data (figure 3) was smallest in 1994, when the survey ex- 
tended over the widest geographic range. In modeling, 
we chose to assume that DEPM data were proportional 
(Q,,,,, # 1) rather than absolute (Q,,,,, = 1) mea- 
sures of spawning biomass for sardine. A inore accurate 
assumption would probably be that DEPM data mea- 
sured spawning biomass within the area surveyed in ab- 
solute terms. Apparent underestimation of spawning bio- 
mass for the population as a whole probably resulted 
froin the fact that not all of the spawning habitat was 
surveyed. 
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