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ABSTRACT

The northern anchovy (Engraulis mordax) and Pa-~
cific sardine (Sardinops sagax) populations were
modeled with a stage-based matrix to examine how
natural variation of life-history parameters affects
per capita growth. In the model northern anchovy
(Engraulis mordax) population, the greatest change in
growth results from natural variation in the duration
of, and the instantaneous mortality rate of, the early
and late larval stages. In the model Pacific sardine
(Sardinops sagax) population, the greatest change in
growth results from natural variation in the duration
of, and the instantaneous mortality rate of, the late
larval stage. Temperature determines the duration
of both egg and yolk-sac larval stages and the rate at
which prerecruit sardine and anchovy mature. We
believe that changes in the duration of both egg
stages and yolk-sac larval stages may have greater
effects on population growth than changes in any
single stage.

RESUMEN

Se modelaron las poblaciones de anchoveta nor-
téna (Engraulis mordax) y de sardina Monterrey (Sar-
dinops sagax). Usando matrices basadas en estadios
de vida, se examiné como la variacién natural de los
parimetros de las fases vitales afecta el crecimiento
per capita. En las poblaciones modelo de anchoveta,
el mayor cambio en crecimiento fué resultado de la
variacién natural de la duracién y de la tasa instan-
tinea de mortalidad de los estadios tempranos y tar-
dios de las larvas. En la poblacién modelo de
sardina, el cambio mayor en crecimiento fué resul-
tado de la variacién natural de la duracién y tasa
instantinea de mortalidad de los estadios larvales
tardios. La temperatura determina la duracién de los
estadios huevo y saco vitelino, asi como la tasa a la
cual las sardinas y anchovetas pre-reclutas maduran.
Creemos que cambios en la duracién de estadios
huevo y de saco-vitelino podrian tener efectos ma-
yores en el crecimiento poblacional que cambios en
cualquiera de los estadios individuales.

{Manuscript received January 27, 1993.]
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INTRODUCTION

The Pacific sardine population (Sardinops sagax) in
the northeast Pacific Ocean has greatly fluctuated
during this century. Biomass peaked in 1932 at about
3,600,000 MT (Murphy 1966) and then fell to about
6,000 MT in 1975 (Barnes et al. 1992); it rernained
low for the rest of the decade. Recently the sardine
has begun to recover off California and northern
Baja California. Since the early 1980s the population
has grown steadily at about 50%-y~! (Smith et al.
1992) to reach a biomass of about 340,000 MT in
1991 (Barnes et al. 1992).

The northern anchovy (Engraulis mordax) popula-
tion off California and Mexico has also undergone
large changes. Stock size was low in the 1950s and
1960s, grew rapidly in the early 1970s, and reached a
maximum biomass of about 1,700,000 MT in 1974
(Lo and Methot 1989). In the early 1970s, the north-
ern anchovy’s population growth rate was also about
50%-y

Scale-deposition rates in anaerobic sediments in-
dicate that both populations have undergone similar
wide fluctuations before and since the development
of modern fisheries (Soutar and Isaacs 1974; Smith
and Moser 1988). Sardines appear to fluctuate more
rapidly than anchovy, although Lasker and MacCall
(1983) pointed out that calibrating scale-deposition
rate to population size may exaggerate changes in
total abundance of the species. Nevertheless the scale
data indicate that large population fluctuations are
common among these clupeoid stocks in the absence
of fisheries, and that these fluctuations must be due
to changes in the physical and biotic environment.

Global climate change will significantly affect the
physical environment of marine ecosystems. Poten-
tial effects include changes in sea-surface tempera-
ture and in the intensity of upwelling (Bakuh 1990).
These physical changes will affect the distribution
and dynamics of fish stocks. The stage-based matrix
described here provides a means to test hypotheses
concerning how environmental change will affect
fish populations.

A number of important life-history parameters of
marine fish are directly affected by changes in tem-
perature. Temperature and food densities affect




BUTLER ET AL: ANCHOVY AND SARDINE POPULATION GROWTH
CalCOFi Rep., Vol. 34,1993

growth atall stages. Instantaneous mortality of eggs
and larvae are also a function of temperature (Houde
1989), and the size and age of first reproduction var-
ies with temperature (Methot 1986). Because all of
these parameters are linked by temperature, it is
possible that some of the effects of global climate
change can be investigated by means of stage-based
population models and existing knowledge.

Previous attempts to model anchovy or sardine
populations using stage-based models have been
hampered by (1) a lack of theoretical framework
(Smith 1985) or (2) an incomplete understanding of
the range of variation for important life-history pa-
rameters (Smith 1985; Smith et al. 1992). Our objec-
tive in this paper is to model anchovy and sardine
populations by using a stage-based matrix (Letkov-
itch 1965) as a theoretical framework and to examine
how natural variation of stage-specific vital rates af-
fects population growth rates.

Vital rates for each stage of the model were ob-
tained from the literature. For some stages the vital
rate is unknown; in such cases we obtained a vital
rate from literature on other populations of sardines
and anchovy, or estimated by the methods described
below. We have thus compiled the most comprehen-
sive estimates of life-history parameters to date. We
also examined the effect of fishing mortality on the
two populations.

METHODS

The matrix (A) describes the transition of a pop-
ulation from time ¢ to time t+1 in terms of vital
rates of each life stage:

An =n,,, ®

where n,is a vector describing the population at each
stage at time ¢, and A is the transition matrix:

P, m, . . m,
GP,0. 0 O

A= 0 G,P,0 0 )
56 0. CE,

where P, is the probability of surviving and staying
in stage i, G, is the probability of surviving and
growing into the next stage, and m, is the maternity
per fish per unit time (d); i = 1, . . g

Both P, and G, are functions of the survival proba-
bility (p,) and the growth probability (vy,) (Caswell
1989):

D S

o= e 3
and b, = Pi(l - ) (4)
and G = p;v, &)
where v, = [l — pIpSi7)/[1 _Pfd‘]‘ (6

where z; is the daily instantaneous mortality rate
(IMR) and d,i5the duration (d) within the ith stage.
The derivation of P, G,, and v, follow Crouse et al.
(1987) and Caswell (1989).

The maternity parameter m, is computed as:

m, = Zfw, N/ Z[w,] )
J J

where f; (the age-specific fecundity rate) is the num-
ber of eggs per fish of age j per unit time, and w,; is
the proportion of fish that are of age j:

w, = exp (—z-‘tv) —exp (— zitzj) €]

where t,,is the beginning and ¢, is the ending age for
the fish of age group j. Briefly, total annual produc-~
tion of eggs was estimated for each size class and
apportioned on an average daily basis.

Anchovy spawn each day from sunset to mid-
night, with the peak at 2200 (Lo 1983). Sardine
spawn between 2000 and 0400, with the peak near
midnight (Smith 1973). In the model, the fecundity
estimates of sardine were assumed to be knife-edged
at 0000 h, and the fecundity estimates of anchovy
were corrected for mortality from spawning (2200)
to census at the end of day one (2400) by: F, = Qm,,
where Q; is the probability of surviving from
spawning to the first census and Q; = ¢~* where z
is the daily instantaneous mortality rate and t is the
time from peak spawning to the time of census.

The dominant eigenvalue N of the matrix repre-
sents the population growth rate. If A = 1.0, the
population is stationary, and if A = 1.5, the popula-
tion is growing at 50%-d ™. The results are given in
annual growth of the population, which is equal to
, since the duration of stages was measured in
days. We estimated X from the dominant eigenvalue
of the matrix A using MathCAD.

We measured the importance of natural variability
in mortality, duration, and fecundity parameters at”
each stage by calculating A for a series of values for
each parameter. Initial conditions were a stationary
population, and we examined changes of X with
known deviations of each stage-specific vital rate.

Anchovy Vital Rates

The northern anchovy is a multiple spawner
(Hunter and Goldberg 1980). Annual fecundity is
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the number of eggs released per spawning (batch
fecundity) times the number of spawnings in a sea-
son. The variation in batch fecundity and the varia-
tion of spawning rate with age are well known
(Hunter and Goldberg 1980; Hunter and Macewicz
1980; Parrish et al. 1986; Alheit, in press), but little is
known of the interannual variation in number of
spawnings per year. The spawning rate for northern
anchovy varies interannually from once every 6.25
days to once every 10.6 days (Bindman 1985). At that
rate the average female would spawn 5 to 10 times
during the March—April spawning season. Some
spawning occurs all year long, and Parrish et al.
(1986) found evidence that the number of spawnings
per year increases with age. The fecundity used in
the model was a daily rate that apportioned spawn-
ing equally over the year (table 1). In reality, spawn-
ing is seasonal, but modeling the seasonality of
spawning is beyond the scope of this paper. The
daily fecundity was divided by two to estimate the
number of female eggs.

The anchovy population was modeled on the ba-
sis of nine stages, as defined by Smith (1985). We
derived minimum, maximum, and best estimates of
daily instantaneous mortality rates and duration of
each stage from literature values (table 2). The du-
rations of the egg and yolk-sac stages are derived
from incubation experiments at different tempera-
tures (Lo 1983). Mean duration was based on the
development rate at 16°C, which is about the average
temperature for anchovy eggs. Mortality rates of
egg, yolk-sac, and larval stages were estimated from
field studies (Stauffer and Picquelle 1981; Bindman
1985). Durations of the larval and juvenile stages are
from field studies of growth rates derived from daily
increments in the otoliths (Methot and Kramer 1979;
Butler 1987, 1989).

TABLE 1
Fecundity Schedule of Northern Anchovy
Wt Spawns Bacch L{x}
Year (g) peryear (eggs) M(x) z=.76 IxMx Daily
0o 00 0.0
1 8.7 5.3 4237.8 224603 1000 11230170 30747
2 146 11.9 7860.4 93538.8 468 21888070 59926
3 183 19.2 10132.2 194538.2 216 21010130 57523
4 212 23.5 11912.8 279950.8 102 14277491 39090
5 245 23.5 13939.0 327566.5 48 7861596 21524
6 245 23.5 13939.0 327566.5 22 3603232 9865
7 245 23.5 13939.0 327566.5 10 1637833 4484
Female eggs
per female
perday 90% maturity
mean atyear one*
Juveniles 11.7 10.5
Smail adults 199.2 199.2
Large adults 448.4 448.4

*Assuming that 90% of females macure at age 1 and that the batch
fecundity is given by the formula: Batch = —1104 + 614*wt (Hunter
et al. 1985).

Mortality rates of the late larval and early juvenile
stages are unknown. We estimated these rates from
the relationship of mortality rate to body size (Peter-
son and Wroblewski 1984) and adjusted them to
achieve a stationary population. The relationship
between dry weight and mortality rate is given
by Peterson and Wroblewski (1984): M, =
(1.92-y w02, and the relation between length and
dry weight for northern anchovy is dry weight =
0.000488*SL"3.73, where SL is measured in cm
(Butler 1987). For a 72.5-mm juvenile M = 2.04,
and the daily rate is z = 2.83/365.25 = 0.00557.
This value was adjusted to a “best™ value of 0.0044
to obtain a lambda of 1.0. We chose the late juvenile
stage for this adjustment because at present little is
known about natural mortality in this stage.

TABLE 2
Stage-Specific Life-History Parameters of Northern Anchovy

Size (mm) . Daily natural mortality Duration (days) Daily fecundity/female
Seage Min. Max. Min. Best Max. Min. Best Max. Min. Best Max.
Egg 0.12* 0.231* 0.45° 1.4¢ 2.9 3.9 0 0 0
Yolk-sac larvae hatch 4 0.19¢ 0.366¢ 0.59¢ 1.4¢ 3.6 3.9 0 0 0
Early larvae 4 10 0.187¢ 0.286* 0.345¢ 8 12¢ 23¢ 0 0 0
Latelarvae 10 35 0.0470¢ 0.0719° 0.087° 35¢ 45¢ 71¢ 0 o - 0
Early juvenile 3s 60 0.0009¢ 0.01417 0.017¢ 45+ 62« 100< 0 0 0
Late juvenile 60 85 0.0029° 0.0044° 0.0053¢ 60¢ 80« 138+ 0 4] 0
Prerecruit 85 110 0.0020° 0.00317 0.00371 200" 287 6320 0 10.F 19.4
Early adule 110 135 0.0011 0.0021’ 0.003¢! 750" 1000" 1250 143.8 199.2¢ 230.7
Late adult 135 160 0.001% 0.0021% 0.0036 1000" 1250 1500 284.2 448.2 529.0
*Bindman 1985 *Butler 1987, Waldron et al. 1989
*Stauffer and Picqueile 1981 *Fiedler et al. 1986
“Lo 1986 ‘Hunter et al. 1985
“Peterman et al. 1988 ‘Methot 1989
*Methot and Kramer 1979 *Used to tune model to lambda = 1.0
Peterson and Wroblewski 1984
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Adult natural mortality rates are assumed to be
constant with age and were derived from the stock
synthesis model (Methot 1989). We also examined
the effect of an annual fishing mortality rate of 0.6
on all adult stages. We derived adult growth rates
from fisheries data (Fiedler et al. 1986).

Sardine Vital Rates

Pacific sardine is also a multiple spawner. Batch
fecundity estimates were based on MacGregor
(1957) and Clark (1934). Little is known about the
number of spawnings per year. Off Chile, the Pacific
sardine (S. sagax musica) spawns every 7 days (Oliva
et al. 1989), a rate similar to that of the northern
anchovy. The South African pilchard, Sardinops ocel-
latus, spawns every 2-5 days, and older fish may
spawn up to 80 times per year (Le Clus 1989). Fe-
cundities in the life table (table 3) were estimated
from batch fecundity times a total of 40 spawnings
per year for the oldest age classes (the maximum rate
is 80 spawnings per year, and the minimum is 24;
table 4). We divided the daily fecundity by two to
account for the number of female eggs.

We modeled the sardine population with thirteen
stages as defined by Smith et al. (1992). The mini-
mum, maximum, and mean daily instantaneous
mortality rates and duration of each stage are de-
rived from the literature (table 4). The durations of
the egg and yolk-sac stages are derived from incu-
bation experiments at different temperatures (Las-
ker 1964). Mean duration was derived from the
development rate at 16°C, which is about the average
temperature for sardine eggs (15.6°C; Butler 1987).

TABLE 3
Fecundity Schedule of Pacific Sardine
Wt ’
Age (@) Spawns Batch M(x) Daily L(x) Survivorstoday1l
1 527 0 13860 0 0 1000 3}
2 93 6 24459 146754 402 670 - 201
3 123 12 32349 388188 1063 449 238774
4 152 15 39976 599640 1642 301 247239
5 170 19 44710 849490 2326 202 234783
6 193 23 50759 1167457 319% 135 216288
7 202 28 53126 1487528 4073 91 184730
8 205 30 53915 1617450 4428 61 134644
9 205 35 53915 1887025 5166 41 105297
10 205 40 53915 2156600 5904 27 80666
11 205 40 53915 2156600 5904 18 54072
12 205 40 53915 2156600 5904 12 36245
13 205 40 53915 2156600 5904 8 24296
Female cggs Survivors
per female to first
perday census
Prerecruit 134 80.5
Juveniles 647.6 388.9
Small adules 1576.3 946.6
Large adults 2811.5 1688.3

Batch fecundity = 263 eggs per gram (MacGregor 1957).

We estimated mortality rates of yolk-sac and larval
stages from the field (Butler 1991). The best esti-
mates of egg mortality rates are from unpublished
data (N. C. H. Lo). Durations of the larval and ju-
venile stages are from field studies of growth rates
calculated from daily increments in the otoliths
(Butler and Rojas de Mendiola 1985; Castillo et al.
1985; Butler 1987). The mortality rates of the late
larvae through stage III juveniles are unknown.
We estimated these rates from the general relation-

TABLE 4
Stage-Specific Life-History Parameters of the Pacific Sardine

Size (mm) Daily natural mortality Duration (days) Daily fecundity/female
Stage Min. Max. Min. Best Max. Min. Best Max. Min. Best Max.
Egg 0.31+ 0.72 2,12 1.4 2.5¢ 3.9 o o 0
Yolk-saclarvae batch 4 0.394¢ 0.6698¢ 0.971 1.4 3.1 3.9 0 0 0
Early larvac 4 10 0.1423¢ 0.2417¢ 0.3502¢ 5 11 21 0 4] 0
Late larvae 10 35 0.057¢ 0.0964 0.139¢ 20+ 35e 50 [ 0 0
Early juvenile 35 60 0.029¢ 0.056* 0.081¢ 17¢ 25+« 40 0 0 o
JuvenileI 60 85 0.0116* 0.0197™" 0.0285* 30 50 80= 0 0 0
Juvenile I 85 110 0.0023* 0.0040% 0.0058* 80 110+ 146* o 0 0
Juvenile I 110 135 0.0016* 0.0028" 0.0040% 105 146~ 185 0 Q ¢
Juvenile IV 135 160 0.0012 0.0022 0.0032 110 170 220 0 0 Q
Prerecruit 160 185 0.0006 0.0011* 0.0015' 110 175 0 0 80~ 161
Early adult 185 210 0.0006* 0.0011" 0.0015 190~ 331~ 570~ 286" 389~ 489~
Adult 210 235 0.0006' 0.0011* 0.0022 400~ 663~ 920~ 730 946~ 1114~
Late adule 235 260 0.0006' 0.0011" 0.0022 1908~ 2773~ 3473 1064 1688+ 3123+
“Smith 1973 . *Peterson and Wroblewski 1984
*Smith et al. 1989 Kimura and Sakagawz 1972
“Lasker 1964 JBy analogy to northern anchovy
“Buder 1991 *MacGregor 1957, Clark 1934, Le Clus 1989

“Buder and Rojas de Mendiola 1985

“Castillo et al. 1985
*Butler 1987

*Murphy 1966, MacCall 1979
=Walford and Mosher 1943, Phillips 1948
*Used to tune model to lambda = 1.0
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ship of mortality rate to body size (Peterson and
Wroblewski 1984). The relationship between dry
weight and length is given by: dry weight =
0.0122*SLA3.35, where standard length is measured
in cm (Butler 1987). The predicted mortality rate
was 0.0053 for stage I juveniles, and we adjusted this
value to 0.0197 to achieve a theoretically stationary
population. The mortality rates of stage IV juveniles
and prerecruits are assumed to be the same as the
mortality rates for northern anchovy of the same
body size. Adult growth rates were derived from
otolith readings (Phillips 1948); adult mortality rates
were derived from the cohort analysis (Murphy
1966; MacCall 1979). Natural mortality was set at
0.4%-y™*. We also examined the effect of annual
fishing mortality rates of 0.25 and 0.6.

RESULTS

Anchovy

Natural variations in individual stage-specific
mortality or duration (table 5) result in changes of
population growth from equilibrium to an annual
increase or decrease of about threefold. The most
influential stage appears to be the early larval. Nat-
ural variation in instantaneous mortality rates or du-
ration of this stage lead to the largest changes in the
population growth rate. The fastest growth rate of
the early larvae results in a 278% increase in the
population, whereas the slowest growth rate results
in a 74% decrease (table 5). The least sensitive is the
late adult stage: at that point, variations in growth
and mortality have minimal effect on population
growth. The sensitivity of the model to natural var-
iations in fecundity may be an underestimate. The
values in the literature are largely taken from bio-
mass estimate studies, and none of these studies has
encompassed a major environmental perturbation.

TABLES

Eigenvalue (\**) of Lefkovitch Matrix after Change
in the Stage-Specific Life-History Parameters

of Northern Anchovy
Natural

mortality D F dity
Sage Min. Max. Min. Max. Min. Max.
Egg 127 066 130 0.85
Yolk-sac larvae 1.65 0.60 1.93 0.93
Early larvae 2.78 0.64 2.67 0.26
Late larvae 257 0.65 1.78 0.37
Early juvenile 1.90 0.88 1.20 0.71
Late juvenile 1.09 0.95 1.07 0.85
Prerecruit 1.35 0.84 0.98 0.79 0.95 1.02
Early adult 1.06 0.95 1.06 0.97 0.86 1.12
Late aduit 1.00 1.00 1.00 1.00 0.97 1.16

108

TABLE 6

Eigenvalue (\**) of Lefkovitch Matrix after Change
in the Stage-Specific Life-History Parameters

of Pacific Sardine
Natural
mortality Duration Fecundity

Stage Min. Max. Min. Max. Min. Max.
Egg 129 068 121 084

Yolk-sac larvae 1.23 0.85 1.34 0.90

Early larvae 1.31 0.82 1.47 0.72

Latelarvae 1.43 0.7% 1.47 0.79

Early juvenile 1.17 0.89 111 0.89

Juvenile 1.15 0.95 1.09 0.89

Juvenile I 1.04 0.96 1.03 0.97

Juvenile 11 1.04 0.96 1.03 0.98

Juvenile IV 1.04 0.97 1.03 0.98

Prerecruit 1.02 0.98 1.01 0.99 0.98 1.00
Early adult 1.04 0.97 .03 0.98 1.00 1.00
Adult 1.05 0.91 1.01 0.99 1.00 1.01
Late adult 1.05 0.86 0.9% 1.00 1.00 1.11

There is some evidence that reproduction is drasti-
cally reduced during major El Nifio events. Under
such conditions the population declines rapidly.

We tested the effect of fishing on the anchovy pop-
ulation by using values of natural mortality of 0.76
and fishing mortality of 0.6 for both adult stages.
Under these conditions the anchovy population de-
clined at a rate of 5%-y ™%

Sardine

The population growth rate of the Pacific sardine
appears to be most sensitive to changes in egg and
larval stages (table 6). Reported values for egg mor-
tality vary widely in the literature (Smith 1973;
Smith et al. 1989). Extremely high values of egg
mortality —88% in the first day — were reported for
the Pacific sardine off Peru (Smith et al. 1989). At
this rate the model indicates that the population de-
clines at the rate of 32% per year. The fastest growth
of the early and late larval stages results in popula-
tion growth rates of 43%-y ™!, whereas the slowest
growth rate of the early larval stage results in a pop-
ulation decrease of 28%-y~! (table 6). The popula~
tion is least sensitive to changes in the vital rates of
the older stages, prerecruit through late adult.

Fishing affects the mortality rate of all adult sar-
dine stages. If fishing mortality is 0.25, then the
population declines at a rate of 18%-y~". During the
decline of the sardine fishery, fishing mortality was
as high as 0.8 (Murphy 1966). At this level, the pop-
ulation declines at 50%-y~'. High fishing mortality
reduces the abundance of the oldest age classes,
which have the highest reproductive potential be-
cause of their larger size and greater number of
spawnings.
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DISCUSSION

For the northern anchovy, natural variation in the
duration of, and the instantaneous mortality rate of
the early and late larval stage has the greatest effect
on population growth (table 5). These results are
similar to those of Smith (1985), who used a stage-
based model to examine the role of vital rates in the
dynamics of anchovy recruitment. Smith concluded

-that changes in the late larval stage have the greatest
potential to affect survival and recruitment. Qur re-
sults indicate that the anchovy population is also sen-
sitive to changes in the early larval stage (table 5).
The difference between our model and Smith’s
(1985) is largely due to the low mortality rate (0.16)
that Smith used for this stage. The higher mean
mortality rate (0.29) in our model leads to greater
sensitivity, since faster or slower growth rates have
a greater cumulative effect. High abundance of the
early larval stage is 2 prerequisite to strong recruit-
ment, but high larval abundance does not necessar-
ily indicate strong year classes (Peterman et al. 1988).

In this model, we have also tried to examine the
role of changes in fecundity. The variation in batch
fecundity and spawning rate with age are well
known, but little is known of interannual varia-
bility in the number of spawns per year. Estimated
spawning rates for northern anchovy have varied
from once every 6.25 days to once every 11 days.
However, the Japanese anchovy, Engraulis japonica,
spawns once every 1.4 days, and the Cape anchovy,
Engraulis capensis, spawns as seldom as once every 16
days. Clearly, the number of spawns can vary
significantly.

The sensitivity of the anchovy population matrix
to changes in the vital rates of both early and late
larvae is due to the dynamics of these stages. Natural
mortality is high (Peterman et al. 1988), and the du-
ration is long relative to egg stages. Changes in
either value produce large effects. The observed nat-
ural variation in mortality rate of the early stage is
quite large. Smith (1985) aiso identified the late lar-
val stage of anchovy as important to recruitment
variation. Variation in the duration of this stage is
largely due to changes in temperature rather than
difference in food densities (Methot and Kramer
1979; Owen et al. 1989).

Most life-table parameters do not change inde-
pendently. The development rate of northern an-
chovy eggs and yolk-sac larvae is temperature-
dependent (Zweifel and Lasker 1976, Lo 1986), as are
larval growth rates (Methot and Kramer 1979). At
about 22°C the egg, yolk-sac, and early larval stages
would be brief. If all these stages are at their lower
limits, the model population more than doubles

each year. The population mode] can be stabilized if
reproduction is restricted to the prerecruit stage (85—
110 mm), with fecundity reduced to only 7 eggs per
female per day. In other words, these life-history
parameters are then similar to those of a small trop-
ical anchovy, Encrasicolina purpurea (Clarke 1989;
Somerton, in press).

From 1922 to 1942, temperatures at Scripps Pier
averaged 17.1°C; from 1943 to 1974, temperatures
averaged 16.6°C, excluding El Nifio years 1957-59.
The duration of both incubation and the yolk-sac
stage are a function of temperature (Lasker 1964,
Zweifel and Lasker 1976). Given these relationships,
the Lefkovitch model, adjusted to stability at colder
temperatures (11°C), predicts that the northern an-
chovy population would grow at an annual rate of
7% during warmer years (22°C), and that the sar-
dine population would grow at 4% -y~'. Thus, tem-
perature effects on the early stages alone cannot
explain the difference in abundance of the two spe-
cies from 1922 to 1942 and from 1943 to 1973. Tem-
perature’s effect on spawning rates in both species is
unknown, as are its effects on the age of maturation
and on the growth rate of juveniles.

The sardine population appears to be less sensitive
to changes in vital rates than the anchovy population
by an order of magnitude. Changing the duration
of the early larval stage changes growth rates by
+40% or —27%-y~*. The addition of fishing mor-
tality results in a 44%-y ™! decline in the population.
Clark and Marr (1955) debated whether the environ-
ment or fishing caused the decline of the sardine
population. Our results indicate that either the en-
vironment or fishing can produce these changes.

Some discussion of the assumptions of this model
is warranted. The stage-specific model assumes that
the population reaches a stable age distribution. In
reality, stage-specific life-history parameters vary
from year to year, and the population probably never
achieves a stable age distribution. The fecundity es-
timates are averaged over all seasons and assumed to
be constant on a daily basis. In reality, fecundity has
a seasonal component, and most fecundity estimates
are made during the peak season. Itis also important
to note that these fecundity estimates have been
made during the course of biomass estimates and-
that few, if any, long-term studies exist. There is
some indication that fecundity may be near zero dur-
ing extreme environmental conditions (Csirke 1980;
Ware and Tsukayama 1981).

The model also does not treat density-dependent
effects. Growth rates predicted by the model are not
sustained indefinitely in nature. Density-dependent
effects on the population could be modeled by
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changing fecundity, mortality, or duration with
population size. The model’s sensitivity to changes
in the larval stages suggests that cannibalism may be
an important density-dependent feedback mecha-
nism. Density-dependent influences are usually
weak compared to density-independent factors, but
MacCall (1981), Alheit (1987), Valdés et al. (1987),
and Valdés Szeinfeld (1991) have indicated that can-
nibalism is an important density~dependent effect
in clupeoid fishes. Cannibalism on eggs may, in
fact, be largely density-independent (Smith et al.
1989), whereas cannibalism on larvae from different
schools, because of the population’s sensitivity to
larval mortality rates, may be density-dependent.

CONCLUSIONS

Natural variation in stage-specific vital rates can
account for the large changes in population size ob-
served in nature. The Lefkovitch model predicts
changes in population growth that are as great as
those indicated by the time series of these popula-
tions. Both populations are more sensitive to varia-
tion in the parameters of larval stages than to adult
,parameters. However, more research is needed on
interannual variation of adult reproductive parame-
ters, since these variations may have greater impact
than indicated in the present model.

The sensitivity of the models to larval duration
and mortality rate does not, however, indicate that
these stages can be used to predict recruitment. Vari-
ance of postmetamorphic stages is sufficient to mask
the relation between larval abundance and subse-
quent recruitment. These results are in accordance
with those of Bradford (1992).

Many of these vital rates covary. Durations of
both the egg and yolk-sac stages are temperature-
dependent, and the maturation and spawning rates
also vary with temperature. Changes in the ambient
temperature could significantly change the life his-
tory of these species.
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