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Abstract—Somatic growth parameters 
are used in age- structured stock assess-
ment models, such as those used to 
assess the federally managed northern 
anchovy (Engraulis mordax); therefore, 
incorrect estimation of growth can cause 
errors that affect estimates from stock 
assessments. To our knowledge, we com-
pleted the first comprehensive investi-
gation to model somatic and otolith 
growth of the central subpopulation of 
northern anchovy (CSNA), which has a 
range from Northern  California to Baja 
California, Mexico, by using fishery- 
dependent and fishery- independent 
data. Five growth models were fitted 
to length- at- age data, including 2 mod-
els that account for seasonal growth 
oscillations, to determine the model 
that best described growth. Seasonal 
growth oscillations were found for the 
CSNA, and the best fitting models were 
the ones that accounted for seasonal-
ity. The fastest growth occurred during 
summer, and growth decreased 90% in 
winter. Large variations in length at age 
and extensive overlap of lengths across 
ages were found for the CSNA, typical 
observations for fish with an opportu-
nistic life history strategy that respond 
rapidly to changing environmental 
conditions in dynamic ecosystems. Tra-
ditional growth models overestimated 
mean asymptotic length and underesti-
mated the growth coefficient in compar-
ison to results from the seasonal growth 
models. Accurately describing growth of 
the CSNA by accounting for seasonality 
is important to limiting biases that may 
propagate in stock assessments and 
management decisions.

Somatic growth rate is an import-
ant determinant of population growth 
and recruitment in marine fish spe-
cies (Kerns and Lombardi-Carlson, 
2017). Clupeoids have an opportunistic 
life history strategy, which is char-
acterized by rapid somatic growth, 
high mortality rates, short life spans, 
and protracted spawning seasons in 
response to environmental conditions 
(Blaxter and Hunter, 1982; Armstrong 
and Shelton, 1990; Winemiller and 
Rose, 1992). Clupeoids opportunisti-
cally utilize favorable environmental 
conditions that vary on different scales, 
such as the conditions of the Califor-
nia Current Ecosystem (CCE), which 
vary on daily, interannual, and decadal 
scales (McClatchie, 2014), leading to 
high variation in growth rates of indi-
viduals and large annual and seasonal 
fluctuations in growth (Spratt, 1975; 
Mallicoate and Parrish, 1981; Cubillos 
et al., 2001). The rapid response of fish 
to favorable environmental conditions 
leads to changes in growth rate and 

mortality that contribute to natural, 
large fluctuations in recruitment and 
population sizes of clupeoids (Blaxter 
and Hunter, 1982; Thayer et al., 2017; 
Sydeman et al., 2020).

Estimating somatic growth rate 
correctly is important, as it is a pri-
mary biological characteristic used in 
fisheries assessments, management, 
and research (Kerns and Lombardi- 
Carlson, 2017). Somatic growth char-
acteristics are used as parameters in 
age- structured stock assessment mod-
els, such as those used to assess bio-
mass of coastal pelagic species (CPS) 
in the North Pacific Ocean along 
the West Coast of the United States 
(Methot, 1989; Crone et al., 2019; 
 Kuriyama et al., 2020, 2022). Incor-
rectly estimating growth characteris-
tics, whether as a result of aging errors 
or use of improper growth models, can 
cause errors that affect estimates of 
other biological characteristics, such 
as age at maturity, length at age, 
and weight at age, and estimates of 
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fishery indices, such as catch at age and biomass, that 
depend on age data (Reeves, 2003). Incorrect estimation 
of growth characteristics can also lead to errors in esti-
mates of recruitment and total allowable catch allocated 
to fisheries in assessment models (Reeves, 2003) and to 
errors that can significantly mask relationships between 
stocks and recruitment and between environmental fac-
tors and year- class strength (Fournier and Archibald, 
1982;  Richards et al., 1992).

Many fishes have seasonal oscillations in growth, and 
not incorporating this seasonality in data analysis when 
it is present can lead to incorrect estimation of somatic 
growth characteristics (Liu et al., 2021). Misspecifica-
tions of growth models can affect the computation of 
recruitment (age-0 fish) and estimation of biomass (age-
1+ fish), information that is used to manage CPS stocks 
and set harvest guidelines (Reeves, 2003; Stawitz et al., 
2019; Kuriyama et al., 2020). Unless seasonal effects can 
be explicitly accounted for in growth models, only infor-
mation for samples collected from the same season should 
be compared (Shoup and Michaletz, 2017), an important 
consideration when samples are collected year- round. 
When seasonality was ignored for small species of com-
mercial importance in coastal areas of the China Seas, 
the fat greenling (Hexagrammos otakii) and yellow 
croaker (Larmichthys polyactis), Liu et al. (2021) found 
that biological reference points were underestimated, 
an outcome that was attributed to incorrect estimation 
of growth parameters resulting from ignoring seasonal 
growth patterns. The underestimation of biological ref-
erence points indicates that a species is less productive 
than it actually is and can result in the loss of potential 
yield (Liu et al., 2021).

The most commonly used function to model fish growth 
is the von Bertalanffy growth function (VBGF) (von Berta-
lanffy, 1938; Ogle et al., 2017), which does not account for 
seasonality. Several models that modify the VBGF have 
been proposed to account for seasonal growth oscillations 
(Ogle et al., 2017). Seasonal growth models, like the 2 com-
monly used functions of Somers (1988) and Pauly et al. 
(1992), account for periods of faster and slower growth 
within a year. The Somers (1988) function allows modeled 
growth to be reduced, completely stopped, or decreased, 
whereas the function of Pauly et al. (1992) does not allow 
decreasing growth but can be used to model prolonged 
periods of no growth.

The northern anchovy (Engraulis mordax) is one of 
the most abundant forage fish species in the CCE and 
is consumed by many different species (e.g., marine 
mammals, seabirds, salmon, tunas, and sharks), mak-
ing it an important part of the food web (Koehn et al., 
2017; Thompson et al., 2022). Similar to other clupeoid 
species, the northern anchovy is characterized by high 
interannual variability in recruitment success and pop-
ulation abundance in response to environmental condi-
tions (Methot, 1983; MacCall et al., 2016; Thayer et al., 
2017; Sydeman et al., 2020). Additionally, the northern 
anchovy is a multiple batch spawner with a protracted 
spawning season; spawning may occur year- round, but 

peak spawning generally occurs from January through 
April (Hunter and Macewicz, 1980; Hunter and Leong, 
1981; Dorval et al., 2018).

Three subpopulations, the northern, central, and south-
ern subpopulations, are recognized for northern anchovy 
on the basis of morphometric and meristic characteristics 
(McHugh, 1951; Vrooman et al., 1981); however, Lecomte 
et al. (2004) did not detect genetic structure across its range. 
The central subpopulation of northern anchovy (CSNA) 
ranges between San Francisco, California, and the middle 
of the Baja California Peninsula in Mexico. The CSNA is 
managed in U.S. waters under the Coastal Pelagic Species 
Management Plan (PFMC, 2019) and was last assessed in 
2021 (Kuriyama et al., 2022), 26 years after the previous 
assessment. The current assumption is that the overall 
population size is at or around its highest level since the 
development of quantitative monitoring in the CCE around 
70 years ago (Thompson et al., 2019, 2022).

No recent work has included examination of somatic 
growth of the CSNA, despite its ecological role in the CCE 
and the importance of growth estimates in informing stock 
assessments. The most recent work examining growth of 
northern anchovy through the adult stage was done by 
Parrish et al. (1985), and a few limited studies have pro-
vided values of growth parameters (i.e., mean asymptotic 
length [L∞] and the growth coefficient [K]) calculated by 
using traditional growth models (Spratt, 1975; Cisneros 
et al., 1990). In no work have seasonal growth oscillations 
of northern anchovy been modeled by using traditional 
growth models (e.g., the VBGF) with data on fish collected 
year- round, but seasonal variations in growth of northern 
anchovy have been generally observed (Mallicoate and 
Parrish, 1981; Methot, 1983; Parrish et al., 1985; Butler, 
1989; Takahashi et al., 2012). Seasonal growth oscilla-
tions have been reported for other engraulids (Palomares 
et al., 1987; Cubillos and Arancibia, 1993; Bellido et al., 
2000; Bilgin et al., 2013; Cerna and Plaza, 2016). North-
ern anchovy reportedly live up to 8 years (Mallicoate and 
Parrish, 1981), but older individuals (i.e., age-4+ fish) 
are thought to be relatively scarce (Collins, 1969; Spratt, 
1975; Mallicoate and Parrish, 1981; Parrish et al., 1985). 
Understanding the age structure and growth patterns of 
northern anchovy is important, as it is a model species 
for examining and projecting the effects of climate change 
on clupeoids and marine communities in the CCE and 
on fisheries management (Muhling et al., 2019, 2020; 
 Tommasi et al., 2021).

The goal of this study was to update the age and growth 
patterns of the CSNA to inform future stock assessments. 
The objectives were to model growth and determine 
whether the CSNA has seasonal growth oscillations 1) by 
comparing estimates from 3 growth models, the Gompertz, 
logistic, and von Bertalanffy growth functions, to integer 
age data; 2) by calculating fractional ages and compar-
ing estimates between the VBGF and 2 models allowing 
seasonal growth oscillations (Somers, 1988; Pauly et al., 
1992); and 3) by examining seasonal variations in the rela-
tionships of weight to body length and of body length to 
otolith length.
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Materials and methods

Data sources and collection methods

Samples from the CSNA were collected during both fishery- 
dependent and fishery- independent surveys from 2015 
through 2021. Fishery- independent data were collected 
as part of acoustic- trawl surveys of CPS conducted aboard 
the NOAA Ships Reuben Lasker and Bell M. Shimada by 
the NOAA Southwest Fisheries Science Center (SWFSC) 
in summer and fall (June–September) for each year in 
2015–2021, as well as in spring (March and April) in 2017  
and 2021 (Dorval et al., 2018; Stierhoff et al., 2019; 
 Zwolinski et al., 2019; Stierhoff et al., 2020, 2021a, 2021b). 
The primary objectives of the SWFSC trawl survey are 1) to 
survey the distributions and abundances of CPS and their 
abiotic environments in the CCE and 2) to measure size–
frequency distributions and to gather life history informa-
tion ( Stierhoff et al., 2020; Renfree et al., 2022), in order to 
produce length and age composition data for use in acoustic 
biomass estimation and stock assessment models.

Sagittal otolith samples were collected by using a 2- stage 
sampling design that follows best practices (Miranda and 
Colvin, 2017). For the first stage, a maximum of 75 indi-
viduals of the CSNA were randomly collected from each 
nighttime trawl haul, and each individual fish was mea-
sured for standard length (SL) to the nearest millimeter 
and for total weight (TW) to the nearest 0.5 g. For the 
second stage, 25 individuals that had lengths that encom-
passed the size distribution of the first- stage samples were 
selected for otolith extraction and aging by the SWFSC. A 
complete description of the data collection methods of the 
SWFSC trawl survey can be found in Dorval et al. (2022) 
and Schwartzkopf et al. (2022).

Fishery- dependent samples were collected by the Califor-
nia Department of Fish and Wildlife (CDFW) during port 
sampling of commercial fishery landings. The CDFW sam-
pling plan for CPS is based on a stratified- random design, 
where samples are collected during 12 random days within 
each month of the year for each of the port areas where 
the majority of landings occur: the areas of Monterey, Santa 
 Barbara, and Los Angeles. The majority of fish were collected 
off Monterey, but in 2016 some additional samples were col-
lected off Los Angeles. For each vessel from which landings 
were sampled, 25 fish were randomly selected throughout 
the offload period and brought back to a lab, where they 
were measured for SL to the nearest millimeter and for TW 
to the nearest 0.1 g. Otoliths were then extracted for aging 
to be completed by the CDFW. A complete description of the 
design and methods of data collection by the CDFW can 
be found in Dorval et al. (2022). The combined data from 
fishery- dependent and fishery- independent surveys used 
in the CSNA stock assessment models were collected year- 
round, allowing seasonality to be explored.

Age determination

Whole (i.e., not sectioned) otoliths were immersed in dis-
tilled water in a glass dish with a black background for 

no longer than 3 min, counts were made of the number of 
annuli observed on the distal side of the otolith, and edge 
type was determined. Aging was conducted by using a dis-
secting microscope with reflected light at a magnification 
of 25×. An annulus is defined as the interface between an 
inner translucent growth increment and the successive 
outer opaque growth increment (Collins and Spratt, 1969; 
Yaremko, 1996; Schwartzkopf et al., 2022). To our knowl-
edge, annual age determination has not been validated 
for the northern anchovy, but first annulus formation and 
annual age determination has been validated for the Euro-
pean anchovy (E. encrasicolus) (Aldanondo et al., 2016; 
Uriarte et al., 2016; Basilone et al., 2020); therefore, we 
assumed this validation held true for the northern anchovy.

Integer age was assigned on the basis of a June birthdate 
by using the capture date and interpretation of the most dis-
tal pair of increments (Collins and Spratt, 1969; Schwartz-
kopf et al., 2022). Because samples were collected year- round, 
fractional age was also determined by dividing the integer 
age by 12 and by using a June birthdate. Age data from both 
fishery- independent and fishery- dependent surveys and 
from all years were combined because we were interested 
in modeling growth of the CSNA as a whole (similar to the 
modeling done in the stock assessment) and because effects 
of these factors (i.e., year and type of survey) are beyond the 
scope of this work. Sample sizes by age for each month of 
sampling can be found in Supplementary Table 1.

Relationships of standard length to weight and to 
otolith length

We fit a generalized linear model (GLM) incorporating 
season for all individuals measured for length and weight 
(sample size [n]=19,209) to examine the weight–length 
relationship of the CSNA, similar to the work done by 
Palance et al. (2019). The GLM was fitted by using the 
base function glm in R (vers. 4.2.1; R Core Team, 2022) and 
has the following structure:

 log ,i, j 0 1 j 2 e i, j( ) ( )= β + β + βl TW Season SL  (1)

where l = the log link function;

TW i,j  = the total weight (in grams) of fish i in season j;
Season =  a categorical factor with fall, winter, spring, and 

summer; and
SLi,j =  the standard length (in millimeters) of fish i in 

season j.

Note that TW i,j has a gamma distribution, with the mean 
calculated as follows:

TW
Season SL = )( )(β + β + β

e .i, j
log0 1 j 2 e i, j  (2)

The variance of the gamma distribution was calculated as 
follows:

 
,i, j

2
TW

ν
 (3)

where ν = a dispersion parameter estimated during fitting.
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The season was determined on the basis of the month of 
capture, with months of capture from September through 
November assigned to the fall season, the months from 
December through February considered to be winter, the 
months from March through May assigned to spring, and 
the months from June through August considered to be 
summer. The model fit was determined with the adjusted 
amount of deviance accounted for by a GLM, D2 (Guisan 
and Zimmermann, 2000), calculated by using the Dsquared 
function in the R package modEvA, vers. 3.8.4 (Barbosa 
et al., 2013). The effect of season among all season pairs was 
compared by running the GLM 4 times, each time with a dif-
ferent season as the intercept, and evaluating the  t- statistic 
for every season effect (e.g., if fall was the intercept, the 
t- statistics for the individual effects of winter, spring, and 
summer were evaluated relative to the fall intercept).

We chose a random subset of otoliths (n=2036), from fish 
collected during both SWFSC trawl surveys and CDFW port 
sampling that had lengths that encompassed the size distri-
bution within each season, to examine the relationship of SL 
to otolith length and to confirm that otolith growth reflects 
somatic growth. The right- side otolith was chosen when 
possible and was imaged by using a dissecting microscope 
with an AmScope camera (United Scope LLC, Irvine, CA) and 
analyzed with the R package shapeR (vers. 0.1-5;  Libungan 
and Pálsson, 2015) to calculate otolith length (Feret length) at 
the time of capture. We fitted a linear model that has season 
as a variable and has the following structure:

,

i, j 0 1 j 2 i, j

3 j i, j

SL Season OL

Season OL

) )
)

( (
(

= β + β + β

+ β  (4)

where OL i,j =  the otolith length (in millimeters) of fish i 
in season j.

A model with an interaction between season and OLi,j 
was chosen, given that previous work on CPS found reduced 
effects of seasonality on otolith length as the length of fish 
increased (Thomas, 1983). A model with no interaction term 
was also fitted, but the model with the interaction term had 
a lower Akaike information criterion (AIC) than the model 
with no interaction term (AIC: 13632 and 13800, respec-
tively) and was deemed a better fit (Akaike, 1973; Burnham 
and Anderson, 2002; Burnham et al., 2011). The effect of 
season among all season pairs was compared by running 
the linear model 4 times, each time with a different season 
as the intercept, and evaluating the t- statistic for every sea-
son effect (e.g., if fall was the intercept, the t- statistics for 
the individual effects of winter, spring, and summer were 
evaluated relative to the fall intercept). Visual examination 
of the diagnostic plots of both of the models used to examine 
the relationships of weight to length and of length to oto-
lith length revealed that the assumptions of normality and 
homogeneity of variance were met.

Somatic growth modeling

We fitted 5 growth models to length- at- age data to exam-
ine which model best describes somatic growth of the 

CSNA. The Gompertz growth model (Gompertz, 1825) is 
as follows (Ricker, 1975; Ogle et al., 2017):

e ,t
e

g* t t*

= ∞
−

− −





L L  (5)

where Lt =  the mean length at age t;
L∞ =  the mean asymptotic length (i.e., the maximum 

mean length for the population);
g* =  the instantaneous growth rate at the inflection 

point t*; and
t* =  the maximum instantaneous growth rate.

The logistic growth model (Campana and Jones, 1992; 
Ogle et al., 2017) is as follows:

1 e ,t

g t t*

= −












( )
∞

− −−∞L L  (6)

where g−∞ =  the positive instantaneous growth rate as age 
approaches negative infinity.

The final 3 models are parameterizations or modifica-
tions of the VBGF (von Bertalanffy, 1938), which has the 
following common foundation:

1 e ,t
q( )= −∞

−L L
 

(7)

where q = at least a function of t.

For the VBGF attributable to Beverton and Holt (1957), 
q takes this form:

,0( )= −q K t t
 

(8)

where K =  the growth coefficient, a measure of the expo-
nential rate at which Lt approaches L∞; and

t0 =  the theoretical age at which Lt is zero.

As CPS have seasonal variations in their somatic 
growth rates, 2 modifications to the VBGF were fitted 
to model seasonal oscillations in growth, similar to the 
adjustments to the VBGF done by Ogle (2017). The first 
modification of the VBGF is from Hoenig and Choudaray 
Hanumara (1982) and Somers (1988), with a clarification 
by García-Berthou et al. (2012). In this model, hereafter 
referred to as the Somers model, q takes this form (Ogle, 
2017):

)

)

(

(

) )

)

( (

(

= − +
π

π −

−
π

π −

2
sin 2

2
sin 2 ,

0 s

0 s

q K t t
CK

t t

CK
t t  (9)

where ts =  the inflection point, or the amount of time 
between time zero and the start of the convex 
portion of the first sinusoidal growth oscilla-
tion; and

C =  the proportional decrease in growth at the 
depth of the growth oscillation, normally the 
“winter” season.
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If C=0 (i.e., if there is no seasonal oscillation in mean 
length), the equation reduces to the VBGF. If C>0 and 
C<1, the increase in mean length is reduced but does not 
stop; if C=1, the increase in mean length comes to a com-
plete stop; and if C>1, mean length decreases during “win-
ter.” The time of the year when growth is slowest, known 
as the winter point (WP), was calculated as follows:

WP = ts + 0.5. (10)

Pauly et al. (1992) argued that a C greater than 1 is bio-
logically improbable for fish vertebrates whose skeletons 
largely preclude shrinkage in length and, therefore, pro-
posed a modification to the Somers model in which mean 
length was not allowed to decrease. In this model, hereaf-
ter referred to as the Pauly model, q takes this form:

1

2
sin

2
1

1

2
sin

2
1

,

0 s

0 s

q K t t
K NGT

NGT
t t

K NGT

NGT
t t

( ) ( ) ( )

( ) ( )

= ′ ′ − +
′ −

π
π

−
′ −








−
′ −

π
π

−
−







 (11)

where NGT =  the no growth time, the length of the no 
growth period as a fraction of a year.

The age t′ is found by “subtracting from the real age (t) the 
total no- growth time occurring up to age t” (Pauly et al., 
1992; Ogle, 2017). Pauly et al. (1992) suggested using K′ 
to minimize confusion with K in the VBGF as the units 
changed from year−1 to (1−NGT)−1.

Model parameters and 95% confidence intervals were 
estimated by using nonlinear least squares regression 

with the R package FSA (vers. 0.9.3; Ogle et al., 2022) 
and the nlsBoot function in the R package nlstools (vers. 
2.0-0; Baty et al., 2015), respectively. Starting values were 
obtained by visually fitting the models to the observed 
data, and alternative starting values were used to confirm 
a global minimum was obtained. The best fitting model 
was chosen by using the AIC values (Akaike, 1973; Ogle, 
2017), with the best fitting model having the lowest AIC 
and other models ranked according to the differences in 
their AIC values from that of the best model (Burnham 
and Anderson, 2002; Burnham et al., 2011).

Results

Length and age structure

A total of 19,209 individuals were measured for length 
and weight, and 12,520 otoliths from fish collected during 
both fishery- dependent and fishery- independent surveys 
were aged from 2015 to 2021 and used in subsequent 
analyses. Lengths from all measured fish ranged from 23 
to 164 mm SL, lengths from aged fish ranged from 44 to 
164 mm SL, and ages ranged from 0 to 6 years (Fig. 1, A 
and B). Age-0 and age-1 fish accounted for 62% of the sam-
ples, and a steady decline in the frequency of older aged 
fish was observed, with age-4+ fish accounting for 4% of 
the samples (Fig. 1B). All fish <69 mm SL were age 0.

The GLM used to examine the relationship of weight to 
length was significant (P<0.0001) and fit the data well 
(D2=0.95). Winter did not differ from spring (t=0.36, 
P=0.71), but all other seasons were significantly different 

Figure 1
(A) Histogram of the standard lengths of all northern anchovy (Engraulis mordax) from 
the central subpopulation collected and measured for length (sample size [n]=19,209) 
and (B) histogram of the age distribution of sampled fish (n=12,520). This subpopu-
lation ranges from Northern California to Baja California, Mexico. Data used in both 
histograms are from northern anchovy collected in 2015–2021 during sampling of ports 
by the California Department of Fish and Wildlife and acoustic- trawl surveys of coastal 
pelagic species conducted by the NOAA Southwest Fisheries Science Center.



Schwartzkopf et al.: Modeling growth of Engraulis mordax by incorporating seasonality 177

from each other (P<0.0001), including fall from winter 
(t=4.11), spring (t=5.12), and summer (t=36.58) and winter 
from summer (t=22.57) and spring (t=−31.30) (Table 1). 
Looking at the model predictions, fish from summer had a 
larger weight at a given length (Fig. 2A). Although fish 
from winter and spring statistically differed from fish 
from fall, the model predictions look similar among these 
3 seasons (Fig. 2A). Full results from the GLM can be 
found in Supplementary Table 2.

Table 1

Equations used to determine the relationship of total 
weight (TW) to standard length (SL) in the general lin-
ear model for each season for the central subpopulation of 
northern anchovy (Engraulis mordax). This subpopulation 
ranges from Northern California to Baja California, Mexico. 
Parameter estimates for each season are given within the 
equation. For example, the estimates from the fall model 
are as follows: −12.085 for the intercept and 3.122 for the 
slope. The model was fitted to a combination of fishery- 
independent and fishery- dependent data from 2015 through 
2021, and the sample size (n) for each season is provided.

Season n Model equation

Fall 5788 TW = e(−12.085)SL3.122

Winter 5743 TW = e(−12.071)SL3.122

Spring 5603 TW = e(−12.073)SL3.122

Summer 2075 TW = e(−12.001)SL3.122

A total of 2036 otoliths were imaged to calculate oto-
lith length. The linear model of the relationship of SL to 
otolith length was significant (P<0.05) and fit the data 
well (coefficient of multiple determination [R2]=0.90). 
Fall, winter, and spring did not differ from each other, 
including fall from winter (t=1.43, P=0.15) and spring 
(t=−0.31, P=0.75) and winter from spring (t=−1.58, 
P=0.11), but summer differed from all the other seasons 
(from fall: t=9.74; from winter: t=8.99; and from spring: 
t=7.77; P<0.0001) (Table 2). Looking at the model pre-
dictions, otolith length was greatest in winter, followed 
by fall, spring, and summer for small fish (less than 
~120 mm SL) (Fig. 2B). As fish length increased, the 
effects of seasonality were reduced, and otolith length 
was similar between seasons for fish of the same size 
(Fig. 2B). Full results from the linear model can be found 
in Supplementary Table 3.

Somatic growth modeling

Large variation in length at age was found among indi-
viduals from the CSNA, with higher variation in length 
at age for young fish (<2 years) and smaller variation for 
old fish (>5 years) (Fig. 3, A and B). The von Bertalanffy, 
Gompertz, and logistic growth functions yielded asymp-
totic growth patterns when fitted to both integer and 
fractional age data (Fig. 3, A and B). Curves for modeled 
length at age are nearly identical for all 3 models at all 
ages (Fig. 3, A and B), with similar parameter estimates 
within each age data set (Table 3). Notably, parameter 

Figure 2
Relationships (A) between total weight and standard length and (B) between standard length and otolith length by 
season for the central subpopulation of northern anchovy (Engraulis mordax) that ranges from Northern California 
to Baja California, Mexico. The lines represent the predictions from the growth models used in this study, and the 
points represent the raw data for fish collected during fishery- independent and fishery- dependent surveys from 2015 
through 2021.

https://doi.org/10.7755/FB.121.4.3s2
https://doi.org/10.7755/FB.121.4.3s3
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Table 2

Equations used to determine the relationship of standard 
length (SL) to otolith length (OL) in the linear model for each 
season for the central subpopulation of northern anchovy 
(Engraulis mordax). This subpopulation ranges from North-
ern California to Baja California, Mexico. Parameter esti-
mates for each season are given within the equation. For 
example, the estimates from the fall model are as follows: 
−2.316 for the intercept and 32.134 for the slope. The model 
was fitted to a combination of fishery- independent and 
fishery- dependent data from 2015 through 2021, and the 
sample size (n) for each season is provided.

Season n Model equation

Fall 511 SL = −2.316 + 32.134(OL)
Winter 317 SL = −8.584 + 33.460(OL)
Spring 354 SL = 0.042 + 31.864(OL)
Summer 854 SL = 24.491 + 26.243(OL)

estimates differed between the integer age and frac-
tional age data sets for the same model, with estimates 
of L∞ being greater and estimates of the growth coeffi-
cients (i.e., K, g*, g−∞) being lower with a given model 
fitted to the integer age data set than with that model 
fitted to the fractional age data set (Table 3). For 

example, with the VBGF, L∞ was estimated at 130.6 mm 
SL and K was estimated at 0.52 year−1 when the inte-
ger age data set was used, whereas L∞ was estimated 
at 125.1 mm SL and K was estimated at 0.72 year−1 
when the fractional age data set was used. The VBGF 
was the best fitting model for both the integer age and 
fractional age data sets, followed by the Gompertz and 
logistic models (Table 4).

When modeling seasonal oscillations of growth, the 
Somers model and Pauly model were indistinguishable 
(Fig. 4, Table 5) and fit the data better than the VBGF, 
although the Somers model had the lowest AIC value 
and was deemed the best fit. With the Somers model, L∞ 
was estimated at 126.2 mm SL and K was estimated at 
0.68 year−1. Growth was fastest during the first year of 
growth. There was evidence of a 90% reduction in growth 
during the winter season (C=0.9), and the month of slow-
est estimated growth was December (WP=0.62). We fit a 
VBGF to integer age data from August and September to 
compare parameter outputs when seasonality was 
removed. Data from August and September were chosen 
because data for these months included information for 
individuals with the full range of ages in sufficient num-
bers (Suppl. Table 1). When seasonality was removed 
from this model fitted with integer age data, L∞ was esti-
mated at 126.9 mm SL and K was estimated at 0.78 
year−1, values similar to the parameter estimates from 
the Somers model.

Figure 3
Growth curves from von Bertalanffy, Gompertz, and logistic growth functions fitted to (A) length- at- integer- age 
data and (B) length- at- fractional- age data for the central subpopulation of northern anchovy (Engraulis mordax) 
that ranges from Northern California to Baja California, Mexico. The solid lines indicate model predictions based 
on observed data, and the shaded areas indicate the 95% confidence intervals for these predictions. The black circles 
(with transparency) indicate the raw data points for individuals. The data used in the models are for fish collected 
from 2015 through 2021 during fishery- independent and fishery- dependent surveys. Parameter estimates from the 
model fits are provided in Table 3.

https://doi.org/10.7755/FB.121.4.3s1
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Table 3

Equations used in 3 growth models to estimate the mean length at age t (Lt) for 
the central subpopulation of northern anchovy (Engraulis mordax) that ranges 
from Northern California to Baja California, Mexico. Parameter estimates from 
each model are given within the equation; for example, estimates from the first 
equation for the von Bertalanffy growth function are as follows: 130.6 mm in 
standard length for the mean asymptotic length, 0.52 year−1 for the growth 
coefficient, and 2.51 years for the theoretical age at which Lt is zero. The von 
Bertalanffy, Gompertz, and logistic growth functions were fitted to both integer 
and fractional age data for fish collected from 2015 through 2021 during fishery- 
independent and fishery- dependent surveys.

Data set Model df Model equation

Integer ages von Bertalanffy 12,517 130.6 1 et
0.52 t 2.51= −





( )− +
L

Gompertz 12,517 129.5et

( (
1

0.60
)e 0.60(t 1.95)

=
− − +

L

Logistic 12,517 128.6 1 et
0.68(t 1.52)

1
= +





− +
−

L

Fractional ages von Bertalanffy 12,517 125.1 1 et
0.72(t 1.53)= −





− +L

Gompertz 12,517 124.3et

( (
1

0.83
)e 0.83(t 1.14)

=
− − +

L

Logistic 12,517 123.7 1 et
0.93(t 0.84)

1
= +





− +
−

L

Table 4

Statistical measures of fit for von Bertalanffy, Gompertz, 
and logistic growth functions fitted to data sets of lengths 
at integer and fractional ages for northern anchovy 
(Engraulis mordax) of the central subpopulation col-
lected during 2015–2021. This subpopulation ranges from 
Northern California to Baja California, Mexico. For each 
model, number of parameters (K), the Akaike informa-
tion criterion (AIC) and the difference in its AIC value 
from that of the best model (the one with the lowest AIC) 
(ΔAIC) are provided.

Data set Model K AIC ΔAIC

Integer ages von Bertalanffy 4 97,208.86 0.00
Gompertz 4 97,221.82 12.95
Logistic 4 97,235.67 26.81

Fractional ages von Bertalanffy 4 96,428.34 0.00
Gompertz 4 96,477.62 49.28
Logistic 4 96,526.79 98.45

Discussion

The results of this study provide an update of the under-
standing of CSNA growth patterns, given that the last 
work examining growth of the CSNA through the adult 
stage was completed 38 years ago (i.e., Parrish et al., 
1985). We found patterns in somatic growth of the CSNA 
that are typical of r- selected and opportunistic species, 
which have small body sizes, low maximum ages, and 

high growth rates (Adams, 1980; Winemiller and Rose, 
1992; King and McFarlane, 2003). Additionally, fast 
growth during the first year of life, high individual varia-
tion in growth rates, and seasonal fluctuations in growth, 
as found in our study, are characteristic of CPS in upwell-
ing environments (Cubillos et al., 2001; Takahashi et al., 
2012). High variability in growth rates among individuals 
from the CSNA has been postulated to lead to increased 
population growth rates due to size- dependent mortal-
ity and, therefore, to lead to increased population size 
(Lo et al., 1995). The growth characteristics of the CSNA 
contribute to high interannual variability in recruitment 
success and population abundance observed for this pop-
ulation of northern anchovy (Lasker, 1981; MacCall et al., 
2016; Thayer et al., 2017).

Large variations in length within each age class, exten-
sive overlap of lengths across ages, rapid somatic growth 
during the first year of life, and high proportions of young 
fish (<4 years old) with scarcity of older individuals have 
been found in studies investigating the CSNA (Collins and 
Spratt, 1969; Spratt, 1975; Mais, 1981; Mallicoate and 
 Parrish, 1981; Parrish et al., 1985) and other species of 
Engraulis (Bacha et al., 2010; Cerna and Plaza, 2016). 
Spratt (1975) modeled growth of individuals from the 
CSNA collected during both fishery- dependent and 
fishery- independent surveys and found a higher L∞ 
(165 mm SL) and lower K (0.29 year−1) than the estimates 
for those parameters from our study, and Cisneros et al. 
(1990) found an L∞ of 153 mm SL and a K of 0.7 year−1 for 
northern anchovy collected from the Gulf of California in 
Mexico (the southern subpopulation). The higher L∞ and 
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Figure 4
Growth curves from the von Bertalanffy growth function, Somers model, and 
Pauly model fitted to length- at- fractional- age data for the central subpopu-
lation of northern anchovy (Engraulis mordax) that ranges from Northern 
 California to Baja California, Mexico. The solid lines indicate model predic-
tions based on observed data, and the shaded areas indicate the 95% confi-
dence intervals for these predictions. The black circles (with transparency) 
indicate the raw data points for individuals. The data used in the models are 
for fish collected from 2015 through 2021 during fishery- independent and 
fishery- dependent surveys. Parameter estimates and their 95% confidence 
intervals from the model fits are provided in Table 5.

lower K found by Spratt (1975) reflect their sample distri-
bution, with lengths of sampled fish ranging from 88 to 
160 mm SL and no age-0 fish. Without large and old fish, 
L∞ is underestimated and K is overestimated (Bolser et al., 
2018); therefore, it follows that the absence of small and 
young fish would result in overestimation of L∞ and under-
estimation of K, as is revealed when comparing estimates 
from Spratt (1975) and those from our study. Cisneros 
et al. (1990) collected fish with size and age ranges similar 
to the fish collected for our study (~50–140 mm SL, 0–5 
years), likely contributing to similar K values. However, 
they modeled growth using length–frequency analysis 
instead of ages calculated from otolith readings, possibly 
driving the differences in L∞.

Seasonal CSNA growth oscillations and large varia-
tions of length within each age class were not unexpected 
and reflect the life history characteristics of this species in 
response to environmental conditions of the CCE. Somatic 
growth of the CSNA was most rapid during the summer 
months in our study, with increased length at a given 
weight in summer compared to that in other seasons, a 
result that also has been found for northern anchovy col-
lected in the CCE (Palance et al., 2019). This rapid sum-
mer growth is likely in response to warmer sea- surface 

temperatures and the increase in pro-
ductivity from upwelled, nutrient- rich 
waters that stimulates growth of phy-
toplankton (Checkley and Barth, 2009; 
Jacox et al., 2018). Although productiv-
ity is increased during summer months, 
food aggregations are patchy and may 
be composed of prey of different levels 
of quality (Lasker and Zweifel, 1978; 
Litz et al., 2010), potentially resulting 
in large, opportunistic feeding events 
of variable nutritional quality for some 
individuals of the CSNA. Differences in 
the quality of prey encountered between 
individuals from the CSNA can contrib-
ute to high variability in their growth 
rates.

Additionally, the protracted spawning 
season of the CSNA may also contrib-
ute to large variations of length within 
each age class, especially at younger 
ages (Methot, 1983). For example, an 
age-0 fish born early in the year would 
be larger in length than an age-0 fish 
born later in the year when collected 
at the same time. The use of fractional 
ages in our work helped to address this 
phenomenon, but the birthdates of indi-
vidual fish are still unknown. The lack 
of birthdates may bias any estimate 
of actual somatic growth; therefore, 
caution should be taken when making 
interpretations.

Somatic growth of the CSNA was 
slowest in winter, a result that is linked 

to cool sea- surface temperatures and reproductive strat-
egies (Cubillos and Arancibia, 1993; Cubillos et al., 2002; 
Bilgin et al., 2013). The peak CSNA spawning season is 
from January through April (Hunter and Leong, 1981; 
Reiss et al., 2008); therefore, the slowest growth in Decem-
ber aligns with a shift from somatic growth to gametic 
growth in preparation for spawning. The duration of 
spawning season increases with female length, weight, 
and age, and although a large majority of individuals are 
mature by age 0, older females contribute disproportion-
ately more to total annual egg production than first- time 
spawners (Hunter and Macewicz, 1985; Parrish et al., 
1986; Schwartzkopf et al., 2022). The reduction in season-
ality in somatic growth of older individuals is likely due to 
the increased investment in reproduction over more of the 
year and reduced somatic growth at older ages (>3 years) 
(Armstrong and Shelton, 1990; Kozlowski, 1996). If fish 
mature at different ages, individual variability in repro-
ductive investment may also contribute to high variability 
in growth rates among individuals (Brosset et al., 2016; 
Claireaux et al., 2021).

Large variations and extensive overlaps in length at 
age present challenges in estimating other life history 
characteristics and consequently in conducting stock 
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Table 5

Estimates and 95% confidence intervals for parameters of the von Bertalanffy growth function (VBGF) fitted to integer age data, 
the VBGF fitted to fractional age data, the Somers model, and the Pauly model used to examine the growth of the central sub-
population of northern anchovy (Engraulis mordax) that ranges from Northern California to Baja California, Mexico. The model 
parameters are mean asymptotic length (L∞); growth coefficients (K and K′); the theoretical age at which length is zero (t0), the 
inflection point, or the amount of time between time zero and the start of the convex portion of the first sinusoidal growth oscilla-
tion (ts); the proportional decrease in growth at the depth of the growth oscillation (C); and no growth time (NGT), or the length of 
the period of no growth as a fraction of a year. For each model, the Akaike information criterion (AIC) and the difference in its AIC 
value from that of the best model (the one with the lowest AIC) (ΔAIC) are provided. No AIC or ΔAIC values are given for the VBGF 
fitted to integer age data as that data set is different from the data set of fractional ages used with the other models. All models 
were fitted to length- at- age data for fish collected during fishery- independent and fishery- dependent surveys from 2015 through 
2021. SL=standard length.

Model

Parameter estimates (95% confidence intervals)

AIC ΔAICL∞ (mm SL) K (year−1)
K′ 

((1−NGT)−1) t0 (years) ts (year) C NGT (year)

VBGF 
(integer)

130.6 
(129.1–132.3)

0.52 
(0.47–0.56)

– −2.51 
(−2.68– −2.35)

– – – – –

VBGF 
(fractional)

125.1 
(124.2–125.9)

0.73 
(0.69–0.77)

– −1.53 
(−1.63– −1.45)

– – – 96,428.3 172.10

Somers 
model

126.2 
(125.4–127.1)

0.68 
(0.64–0.71)

– −1.74 
(−1.79– −1.67)

0.12 
(0.10–0.15)

0.90 
(0.77–1.00)

– 96,256.2 0.00

Pauly model 126.4 
(125.5–127.4)

– 0.67 
(0.63–0.73)

−1.76 
(−1.81– −1.61)

0.13 
(0.11–0.15)

– 0.00 
(0.00–0.08)

96,257.9 1.69

assessments. When time or costs do not allow all samples 
that were measured for length to be aged, age–length keys 
(ALKs) are used to draw inferences about the age compo-
sition of a stock and are used in stock assessments to esti-
mate growth or mortality rates (Coggins et al., 2013) and 
to estimate abundance and catch at age (Kimura, 1977). 
When ages and growth characteristics are estimated with 
extrapolation- based methods (e.g., ALKs), more errors are 
generated for populations with extensive overlap of length 
distributions across ages and large variability in length at 
age (Miranda and Colvin, 2017). These errors could prop-
agate throughout an assessment when an ALK is used to 
calculate weight at age, as has been done in the CSNA 
stock assessment (Kuriyama et al., 2022), which is ulti-
mately used to calculate recruitment and biomass quanti-
ties relevant for management of this population.

Although the VBGF is the most typical model used to 
describe growth of CPS on the U.S. Pacific coast (Arm-
strong and Shelton, 1990; Crone et al., 2019; Kuriyama 
et al., 2020, 2022), no other work has examined seasonal 
modifications to the VBGF for northern anchovy. We found 
that the best fitting growth model for the CSNA was the 
Somers model, which allows growth to oscillate seasonally. 
Seasonal growth oscillations have been reported for small 
CPS around the world: the European anchovy (E. encra-
sicolus) (Bellido et al., 2000; Bilgin et al., 2013), Peruvian 
anchoveta (E. ringens) (Palomares et al., 1987; Cubillos 
and Arancibia, 1993; Cerna and Plaza, 2016), European 
pilchard (Sardina pilchardus) (Silva et al., 2008), and 
Araucanian herring (Strangomera bentincki) (Cubillos 
et al., 2002; Feltrim and Ernst, 2010). However, in many 

of the studies that generated these reports, length- based 
methods were used to estimate growth parameters with 
seasonal growth models, possibly yielding less reliable 
estimations than those from the use of age- based methods 
(Liu et al., 2021).

We found that the VBGF overestimated L∞ and under-
estimated K in comparison to estimation with the Somers 
model, and Liu et al. (2021) had the same observation 
when seasonal growth oscillations of small species were 
ignored. The misestimation of growth parameters when 
seasonality is ignored can propagate biases in stock 
assessments because underestimating K results in under-
estimation of natural mortality and possibly in charac-
terization of a stock as less productive than it actually is 
(Scherrer et al., 2021). Additionally, when seasonality was 
included with the estimation of fractional ages, overlaps in 
length at age were reduced, and that reduction may result 
in more accurate ALKs and, therefore, reduce bias in stock 
assessments.

Validating that otolith growth has a relationship with 
somatic growth is imperative, as it permits the use of 
data from otolith studies (e.g., increment widths) to test 
for relationships between fish growth and climate indices 
or regional environmental conditions, and information 
about such relationships is important for projections of 
climate- and ecosystem- level change on marine communi-
ties (Muhling et al., 2018; Erisman et al., 2021;  Tommasi 
et al., 2021). The linear relationship between otolith 
length and fish length indicates that otolith growth does 
reflect somatic growth to a degree for the CSNA; how-
ever, it is not uncommon for otolith and somatic growth 
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to be decoupled because somatic growth is tied to the 
environment and otolith growth is tied to metabolic rate 
(Buckmeier et al., 2017).

The differences in otolith growth among seasons 
observed in our study may also provide examples of the 
uncoupling of otolith and somatic growth reported for 
some other fish species that have seasonally different 
growth rates (e.g., Francis et al., 1993). In the summer 
season, when the fastest growth was found, mean otolith 
length for fish of a given length was smaller than that for 
fish in other seasons (and growth rates were lower), with 
seasonal differences diminished at larger fish lengths 
(greater than ~120 mm SL). The larger otolith lengths in 
winter may also indicate that otoliths continue to grow 
in seasons during which somatic growth is reduced, a 
common phenomenon (Secor and Dean, 1992; Buckmeier 
et al., 2017). The negative relationship between otolith 
size and somatic growth rate is predicted for individuals 
growing according to the VBGF (Xiao, 1996), but the pres-
ence of a strong growth effect can create substantial errors 
for studies in which otoliths are used to back- calculate fish 
length (Campana, 1990). Although we did not directly test 
the effect of growth rates on the relationship between oto-
lith length and fish length, the results of our study provide 
a starting point for examination of this relationship in the 
future.

One potential source of uncertainty in this study is the 
sample distribution. Only 162 fish (0.008%) in our study 
were <50 mm SL, possibly a reflection of the selectivity 
of the commercial fishery, size selectivity of trawl nets, 
locality of trawl tows, or a combination of these factors. 
The commercial fishery is known to avoid small fish (gen-
erally <90 mm SL) because small individuals may clog 
nets (Huppert et al., 1980). More importantly, the fishery 
is extremely limited by market demand because large 
anchovies have a higher fat content and are, therefore, 
more desirable for their main uses as feed for the finfish 
mariculture industry, pet food, oil for pharmaceuticals, 
live bait, and fresh or canned food for human consumption 
(CDFW, 2022; Kuriyama et al., 2022). Therefore, fishery- 
dependent data will consistently have this source of uncer-
tainty, and fishery- independent data can help fill this gap.

The net used in SWFSC acoustic- trawl surveys has 
an 8- mm mesh liner to retain juvenile and adult fish as 
small as 50 mm SL and potentially as large as 800 mm 
SL ( Dotson and Griffith, 1996; Dotson et al., 2010; Dorval 
et al., 2022), but small fish are known to be poorly rep-
resented in catches made with nets with similar sizes of 
mesh liner in contrast to their representation in purse 
seine samples (Dotson and Griffith, 1996). Small juveniles 
of the CSNA tend to remain closer to shore (Parrish et al., 
1985), but NOAA research vessels are unable to operate 
in waters with depths less than 20–30 m. Therefore, any 
CPS aggregations in shallow, nearshore areas are missed; 
it should be noted that the SWFSC is addressing this 
data gap through the inclusion of sampling of nearshore 
areas by commercial fishing vessels with the sampling 
conducted during its fishery- independent surveys (Dorval 
et al., 2022; Renfree et al., 2022). Except for 1 individual, 

all fish <50 mm SL were caught in 2015, the year in 
which abundances of young of the year in the CSNA were 
found to have increased drastically (Zwolinski et al., 2017; 
Thompson et al., 2019). The presence of small individuals 
in 2015 indicates that small fish (<50 mm SL) will be col-
lected when they are present in high numbers with the 
current sampling design and trawl net.

The disproportionate distribution of samples from both 
the fishery- independent and fishery- dependent surveys, 
with a decline in older age classes (>4 years), may also be 
due to the sampling designs used. The commercial fishery 
fleet fishes anchovy close to shore, where younger fish are 
common (Parrish et al., 1985), and close to ports because 
fish do not survive well in the holds over the time it takes 
to cover long distances from shore (Kuriyama et al., 2022). 
The SWFSC trawl survey is designed to sample the entire 
populations of CPS to assess their biomass (Stierhoff et al., 
2020), a different objective than that of a survey focused 
purely on age and growth in which ideally all age classes 
are sampled uniformly regardless of relative abundance 
(Bolser et al., 2018).

It is important to ensure that growth data accurately 
represent the variability of the lengths at each age, as sam-
pling that is not representative of the underlying popula-
tion may produce biased estimates of growth characteristics 
and mortality (Sainsbury, 1980; Goodyear, 2019). Further 
sampling of older age classes could cause the current esti-
mates of growth characteristics to change, but attempting 
to add samples in size bins for which catch is more rare in 
size- stratified sampling can substantially increase bias in 
mean size estimates (Goodyear, 2019). The current 2- stage 
sampling design of the SWFSC trawl survey meets both of 
these important needs through minimization of bias due 
to sampling distribution by first selecting samples at ran-
dom so that they are representative of what is caught and 
then by making sure a sufficient number of otoliths from all 
length (and age) classes of a species or population are aged 
to accurately approximate the true variation in length at 
age (Schwartzkopf et al., 2022).

The high percentage of fish from age 0 to age 2 in sam-
pling and the low percentage of fish at age 4+ reflect the 
current belief that the maximum age of northern anchovy 
has declined over time with catches being heavily dom-
inated by age-0 and age-1 fish and having diminished 
levels of older age groups (Mais, 1981; MacCall, 2009). 
This result is in line with a high mortality rate typical of 
clupeoids (Armstrong and Shelton, 1990) and the CSNA 
(Kuriyama et al., 2022), assuming that the survey samples 
are representative of the adult population. Given the low 
harvest rate by the commercial fishery (PFMC, 2022), it is 
reasonable to conclude that the high mortality rates reflect 
natural mortality (e.g., mortality that results from preda-
tion or starvation). Additionally, true length at age may 
be underestimated because slower- growing marine fish 
can have higher predation mortality rates (Fennie et al., 
2020). The northern subpopulation of northern anchovy is 
thought to have larger, older, and faster- growing fish than 
those in the CSNA (Parrish et al., 1985; Stierhoff et al., 
2020; senior author, unpubl. data). Future work could 
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examine growth characteristics for the entire species with 
the addition of older individuals (>4 years old) as well as 
could compare characteristic estimates between subpopu-
lations and stratify by latitude.

Conclusions

This work is the first comprehensive investigation into 
modeling non- seasonal and seasonal growth oscillations 
in northern anchovy by using an age- based method. The 
results indicate the importance of incorporating seasonal-
ity when modeling somatic growth of CPS with data from 
samples collected year- round. If seasonality is ignored, 
L∞ may be overestimated and growth coefficients (i.e., K) 
may be underestimated. The similarity in parameter esti-
mates from the VBGF fitted to integer age data when 
only 2 months of data were included and from the Somers 
model fitted to fractional age data when data from year- 
round sampling were included indicates that 1) the sea-
sonal model appears to account well for seasonal growth 
oscillations of the CSNA and 2) a VBGF fitted with inte-
ger ages may be appropriate for use with data collected 
over a short time period. Accurately describing growth is 
important to decrease biases that may propagate in stock 
assessments and subsequently in management decisions.

Resumen

Los parámetros de crecimiento somático se utilizan en 
modelos de evaluación de poblaciones estructurados 
por edades, como los que se emplean para evaluar y mane-
jar federalmente la anchoa del norte (Engraulis mordax); 
por lo tanto, un estimado incorrecto del crecimiento puede 
causar errores que afecten a los estimados de las evalua-
ciones de poblaciones. Hasta donde sabemos, hemos com-
pletado la primera investigación exhaustiva para modelar 
el crecimiento somático y de los otolitos de la subpoblación 
central de la anchoa del norte (CSNA), que tiene su distri-
bución desde el norte de California hasta Baja California, 
México, utilizando datos dependientes e independientes de 
la pesca. Para determinar el modelo que mejor describía el 
crecimiento, se ajustaron cinco modelos de crecimiento a 
los datos de talla por edad, incluidos 2 modelos que tienen 
en cuenta las oscilaciones estacionales del crecimiento. Se 
observaron oscilaciones estacionales del crecimiento en el 
CSNA, y los modelos que mejor se ajustaban fueron los que 
tenían en cuenta la estación. El crecimiento más rápido se 
produjo durante el verano, y disminuyó 90% en invierno. 
Se observaron grandes variaciones en la longitud a la edad 
y un amplio solapamiento de longitudes entre edades en 
el CSNA, observaciones típicas de peces con un modo de 
vida oportunista que responden rápidamente a las condi-
ciones ambientales cambiantes en ecosistemas dinámicos. 
Los modelos de crecimiento tradicionales sobrestimaron 
la longitud asintótica media y subestimaron el coeficiente 
de crecimiento en comparación con los resultados de los 
modelos de crecimiento estacional. Describir con precisión 

el crecimiento de la CSNA teniendo en cuenta la estacio-
nalidad es importante para limitar los sesgos que pueden 
propagarse en las evaluaciones de las poblaciones y en las 
decisiones de manejo.
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