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a b s t r a c t

Knowing the population dynamics and the variations in the abundance of the Pacific sardine is essential
for suitable fishing management. Due to the possibility that the different stocks of Sardinops sagax that
can inhabit the south of California Current System (CCS) were present in the catches, the caught of
the temperate stock were discriminated from the total landed and, subsequently was assessed the
dynamics of temperate stock of Pacific sardine (TSPS) for the period from 1989 to 2021. For the above,
we use a statistical analysis of catch-at-age (ACE), which is an integrated analysis model that includes
three indices of relative abundance (catch rate, acoustic surveys and evaluations of eggs and larvae).
Acoustic indices and capture rate (CPUE) denoted changes in population abundance better than the
index of eggs and larvae. The total biomass has shown great interannual variability oscillating between
853,476 and 1,592,519 t; a similar trend was shown by the spawning biomass, oscillating between
404,189 t and 770,484 t. With the modified Ricker Stock-Recruitment model, the minimum biomass
Bmin = 50,000 t and the exploitation rate in Emrsy = 0.251 year−1 were estimated. Considering
behavior of proportion between the recorded catch and the estimated biologically acceptable catch to
each year (Cobs/BAC), we can infer that the TSPS has been sustainably exploited throughout analyzed
period, except for 2014 and 2017 fishing seasons, when the BAC was exceeded by around 20%.
Harvest control rule, by depending on a biomass fraction, estimated with an integrated model ACE, is
considered a management suitable strategy to TSPS.

© 2023 Elsevier B.V. All rights reserved.

1. Introduction

The Pacific sardine S. sagax is a resource that has supported
one of the most important fisheries in the California Current
system (CCS) (Wolf, 1992; Deriso et al., 1996). It has often been
the dominant species among small pelagic fish throughout the
CCS (Parrish et al., 1989; Emmett et al., 2005). It is distributed
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throughout the CCS, from Alaska to the Gulf of California and, in
cold years, it can extend to southern Sinaloa (Lluch-Belda et al.,
1995).

Three stocks of this species have been identified (Hedgecock
et al., 1989; Radovich, 1982; Félix-Uraga et al., 2004, 2005; Smith,
2005; Demer and Zwolinski, 2014; Dorval et al., 2015): a cold
stock, a temperate one, and a warm one, dynamically overlapping
in space and exhibiting temporal asynchrony influenced by sea
surface temperature (SST) variability within the CCS. The cold
or northern stock inhabits waters between 13 and 17 ◦C, the
temperate or southern stock is adapted to temperatures between
17 and 22 ◦C, and the warm stock adapted to temperatures
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between 22 and 27 ◦C (Félix-Uraga et al., 2004, 2005; Smith,
2005; Demer and Zwolinski, 2014; Dorval et al., 2015).

A distinctive feature of the species is the high variability in
abundance. Different hypotheses have been presented trying to
explain that the oscillations respond to a great extent to the
climatic variability of diverse scales, beginning with the high
frequency or interannual events (Hammann et al., 1995; Lenarz
et al., 1995; Smith, 1995) up to those of low frequency or inter-
decadal (Kawasaki, 1983; Lluch-Belda et al., 1989). Oscillations in
the abundances of small pelagic in the CCS have been shown to
coincide with variations in environmental conditions (Jacobson
et al., 2001; Fréon et al., 2005; Galindo-Cortes et al., 2010; Alheit
and Bakun, 2010; Zwolinski and Demer, 2012; Lindegren and
Checkley Jr., 2013; Zwolinski and Demer, 2014). Similarly, it is
suggested that such fluctuations may also be due to the variability
of population parameters (Dorval et al., 2015; De Anda-Montañez
et al., 1999; Félix-Uraga et al., 2005; Checkley Jr. et al., 2017).

Recent estimates of cold stock abundance of S. sagax have
shown a marked decrease in estimated exploitable biomass from
1.8 million t in the 2005–2006 season to 28,276 t in 2021–2022.
This has forced the United States and Canadian governments
to declare a moratorium on Pacific sardine fishing (Kuriyama
et al., 2020, 2021). For the warm stock of S. sagax in the Gulf
of California, Nevárez-Martínez et al. (2021), in their population
analysis for the period 1971/1972 to 2019/2020, used the struc-
tured age model (Age Structured Assessment Program, ASAP),
which, although it reflected a large interannual variability with
bi-decadal oscillations, in recent years, the reproductive biomass
or spawning biomass (Brep) ranged between 620 and 924 thou-
sand tons (Nevárez-Martínez et al., 2021). Galindo-Cortes (2011)
using a dynamic bioeconomic model, for Pacific sardine landed
between Bahia Magdalena, Mexico, and British Columbia, Canada,
during the period 1981 to 2008, found that the levels of total
biomass (Btotal) remained around an average value of 290,000
t, with a reduction linear between 1997 and 2003 from 326,000
t to 231,000 t; for 2009 an abundance of 250 thousand t was
estimated (Galindo-Cortes, 2011).

The regulatory framework for the small pelagic fishery sug-
gests, among other measures, that permissible catch volumes
of target species be established through a Catch Control Rule,
which is defined based on a Biologically Acceptable Catch (BAC),
which must be dynamic and will depend on the available biomass
(active management, DOF, 2012).

Based on the above and recognizing the high variability in
the abundance of the Pacific sardine, the management of the
fishery requires continuous updates on the status of the dif-
ferent stocks (Lluch-Belda et al., 1989). With a comprehensive
evaluation approach, in the present study a statistical analysis of
catch at age (ACE) was applied, which integrates biological and
fishing information together with some indices both dependent
and independent of the fishery; thereby improving the evaluation
of the temperate stock of Pacific sardine (TSPS), increasing the
realism of the population dynamics. This, to provide suitable
advice for management, is necessary for the sustainable use of
this fishing resource so important for the region.

2. Materials and methods

The study area includes the distribution zone of the TSPS
throughout of California Current System southern, which is where
the commercial purse-seine fishing fleets operate off San Pe-
dro, California in the USA, Ensenada, Baja California and Bahía
Magdalena, Baja California Sur in Mexico (Fig. 1).

The information and data come from the small pelagic moni-
toring programs of the National Institute of Fisheries and Aqua-
culture (INAPESCA) and the Interdisciplinary Center for Marine

Fig. 1. Study area of the temperate stock of S. sagax on the western coast of
the Baja California peninsula, grouped by landing port: San Pedro (SP), Ensenada
(EN), Isla de Cedros (IC) and Bahía Magdalena (BM).

Sciences (CICIMAR). Catch data from San Pedro (1989–2014) were
provided by Southwest Fisheries Science Center (Kevin Hill, pers.
comm.). A database of catch and fishing efforts was integrated
from 1989 to 2021 and included biometric information.

In order to divide the biological and fishery compositions
attributed to each of the three stocks that inhabit the western
coast of the Baja California peninsula, we used the discrimination
criterion of catch by the temperature of the stocks present in
landings (Félix-Uraga et al., 2004). Catch data for the period
analyzed (1989–2021) were grouped monthly by collection area
to define each stock component. This could be applied because
each catch landed has the record of the area where the catch
was made. The warm stock (WS) inhabits temperatures higher
than 22 ◦C, the temperate stock (TS) inhabits temperatures from
17 ◦C to 22 ◦C, and the cold stock (CS) inhabits temperatures
below 17 ◦C. To obtain sea surface temperature (SST), we used
the Geospatial Interactive Online Visualization and Analysis In-
frastructure (Giovanni) system developed and maintained by the
National Aeronautics and Space Administration (NASA), Goddard
Earth Sciences (GES) Data and Information Services Center (DISC)
(https://giovanni.gsfc.nasa.gov, accessed on 11 November 2022).
Monthly averages of sea surface temperature (SST) were obtained
by quadrants of 2◦ N × 2◦ W (Fig. 1); were 23 to 25◦ N × 112 by
114◦ W for Bahía Magdalena, 27 to 29◦ N × 115 to 117◦ W for
Isla de Cedros, 30 to 32◦ N × 117 to 119◦ W for Ensenada, and
32 to 34◦ N × 118 to 120◦ W for San Pedro (Félix-Uraga et al.,
2004).

The calculation of M was made considering the average ob-
tained with the methods of Hewitt and Hoenig (2005) and Pauly
(1980). The method based on the maximum age of the species
(Hewitt and Hoenig, 2005) is:

LnM = 1.44 − 0.982 ∗ Ln(Tmax) (1)

Where: Tmax is the maximum age of the temperate stock of S.
sagax, which is 8 years (Alvarez-Trasviña, 2012).

The empirical formula of Pauly (1980):

LnM = −0.0152 − 0.279LnL∞ + 0.65LnK + 0.463LnT (2)

2
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Where: M is the natural mortality rate, L∞ and K are the pa-
rameters of the von Bertalanffy model and T is the average
temperature of the habitat range for the TSPS, which is 19.5 ◦C
(Félix-Uraga et al., 2004, 2005).

Conversions between standard length (LP) and weight (WT)
were made using the constants estimated by Enciso-Enciso et al.
(2022), for the length–weight relationship:

WT = 7.34 × 10−6LP3.155 (3)

Catch at age was estimated considering the size structure of
each year, grouped in 5-mm LP intervals, and later converted to
age by using size-age keys obtained by Enciso-Enciso et al. (2022).

The stock assessment of the TSPS was implemented with an
annual period of time, for age classes between 0 and 6 years,
the analysis of capture by age (ACE) was applied (Haddon, 2011)
and using a Microsoft Excel 2016 spreadsheet; A data series of
33 years (1989–2021) of catch at age was used, the initial values
of recruitment were estimated with the function of Pope (1972).
Also, both fishery-dependent (CPUE) and fishery-independent in-
formation were used, the acoustic biomass index (biomass esti-
mated by fishery acoustics) and the egg abundance index (Egg
production method); these indices were used to stabilize the
model and reduce the uncertainty of the estimated parameters.

The basic population dynamics equation was used to estimate
the number of organisms at age a + 1 at time t + 1 (Hilborn and
Walters, 1992).

Na+1,t+1 = Na,t ∗ e−(M+Fa,t ) (4)

Where: Na,t is the number of sardines at age a at time t, the
expression e−(M+Fa,t) is survival per cohort, where M is natural
mortality and is considered constant for all cohorts over time, and
Fa,t is fishing mortality at age a during year t.

Fishing mortality was estimated considering the specific effect
of selectivity at age (Haddon, 2011):

Fa,t = F̂t ∗ Sa (5)

Where F̂t is the instantaneous rate of fishing mortality for the
time t estimated in the model, and Sa is the selectivity at age a
that was estimated with the logistic model (Haddon, 2011):

Sa =
1

1 + (e
− ln(19) (a−a50)

(a50−a95) )

(6)

Where a50 and a95 are estimated parameters in the selectivity
model at 50% and 95% respectively.

Once the number of organisms per age group was estimated,
it was possible to generate the catch at the estimated age Ĉa,t
(Baranov, 1918):

Ĉa, t =
Fa,t

M + Fa,t
Na,t

(
1 − e−(M+Fa,t)

)
(7)

The annual proportion of observed fishing mortality (Fo) at time
t was also estimated; the Fo was standardized by the product
of proportionality or catchability (q) by the effort, in number of
fishing trips per time (ft ):

Fot = q ∗ ft (8)

Since the estimated Fot values are an annual proportion or har-
vest rate (E) and not an instantaneous rate of fishing mortality
they were recalculated (Haddon, 2011):

Ft = −LN(1 − Fot ) (9)

Recruitment for the second and subsequent years was esti-
mated by the modified Ricker stock-recruitment (S-R) function
(Chen et al., 2002):

Rr,t+r =∝ (St−1 − λ)e−β(St−1−λ)eε (10)

Where: r is the age of recruitment, t+r is the year plus the
length of time before recruits enter the fishery, St is the size of
the spawning stock at time t, λ is the estimated minimum number
of spawners which guarantees recruits next year. Parameters α, β
and λ were obtained by fitting the modified Ricker S-R function.

Additionally, the CPUE index (catch/fishing trip) of the fleet
during the fishing years 2000–2021 was incorporated into the
model. This, as auxiliary information to stabilize the model and
increase the precision in the estimation of the parameters (Deriso
et al., 1985; Methot, 1989; Hilborn and Walters, 1992; Hilborn
et al., 1994). Assuming observed CPUE is proportional to popula-
tion abundance:

Y = Bt ∗ q (11)

Where: Bt is the biomass at time t and q is the catchability for
each CPUE, estimated as:

q = e

⎡⎢⎢⎣
∑

t ln

(
Yobst
Bt

)
n

⎤⎥⎥⎦
(12)

Where: n is the number of data available for the CPUE series
and Y obs

t represents the CPUE observed in the fleet at time t.
Likewise, information independent of the fishery, obtained

from research cruises, was incorporated into the general ACE
model: Egg abundance index (Egg production method) and Biom-
ass index by acoustics. The estimation of the census of eggs and/or
larvae was calculated with the abundance index, referring to the
average number of eggs and/or larvae per 10 m2 of seawater
surface, extrapolating to the total area of each of the regions, this
index is called the Larval Index of Smith and Richardson (1979),
which is defined as:

IA =

∑
N

N+
∗

(
N+

Nt

)
∗ C (13)

Where: AI is the index of abundance of eggs or larvae (esti-
mation of eggs and/or larvae in the region),

∑
N is the total sum

of eggs or larvae standardized to 10 m2 of sea surface, N+is the
number of positive stations, Nt is the total number of stations
where sampling was carried out and C is the number of area units
of 10 m2.

When an abundance indicator (CPUE or other) is used, it is
necessary to transform it into a standardized estimated biomass
(Eq. (11)), considering for this the catchability (Eq. (12)).

Finally, from acoustic survey cruises on the western coast of
the Baja California peninsula during 2012, 2016 and 2018, an
annual average biomass index was obtained. In this case, since
the independent information is in units of biomass in all years, it
was not necessary to estimate a proportionality coefficient.

Optimal parameter values were obtained by maximizing the
log-likelihoods of each partial function (Haddon, 2011):

For the observed and predicted catches in number for each age
a in each year t.

LLC =

(
−

n
2

)
∗ (ln (2π) + 2 ∗ ln (σC ) + 1) (14)

For observed and forecast fishing mortalities in each year.

LLF =

(
−

n
2

)
∗ (ln (2π) + 2 ∗ ln (σF ) + 1) (15)

For observed and forecast recruitment in each year.

LLR =

(
−

n
2

)
∗ (ln (2π) + 2 ∗ ln (σR) + 1) (16)

For the observed CPUE and the estimated exploitable biomass
in each year.

LLCPUE =

(
−

n
2

)
∗ (ln (2π) + 2 ∗ ln (σCPUE) + 1) (17)

3
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For the observed IA and the estimated total biomass in each
year.

LLIA =

(
−

n
2

)
∗ (ln (2π) + 2 ∗ ln (σIA) + 1) (18)

For the acoustic index (Acust) and the estimated total biomass
in each year.

LLAcust =

(
−

n
2

)
∗ (ln (2π) + 2 ∗ ln (σAcust) + 1) (19)

Where: LL is the log-likelihood, n is the number of observa-
tions, and σ is the standard deviation for the given function. The
analytical solution of the standard deviation (σ ) was:

For the captures:

σC =

√1
n

n∑
t=1

(
lnCo,t − lnĈo,t

)2
(20)

For the effort

σF =

√1
n

n∑
t=1

(lnFo − lnFE)2 (21)

For recruitment.

σR =

√1
n

n∑
t=1

(lnRo − lnRE)
2 (22)

For the CPUE index.

σCPUE =

√1
n

n∑
t=1

(lnBo − ln (q ∗ CPUE))2 (23)

For the AI index.

σLarvas =

√1
n

n∑
t=1

(lnBo − ln(q ∗ IA))2 (24)

For the acoustic biomass index (Acust).

σAcust =

√1
n

n∑
t=1

(lnBo − lnBE)
2 (25)

Where: Co, Fo, Ro and Bo are observed values and Ĉe,t, F̂E ,
R̂EandB̂E are estimated values.

A final fit was made to the model maximizing the total log-
likelihood objective function, the total objective cell is the sum
of the partial functions: Catch at age, Effort, Recruitment, CPUE
and Independent information (Megrey, 1989; Haddon, 2011):

LLtotal = LLC + LLF + LLR + LLCPUE + LLAI + LLAcust (26)

Once the model was adjusted, the annual biomass of the stock
was estimated:

Bt =

∑
Na,t ∗ WTa,t (27)

Where: Na,t is the number of organisms at age a, at time t
and WT a,t is the average weight at age a at time t that was
estimated with the average size at age of the growth models and
the parameters of the length–weight relationship (Enciso-Enciso
et al., 2022).

On the other hand, the uncertainty of the estimated manage-
ment amounts was carried out through a sensitivity analysis on
those parameters with the greatest uncertainty in the model (as
the main sources of error): natural mortality (M), catchability
(q) and the parameters α, β and λ of the modified Ricker S-R

function. Crystal Ball version 11.1.2.4 software (Oracle
®

Crystal
Ball) was used, 10,000 iterations were performed for biomass
and management amounts. The results were expressed in terms
of correlation coefficients and percentage of explained variance
between the input parameters, and their confidence intervals
(α = 0.05) were also obtained from the model outputs.

To validate the ACE model, the distribution of the catch data
simulated by the model was compared with the catches re-
ported during the analyzed period (1989–2021), through the
non-parametric Kolmogorov–Smirnov test.

To show the evolution and current status of the level of ex-
ploitation of the fishery, the estimate of the biologically accept-
able catch was made:

BAC = (SSB − SSBmin) ∗ FRACTION (28)

FRACTION = (1 − e(−FMSY )) (29)

Where BAC is the biologically acceptable catch (target refer-
ence point), SSB is the estimated spawning biomass, SSBmin is
the minimum spawning biomass needed to avoid depletion, and
FRACTION is the proportion of biomass above SSBmin that can be
caught (exploitation rate).

3. Results

The values obtained from the catch at age, for the period
from 1989 to 2021, are presented in Fig. 2. It is estimated that
around 80% of the catch corresponds to the ages of 1 and 2 years.
However, in recent years an increase has been observed in the
proportion of the 0 and 1 year age groups and a decrease in the
longest living organisms (3, 4, 5 and 6 years).

The fit of the ACE model to the Acoustics, Eggs-Larvae and
CPUE indices are presented in Fig. 3. The indices showed different
time scales, the longest time series and with the best fit was the
CPUE index with twenty-one seasons analyzed (Fig. 3C), followed
by the biomass index estimated by acoustics with a moderate
adjustment, although with only three years analyzed (Fig. 3A);
while the Eggs-Larvae index showed a poor fit to the data regard-
ing total abundance, inferring that the proportion of Eggs-Larvae
data is not very informative with the total abundance of the STSP
(Fig. 3B).

The total abundance of TSPS (TTB) in the southern California
Current has shown great interannual variability (Fig. 4A), ranging
between 853,476 and 1,592,519 t, with an average of 1,206,435
t. For the last season (2021), TTB = 980,496 t was estimated
with 95% confidence intervals between 901,006 t and 1,071,465
t. A similar trend is observed in the spawning biomass of the
TSPS (SSB), which presents great interannual variability, without
important fluctuations between 404,189 and 770,484 t, and an
average of 587,004 t. For the 2021 season, SSB2021 = 496.348
t was estimated with 95% confidence intervals between 431,915
t and 569,418 t. The results of Pacific sardine abundance (in
individuals number) estimated from ACE indicated two scales
of variability, the first showed the short term changes, mainly
interannual; while the second suggested long terms changes ex-
pressed as decadal variability. Both were identified for total abun-
dance (Nt, dotted line), recruits abundance (R, bold line) and the
abundance of the spawning stock (SS) (Fig. 4B). The interannual
variability was more noticeable at the beginning and at the end
of the time series of Nt and R, periods in which they reached
the highest values, in particular the recruitment reached values
between 10,850 and 12,350 million individuals. Both Nt and R
showed a downward trend between 1999 and 2012, and then
changed to an upward trend (Fig. 4B).

The annual rate of fishing mortality ranged between 0.071
year−1 and 0.347 year−1 (Fig. 5A), in most years they remained
below the upper limit of the confidence interval of the target

4
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Fig. 2. Catch by age of the TSPS for the period from 1989 to 2021: (A) Catch in weight (t) and (B) Catch in number of individuals.

reference point (Fmsy = 0.289 year−1, CI 0.253–0.325 year−1),
except for the fishing seasons of 1998, 2014, 2019 and 2021.
A similar trend is shown by the annual exploitation rate (E =

1−e(−F)), fluctuating between 0.069 year−1 and 0.293 year−1.
While the harvest rate (E = Ctotal/Bexp) which ranged between
0.045 year−1 and 0.266 year−1, did not exceed the upper limit
of the confidence interval of the target reference point (Emsy =

0.251 year−1, CI 0.223–0.278 year−1), indicating a good state of
the TSPS (Fig. 5B).

Fig. 6 shows the fit of the stock-recruitment relationship of
the modified Ricker model. The relationship shows that spawning
stock values ranged from 5.312 to 8.367 million individuals, while
recruits ranged from 6.467 to 12.297 million individuals. The
parameters estimated by the model were: the slope at the origin
(density-independent mortality) α = 3.493, the effect of com-
pensatory mortality (density-dependent mortality) β = 1.513
×

−10 and the value of the minimum spawning stock (minimum
biomass, Bmin), λ = 479 million individuals, which is equivalent
to ∼50,000 t, considered here as the limit reference point in the
management of this fishery (Fig. 6).

The validation of the ACE model through the comparison be-
tween the observed catch with the estimated one was successful
(Fig. 7A, 7B), that is, the Pearson correlation statistical test did
not show significant differences between the two (r2 = 0.975,
t = 34,676, p < 2.2 × 10−16, Fig. 7B). The output of the ACE model
presented a pattern consistent with observed reality (Fig. 7A).

In Table 1, we show the sensitivity analysis in terms of cor-
relation and in terms of percentage of estimated variance, in the
estimation of the BAC (using Catch Control Rule) as output of the
model. It was found that the value of M and the parameters α

and λ of the modified Ricker’s S-R model are the most sensitive
parameters. The values of M and λ showed a negative correlation,
negatively impacting the level of the BAC; while α presented
a positive correlation and the rest of the parameters (β and

Table 1
Sensitivity analysis of the parameters of the ACE model in terms of
correlation and in terms of percentage of variance explained, for the
estimation of BAC (using the capture control rule) of the TSPS.
Parameter Correlation Variance explained (%)

M −0.62 69.5
q −0.01 1.0
α 0.36 23.8
β 0.01 1.0
λ −0.16 4.8

q) showed little or no sensitivity in the model. The parameter
M contributed the greatest contribution to the total variance
obtained with 70.9%, followed by α with 24.2% and finally λ

with only 4.8%; in this way, the variability in the values of the
Control Rule is basically due to the uncertainty in the value of
the parameter M, α and λ mainly. This result was taken into
consideration for the incorporation of uncertainty in the ACE
model.

Considering the estimated results of the Cobs/BAC ratio, it is
inferred that the STSP population has generally been exploited
below the BAC, except for the 2014 and 2017 fishing season,
where the ratio was 1.24 and 1.19, respectively, which indicates
that the BAC was exceeded by 24% and 19%, respectively, in both
seasons (Fig. 8).

4. Discussion

A critical and fundamental step for the development of man-
agement strategies for any fishery resource is to determine the
reference points since these are parameters that both scientists
and managers use to compare the current status of a population
or a fishery with the desirable status (or undesirable), allowing
the ability to evaluate the fulfillment of the goals or the success of
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Fig. 3. Fit to the (A) Acoustic Index, (B) Egg-Larvae Index and (C) CPUE Index of the ACE Model for the TSPS in the south of California Current System.

the management strategy. Managers should choose scientifically
based reference points, which can be used as a guide to develop
a useful and efficient control rule that provides an acceptable
guarantee of fishery sustainability (Hilborn and Walters, 1992;
FAO, 1995).

In the present work for the STSP, the estimated natural mortal-
ity was incorporated into the ACE model as a constant value in the
stock assessment. However, when incorporating variation in the
different input parameters for stock assessment, the results in-
dicated that natural mortality is the parameter with the greatest
sensitivity in estimating BAC (estimated with the Control Rule),
which is the measure management recommended for the sardine
resource in accordance with current regulations. Therefore, for
future analyzes of the Pacific sardine, it is advisable to consider
its variation to have greater certainty in its assessment and, above
all, in fishing management.

In the 33 seasons analyzed in the present study (1989–2021),
the high fluctuations in the abundance of the Pacific sardine
are a challenge and two hypotheses have been considered for

their explanation: environmental stochasticity that affects abun-
dance (Jacobson et al., 2001; Nevárez-Martínez et al., 2001; Fréon
et al., 2005; Galindo-Cortes et al., 2010; Alheit and Bakun, 2010;
Zwolinski and Demer, 2012; Lindegren and Checkley Jr., 2013;
Zwolinski and Demer, 2014) or the effects dependent on density,
where an overcompensation mechanism in the Pacific sardine
could be operating, for example, variability of population param-
eters, in cannibalism, among others (De Anda-Montañez et al.,
1999; Félix-Uraga et al., 2005; Dorval et al., 2015; Checkley Jr.
et al., 2017).

This study is the first to analyze changes in the abundance of
the temperate Pacific sardine stock based on an integrated stock
assessment model, in which different data sources were included,
particularly some indices of relative abundance. The main as-
sumption is that each relative abundance index is proportional to
population abundance (Hilborn and Walters, 1992). However, sta-
tistical methods for fitting catch-at-age analysis that use indices
of relative abundance are particularly sensitive to observational
error; consequently, when multiple indices of relative abundance
are used, all available indices are prone to this type of statistical

6



C. Enciso-Enciso, M.O. Nevárez-Martínez, R. Sánchez-Cárdenas et al. Regional Studies in Marine Science 62 (2023) 102972

Fig. 4. (A) Total biomass (TTB) and spawning biomass (SSB) and their respective 95% confidence intervals (gray shade); (B) total abundance (Nt), recruits abundance
(R) and abundance of spawning stock (SS), of the TSPS in the south of California Current in the period 1989–2021.

Fig. 5. (A) Fishing mortality (F), (B) Exploitation rate (E = 1−e(−F)) and harvest
rate (E = Ctotal/Bexp) of the TSPS in the south of California Current, estimated
annually for the period 1989 to 2021.

error (Shepherd, 1999; Linton and Bence, 2008). Therefore, it is
assumed that the relative abundance indices analyzed through
the ACE have multiplicative errors, and by transforming the data
to a normal distribution, the variances can be stabilized and,

therefore, the indices make a better contribution to the stock
assessment (Quinn II and Deriso, 1999; Dichmont et al., 2016).
Due to the above, the expectation is that the indices can be
informative about the abundance of the stock to be studied. Of
the three indices analyzed in the present study (Acoustics-survey,
Egg-larvae index, and CPUE catch rate index), the catch rate index
was the most informative index on changes in the abundance
of the temperate stock of Pacific sardine, probably because it
has a wide spatial and temporal coverage; It was followed by
the acoustic-survey index (independent of the fishery), which al-
though it has a wide spatial coverage, did not have great temporal
coverage, since data were only available for the end of the study
period, it showed a good performance with the changes in stock
abundance; On the other hand, the Egg-larvae index, with data
for the middle part of the analyzed period, with variable spatial–
temporal coverage from year to year, showed a contradictory
trend to what was indicated by the CPUE and Acoustic-survey
indices, so there is a possibility that the Egg-larvae index reflects
only changes in the spatial distribution of Pacific sardines during
the study period rather than changes in stock abundance.

The use of different indices of relative abundance to estimate
abundance has been a recurring theme in stock assessments of
the Pacific sardine fishery (Barnes et al., 1992; Deriso et al.,
1996; Simmonds, 2003). Depending on the stock analyzed, the
indices have shown different results in estimating changes in
biomass. For the cold stock of the Pacific sardine, several in-
dices of relative abundance have historically been included and/or
discarded (breeding areas, number of marine stations with the
presence of eggs or larvae, aerial observations, among others),
their inclusion is conditioned to the spatial coverage that reflects
the distribution of the stock, the availability of the time series
and its precision associated with random and systematic errors
(Jacobson and McCall, 1995; Lo et al., 1996; Richards and Schnute,
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Fig. 6. Modified Ricker stock-recruitment model fit to the STSP in the south of California Current System.

Fig. 7. Comparison between the observed catch (Cobs) and the simulated catch (Csim) by the ACE model for the TSPS in the period from 1989 to 2021.

1998). In this study, the acoustic and CPUE indices were the ones
that best denoted changes in the abundance of the temperate
sardine stock.

The knowledge of the dynamics of generations is a key factor
to understand the changes in abundance of an exploited popu-
lation. Therefore, understanding how these changes occur helps
to avoid overfishing, which can be defined in two ways: (1)
growth overfishing defined as excess fishing mortality exerted on
young organisms in a population; and (2) recruitment overfishing
defined as excess fishing pressure on the adult fraction of the
population to levels that reduce the intake of enough recruits to

replenish mortality loss (Haddon, 2011). The main challenge of
this type of analysis is not to explain how generational dynamics
occur, but how to determine the mechanisms that govern it
(Quinn II and Deriso, 1999). Within the context of population
dynamics analysis and stock assessment, it is of great importance
to periodically quantify abundance either in number of organ-
isms or in terms of biomass. These quantifications will allow
knowing several essential aspects of the populations, such as: The
state of health ‘‘status’’, the level of exploitation, understanding
the response to fishing pressure, predicting recruitment, pre-
dicting changes in the level of biomass. All the above, to make
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Fig. 8. Projection of the level of exploitation considering the Cobs/BAC ratio as an indicator of sustainability for the TSPS on the western coast of Baja California
during the period from 1989 to 2021.

management suggestions to achieve optimal use of the fishing
stock.

The high value of the coefficient of determination (r2 =

0.975) between the observed and simulated catches with the
ACE model is an indicator that the model was adequately ad-
justed to the observed data. The high interannual variability in
abundance appears to be a response to successful recruitment
(Félix-Uraga, 2006). The ACE model showed the importance of
groups 0, 1 and 2, historically these were the most important
age groups in the TSPS fishery. However, in recent seasons an
increase in groups 0 and 1 (recruits) has been observed, their
contribution to abundance has a consequence on the variability
of the total abundance of the stock. Hence, the importance of
recruitment in the fishery is widely recognized and can affect
sudden drops in stock productivity (Jacobson and McCall, 1995;
Morales-Bojórquez and Nevárez-Martínez, 2005; Hill et al., 2019).
The contribution to the abundance of the age groups 3, 4, 5 and
6 years had little abundance; therefore, it is inferred that the
fishery for the temperate stock of Pacific sardine depends mainly
on the abundance of recruits.

The interannual variability of biomass in the Pacific sardine
may be associated with fluctuations in the environmental con-
ditions of the CCS (Jacobson et al., 2001; Fréon et al., 2005;
Galindo-Cortes et al., 2010; Alheit and Bakun, 2010; Zwolinski
and Demer, 2012; Lindegren and Checkley Jr., 2013; Zwolinski
and Demer, 2014). The abundance of the cold stock of Pacific
sardine off the coast of California showed a period of population
recovery starting from 1991 to 2010 (Wolf, 1992; Dorval et al.,
2015; Hill et al., 2019). In the temperate stock, fluctuations in
abundance have not been as marked as in the warm and cold
stock, and it is inferred that they may be a consequence of habitat
characteristics and dynamics (McFarlane and Beamish, 1999).
Regime changes in the ocean environment are now recognized as
important factors affecting the abundance of a wide diversity of
species (Lluch-Belda et al., 1989; McFarlane and Beamish, 1999;
Rodríguez-Sánchez et al., 2001). Although the intensity of fishing
could also play an important role in the variability of the biomass
of the Pacific sardine stocks. However, these are to a lesser extent
than environmental changes.

The estimation of λ allowed obtaining values of critical biomass
(Bmin) that represents the minimum size of the spawning stock,
necessary for its recovery in case of population decline, with the
modified Ricker model. This limit reference point that identifies
and predicts the depletion of the sardine population, estimated

comprehensively by the ACE model, could be reached at a spawn-
ing biomass of 479 million individuals. Although this reference
point can be useful to avoid recruitment failures, however, it does
not define the spawning biomass that can positively influence
successful recruitments (Frank and Brickman, 2000).

Regarding exploitable biomass, the ACE model suggests the
existence of sufficient sardine biomass to be harvested. However,
catch reports were lower compared to what was estimated by
the model. According to Nevárez-Martínez et al. (1999), fishing
mortality reduces the spawning biomass, causing a dense de-
pendence, thereby affecting recruitment. This could occur with
an annual fishing mortality greater than 0.325 (upper limit of
the confidence interval of the target reference point); however,
this study estimated that only the 1998, 2014, 2019, and 2021
fishing seasons exceeded that benchmark. Consequently, the vari-
ability in annual fishing mortality does not fully explain the
changes in biomass. An explanation of the above could be as-
sociated with the availability of sardines for the fishing fleet;
environmental stochasticity plays an important role in the spatial
distribution of the stock, affecting its abundance, survival, growth
and spawning success (Huato-Soberanis and Lluch-Belda, 1987;
Nevárez-Martínez et al., 2001; Dorval et al., 2015).

While this issue of the relationship between the environ-
ment and the sardine population is particularly relevant, it is
beyond the scope of this study, which relies primarily on an
integrated catch-at-age analysis to model temporal changes in
abundance, biomass, and recruitment. New analyzes are neces-
sary to jointly understand the effects of the environment on the
population dynamics of the Pacific sardine and thus deal with
uncertainty in future conditions related to abundance levels and
the environment.

The current management order for the small pelagic fishery
indicates that the annual catch should be less than or equal to
a BAC, estimated with the catch control rule. Under this con-
sideration, with the results of this study, it is inferred that the
temperate stock of S. sagax has been adequately exploited. In
other words, catches in most seasons have not exceeded the BAC
as a control rule, except for the 2014 and 2017 seasons when in
both seasons the target reference point was exceeded by around
20%.

The management strategy based on a dynamic control rule,
which depends on a biomass fraction, is considered a robust
strategy to face the inherent uncertainty, which is generated by
the climatic effect on fish populations (Walter and Martell, 2004).
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Which has also been recommended for populations whose level
of abundance presents an inverse relationship with catchability
(Martínez-Aguilar et al., 2009). However, it is suggested that such
management strategy be complemented with the fishing effort
control measure to avoid the occurrence of fishing overcapacity
and, therefore, a negative impact on the economic income of
users (Anderson and Seijo, 2010; Galindo-Cortes, 2011).
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