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Abstract

One of the primary objectives of fisheries management is the rational assessment and
exploitation of fishery resources through the establishment of biological reference points
and limits on fishing pressure. In the Gulf of California, the Pacific hake fishery is relatively
recent, having developed formally since 2018, and biological information required for stock
assessment remains limited. To evaluate the status of the Pacific hake fishery and estimate
biological reference points for sustainable management, the CMSY ++ approach was
applied. This method integrates two models: The Catch-MSY (CMSY) model, which uses
catch data and the Bayesian state-space Schaefer surplus production model (BSM), which
incorporates both catch and abundance data. Results showed an exponential increase in
annual catches, consistent with estimated stock biomass values ranging from 19,600 t to
82,500 t. Estimates of the maximum sustainable yield (MSY) ranged from 8,310 t to 17,200
t. The derived reference points indicated that F/FMSY > 1, whereas B/BMSY remained close
to 1, suggesting that fishing pressure may exceed the optimal level while stock biomass is
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Pacific hake still near the target reference point. These findings underscore the need for precautionary

CMSy++ management and continued monitoring of fishing effort to prevent future declines in
biomass that could compromise reproductive capacity and recruitment.

Introduction available particularly for developing or emerging

One of the major challenges facing global fisheries
is ensuring food security while maintaining the
sustainability of exploited resources (FAO 2022).
Achieving this objective requires and accurate
understanding of the status of fish stocks and their
response of fishing pressure. However, assessing fishery
resources is often a complex task that demands
substantial investments of time, funding, and human
resources. Comprehensive stock assessments typically
rely on extensive biological, fishery-dependent, and
fishery-independent data, which are not always
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fisheries. Over the past decade, alternative approaches
has been developed to assess fishery resources when
conventional stock assessment data are limited. These
methods provide insights into stock status using
information such as catch records and key biological
characteristics of the species, and are commonly applied
to data-limited fisheries. One such approach is the
catch—-maximum sustainable vyield (CMSY) method
(Martell & Froese, 2013), which uses time-series catch
data together with prior information on the species
intrinsic rate of population increase (r) and the carrying
capacity of the system (k). These parameters are used to
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estimate biological reference point and evaluated the
exploitation status of the stock. Recently, an enhanced
version of this method, known as CMSY ++, has been
developed. In addition to catch time-series data and
prior information on stock productivity and carrying
capacity, CMSY ++ can incorporate abundance indices,
such catch per unit of effort (CPUE) or independent
biomass estimates. Furthermore, the method uses an
artificial intelligence (Al) based neural network to
estimate prior biomass trajectories from the catch data,
thereby improving the robustness of stock status
assessments and the estimation of biological reference
points (Froese et al., 2023).

This approach has been applied to assess the status
of a wide range of fishery resources worldwide. For
example, in the Sea of Japan and adjacent areas of the
northwestern Pacific, CMSY-based methods have been
used to evaluated four fish species (Arctoscopus
japonicus, Doederleinia berycoides, Pleurogrammus

azonus, and Seriola quinqueradiata) and five
cephalopods species (Heterololigo bleekeri,
Ommastrephes  bartramii,  Todarodes  pacificus,

Uroteuthis edulis and Sepia esculenta) (Ren & Liu 2020).
Similarly, the method has been applied to assess the
Atlantic bonito (Sarda sarda) within the Senegalese
Exclusive Economic Zone (Sarr et al.,, 2023). These
studies demonstrate the utility of CMSY-based
approaches for evaluating stock status in fisheries
where conventional assessment data are limited.

In Mexico, the CMSY and CMSY++ approaches have
been applied to estimate stock biomass and exploitation
levels for several fishery resources, included the blue
crab (Callinectes sapidus) in the Gulf of Mexico
(Morales-Azpeitia et al., 2021), thread sardine
(Ophistonema spp.) in northwestern Mexico (Ruiz-
Dominguez et al.,, 2021), and the northern bigeye
croaker (Micropogonias megalops) in the northern Gulf
of California (Arzola-Sotelo et al., 2022). The outcomes
of these studies highlight the usefulness and reliability
of CMSY- based methods for assessing data-limited
fisheries, particularly when catch information is
complemented with abundance indices and biological
informed prior assumptions.

The Pacific hake, Merluccius productus (Ayres,
1885), is distributed throughout the eastern Pacific
ocean, ranging from Canada to the United States and
Mexico (Lloris et al., 2005). Across its distribution, the
species its recognized as a structured population
composed of several stocks or management units. The
largest and most productive of these is the coastal stock,
which extends from southern California to the Queen
Charlotte Strait in Canada and supports the majority of
the species biomass and fishery yield. Additional stocks
have been identified in central and southern Puget
Sound.in the United States, and in the Strait of Georgia,
Canada (lwamoto et al., 2004).

In Mexican waters, a stock commonly referred to
as the dwarf Pacific hake has been identified along the
western coast of the Baja California Peninsula (Balart-

Paez, 2005). Another distinct stock occurs in the Gulf of
California, where mitochondrial DNA and microsatellite
analyses have revealed a certain degree of genetic
differentiation and population isolation from other
Pacific hake populations. Based on these findings, it has
been recommended that the Gulf of California stock be
treated as an independent management unit for stock
assessment and fisheries management purposes (Silva-
Segundo, 2011; Garcia de Ledn et al., 2018).

This stock supports an important fishery in the
northern Gulf of California, where landings reached
22,755 t in 2023 (SIPESCA, 2024). Fishing activity occurs
mainly during the first half of the year (Zamora-Garcia et
al., 2020). The fishing potential of Pacific hake in the
region has been documented since the 1970s (Mathews
et al., 1974, Padilla-Garcia, 1977). Although the species
has been exploited within a multispecies fishery since
the 1990s; it was traditionally considered an alternative
resource to the shrimp fishery rather than a primary
target species. However, declines in other fishery
resources, particularly shrimp, together with the
increasing demand for food and the high availability of
the Pacific hake, have promoted a substantial expansion
of the fishery. Consistent with this trend, landings
increased from an average catch of 306 t during the
1990s to 1,211 between 2000 and 2009, 5,510 t
between 2010 and 2019, and 15,170 t between 2020
and 2023 (SIPESCA, 2024). As a result, Pacific hake has
transitioned from alternative resource to a target
species of considerable commercial importance.
Recognizing this shift, the Mexican government
established specific management regulations for the
fishery in 2018 (DOF, 2018).

Fisheries management in Mexico has traditionally
relied on measures such as catch quotas, efforts
controls, gear regulations, or a combination of these
approaches. Regardless of the management strategy
applied, effective fisheries management requires
reliable information on stock status and the proportion
of the population that can be sustainably harvested
(Enciso-Enciso et al., 2023). The Pacific hake fishery in
the Gulf of California is currently managed through
annual catch quotas and is considered to be exploited at
levels consistent with maximum sustainable yield (MSY)
framework (DOF, 2022). However, the significant
increase in landings observed since 2019, associated by
and expansion of fishing effort, may have affected stock
biomass and population dynamics. Consequently,
evaluating the status of the Gulf pacific hake stock is
essential to determine whether present exploitation
levels remain sustainable and to provide scientific
information for the future management of the fishery.
In the present study, the CMSY ++ approach, which
incorporates the CMSY model and the Bayesian state-
space Schaefer surplus production model (BSM), was
applied using catch and biomass data to assess the
Pacific hake fishery and estimate biological reference
points for effective management.
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Materials and Methods
Study Area

The Gulf of California is an evaporation basin
approximately 1,000 km long and 150 km wide on
average. It presents a natural environment ranging from
temperate and arid conditions in the north to tropical
and rainy conditions in the south. In general, the Gulf
can be divided into two major regions: the northern
region, located north of the large islands (Angel de la
Guarda and Tiburdn Islands), and the southern region,
extending from the mouth of the Gulf of these islands
(Alvarez-Borrego, 1983). Pacific hake fishing s
conducted mainly in the northern and central regions of
the Gulf of California by fleets operating from the states
of Sonora, Baja California, and Sinaloa. The main landing
ports are located in Puerto Pefiasco and Guaymas, San
Felipe and Mazatlan (Figure 1).

Annual Catches

Catch time series (tons) were collected for the
period 1990-2023. Data for 1990 - 1999 were obtained
from the Food and Agriculture Organization (FAO)
Fisheries Statistics Database (http://www.fao.org/
fishery/statistics/global-production/es), whereas data
for 2000 - 2023 were obtained from the Fisheries
Information System of the National Fisheries and

Aquaculture Commission (SIPESCA-CONAPESCA). The
fishery is composed of vessels with an average hold
capacity of 26 tons (Parra-Alaniz & Ramirez-Rodriguez,
2022), equipped with a demersal trawl nets operated
either in a double rig configuration or from the stern.
Net dimensions vary according to the fishing system
used. The stern-trawl system employs nets up to 35 min
length, with mesh sizes of 15.2 cm in the wings, 12.7 cm
in the body, and 10.1 cm in the codend. The double rig
system uses nets up to 30 m in length, with the mesh
sizes for the wings, body, and for the codend (DOF,
2022). A sequential test Analysis of Regime Rhift (STARS)
developed by Sergei-Rodionov (2004) was applied to
identify step changes in the catch time series. STARS
uses a sequential t- test procedure to determine
whether observations in a time series represent
statistically significant departures from the mean of the
preceding regime over a specific period.

Pacific Hake Stock Assessment and Fishery Reference
Points

The CMSY++ method (Froese et al., 2023) was used
to assess the status of the Pacific hake stock and
estimate fishery reference points. This approach
incorporates two complementary models: CMSY, which
relies exclusively on catch data, and the Bayesian
Schaefer Model (BSM), which uses both catch and an
abundance index, such as catch per unit effort (CPUE) or
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Figure 1. Study area, the grey circles correspond to the ports where Pacific hake fishery is landing.
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biomass estimates. Both models employ a fully Bayesian
framework based on Markov chain Monte Carlo
(MCMC) simulations and utilize an artificial neural
network (ANN) to generate priori biomass estimates
from catch data and, when available, abundance indices.
A key improvement in CMSY++ is the use of multivariate
normal prior for the intrinsic rate of population growth
(r) and carrying capacity (k) in logarithmic space,
replacing the uniform prior distributions used in earlier
versions. This modification improves parameter
estimation and facilitates the identification of the most
probable r-k combination in CMSY analyses.
Additionally, when CPUE or biomass data from
commercial fisheries are incorporated, CMSY can
estimate annual changes in fishing efficiency
(catchability), thereby accounting for increases in fishing
power that may lead to higher CPUE values independent
of changes in stock abundance (Froese et al., 2023).

The CMSY++ method requires prior information on
environmental carrying capacity (k) and the intrinsic rate
of population growth (r). To define the a prior range for,
values proposed by Fishbase (2021) (https://www.
fishbase.se/summary/Merluccius-productus.html) and
those estimated using the empirical equation of Sullivan
(Sullivan 1991) were evaluated. Both approaches
incorporated the von Bertalanffy growth parameters K
and Wee reported by Alvarez-Trasvifia et al. (2022) for
the Gulf of California stock. No significant differences
were detected between the resulting r intervals (0.35—
0.79 from Fishbase and 0.40-0.62 from Sullivan;
X?=0.053, P=0.82); therefor, the FishBase estimates
were used. Prior values for k were selected following the
recommendations of Froese et al. (2023), who proposed
a stock depletion ratio (B/k) between 0.75 and 1.0 at the
beginning of the time series 1 for virgin or lightly
exploited populations.; At the end of the time series,
values between 0.40 and 0.80 are recommended when
catches remain stable, large organisms are still present,
and the populations maintains a healthy size and age
structure. These depletion intervals were considered
appropriate because hake was not a target species
during the early development of this multispecies
fishery in the 1990s (Ramirez-Rodriguez et al., 2017),
suggesting a low level of exploitation at the beginning of
the time series. Regarding population size structure,
Nevarez-Martinez et al. (2007) reported total lengths
ranging from 100 to 1120 mm from research cruises
conducted between 2004 and 2007, which were
comparable to those observed by Mathews et al. (1974)
during 1971-1972 (840 to 1070 mm TL). Furthermore,
from 2014 to 2023 (see results), the size structure of the
commercial catch ranged from 125 to 1060 mm TL. The
persistence of a broad size range, including large
individuals, suggests that the Pacific hake population in
the Gulf of California maintains a healthy size structure.
Biomass estimates were used as the abundance index in
the BSM component of the CMSY ++ analysis.

Biomass estimates for 2005 to 2007 were obtained
are from Nevdrez-Martinez et al. (2007), whereas

estimates for 2014, 2016, and 2019 were taken from
Alvarez-Trasvifia et al. (2022). Estimates for 2020, 2022,
and 2023 were obtained from Arizmendi-Rodriguez et
al. (2022, 2023). In all the research cruises used to
estimate biomass, the same research vessel and a trawl
net with identical dimensions were employed, and
biomass was estimated using the swept area method
(Pierce & Guerra, 1994).

Both CMSY++ models are based on a modified
version of the surplus production model by Schaefer
(1954). For a given pair of values of the intrinsic
population growth rate (r) and carrying capacity (k), the
initial biomass is estimated as:

By = Ajik * exp(o(vt))
Biomass in the subsequent years was estimated as:
B4y = By +1(1 — B;/k)B; — C; * exp (o(v1))

where Bi+1 is the biomass in year, B: is the biomass
in the year, Ct is the catch in the year, r is the intrinsic
rate of population growth, k is the environmental
carrying capacity, and exp (o(vt)) represents the
process error term.

Convergence of the Markov chain Monte Carlo
(MCMC) simulations generated by the BSM model was
evaluated using the diagnostic test proposed by Geweke
(1992). This test assesses convergence by comparing the
means of two non-overlapping segments of the chain,
typically the first 10% and the last 50% of the sampled
values. The test statistic is a standardized Z score,
calculated as the difference between the means of the
two segments divided by its estimated standard error.
The standard error is derived from the spectral density
at zero frequency, thereby accounting for
autocorrelation within the chain. Values of the Z statistic
within the interval -1.96 to 1.96 indicate no significant
differences between the two segments and, therefore,
suggest adequate chain convergence.

A Kobe plot, also known as a phase diagram
(Maunder & Aires da Silva, 2011), was used to
graphically represent the status of the Pacific hake
stock. This framework is based on the ratio between
fishing mortality (F) and the fishing mortality associated
with maximum sustainable yield (Fwmsy). Values of F/ Fusy
> 1 indicate that overfishing is occurring, whereas values
than < 1, indicate that the fishing mortality remains
below the level associated with MSY. Similarly, stock
status is evaluated using the ratio between total
biomass (B) and the biomass associated with maximum
sustainable yield (Bwmsy), Values of B/Bmsy 2 1 indicate
that the stock biomass is above the level required to
produce MSY, whereas values < 1 indicate that the stock
is in an overexploited condition (Costello & Ovando,
2019). The Kobe plot is commonly divided into four
colored quadrants representing different stock
conditions. The green quadrant indicates that the stock
is neither overfished nor subject to overfishing
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(B/Bmsy>1 and F/ Fmsy<1). The red quadrant indicates
that the stock is both overfished and experiencing
overfishing (B/Bmsy<1l and F/ Fwmsy>1). The vyellow
guadrant represents a stock that is overfished but not
currently subject to overfishing (B/Bmsy <1 and F/
Fmsvy<1). whereas the orange quadrant represents a
stock that is not overfished but is experiencing
overfishing (B/Bwmsy>1 and F/Fusv>1) (Maunder & Aires
da Silva, 2011, Arrizabalaga et al., 2012).

Finally, a retrospective analysis was conducted to
evaluate the stability of stock status estimates and
biological reference points when the length of the time
series was progressively reduced. Differences between
estimates obtained from truncated and full datasets
may arise as new information is incorporated into the
assessment, a phenomenon commonly referred to as
the retrospective problem (Mohn, 1999). Retrospective
patterns can result in systematic overestimation or
underestimation of stock abundance and management
reference points, potentially affecting the reliability of
stock assessment results. The magnitude of this effect
was quantified using Mohn’s p, a widely applied metric
for evaluating retrospective bias. According to Hurtado-
Ferro et al. (2015), acceptable values of Mohn’s p
depends on the life history characteristics of the species
under study. For long-lived species, values greater than
0.20 or lower than -0.15 may indicate the presence of a
substantial retrospective pattern and potential bias in
model estimates.
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Results
Size Structure

The size structure (n= 7,566) of Pacific hake from
2014 to 2023 (no size records are available for 1990-
2013) ranged from 125 mm to 1,060 mm total length
(TL) (Figure 2). Mean total length fluctuated from 381
mm to 546 mm, with lowest mean value recorded in
2018. Thereafter, mean total length showed an
increasing trend, reaching its highest values during
2019-2022. The Kruskal-Wallis test revealed significant
differences among annual length—frequency
distributions (H (9, N=7566))= 372.15, P<0.001). Post
hoc multiple mean comparison test revealed high
interannual variability in the size structure of the catch
(p<0.05). The catch recorded in 2018 exhibited the
smallest size structure (180-603 mm TL), as well as the
lowest historical mean length. Differences between
2018 and all other years were significant (p<0.05),
making 2018 a reference point for the observed
temporal trend in catch size structure.

The Pacific hake catch in the Gulf of California
exhibited substantial interannual variation (Figure 3).
The lowest catch was recorded in 1994 (27 t), whereas
the highest was recorded in 2023 (22,755 t). Analysis of
interannual changes in yield using STARS identified
three distinct periods; the first from 1990 to 2012
(x=908.05 t, SD = 850.44 t), the second from 2013 to

|

2014 2015 2016 2017

2018

2019 2020 2021 2022 2023

Years

Figure 2. Interannual distribution of the size structure of the Pacific hake catch. The dot is the median, first and third quartiles and

extreme values (minimum and maximum).
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2020 (x=7,021.39 t, SD=2,293.73 t), and the third from
2021 to 2023 (x=17,963.66 t, SD=6,026.59 t) (Figure 3).
The first period was characterized by very low annual
yields and high variability (CV=93%) compared with the
subsequent periods, which showed lower variability
(CV=33%).

Pacific Hake Stock Assessment and Reference Points

Table 1 summarizes the CMSY and BSM (CMSY++)
estimates of population parameters and biological
reference points for the Pacific hake stock. The CMSY
model, based solely on catch data, estimated an intrinsic
rate of population increase (r) of 0.43 year?! (95%
Cl:0.31-0.56 year!), an environmental carrying capacity
of the environment (k) of 166,000 t (95% Cl:125,000—
264,000 t), and a maximum sustainable yield (MSY) of
17,900 t (95% Cl:12,800-27,800 t). The biomass at MSY
(Bmsy), was estimated at 83,100 t (95% CI: 62,700—
132,000 t), corresponding to an Fusy of 0.21 year™ (95%
Cl: 0.16-0.28 year?). The estimated stock biomass in
2023 was 110,000 t (95% Cl: 62,700 t—174,000 t). When
abundance data (biomass estimates) were incorporated
into the catch data, the BSM model estimated an r value
of 0.49 year? (95% Cl: 0.36-0.67 year?), a k of 94,800 t

25000

20000

~= 15000

10000 ~

Catch (

5000 H~

0 1 1 1 1 T T 1

(95% Cl: 68,800—144,000 t), and an MSY of 11,800 t
(95%Cl: 8,310-17,200 t). The estimated Bmsy was 47,400
t (95%Cl: 34,400-72,000 t), achieved at an Fusy of 0.24
year?! (95%Cl: 0.18-0.33 year?). The estimated stock
biomass in 2023 was 50,000 t (95% Cl: 35,400-71,300 t).
According to the model results, catches increased
markedly between 2012 and 2014, reaching levels close
to the estimated MSY and remaining near that level
through 2022. In 2023, catches exceeded the target
reference point and surpassed the upper bound of the
MSY confidence interval (Figure 4). The estimated
relative biomass of Pacific hake declined sharply during
the 1990s, followed by a gradual recovery and
subsequent stabilization from 2000 and 2023, although
moderate fluctuations were observed in recent years.
Catch levels show increased after 2020, coinciding with
a period of declining biomass and increased uncertainty
in biomass estimates (Figure 5).

Diagnostic evaluation of the BSM model indicated
a satisfactory fit to the observed data. The model
adequately reproduced the increasing trend in catches
observed in recent years, as well as the overall temporal
pattern in biomass, which declined during the early
years of the time series and subsequently stabilized at
lower levels (Figure 6). The process errors associated

19901992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022

Years

Figure 3. Annual catches in tons (t) of Merluccius productus in the Gulf of California. The line represents the stages of fishery

performance generated by Start (Radionov 2004).

Table 1. Parameter and confidence Interval 95% of the reference points (RP) of CMSY++

Parameter CMSY Clinf Cl sup BSM Clinf Cl sup
r 0.43 0.31 0.56 0.49 0.36 0.67

k (t) 166,000 125,000 264,000 94,800 68,800 144,000
MSY (t) 17,900 12,800 27,800 11,800 8,310 17,200
Bwmsy (t) 83,100 62,700 132,000 47,400 34,400 72,00
Fmsy 0.21 0.16 0.28 0.24 0.18 0.33
F/Fmsy 0.91 0.52 1.75 1.65 0.99 2.75
Biomass 2023 110,000 62,700 174,000 50,000 35,400 71,300
B/Bwmsy 2023 1.21 0.81 1.57 1.05 0.72 1.43

F 2023 0.19 0.11 0.35 0.40 0.26 0.65
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with the logarithm of biomass were centered around
zero, indicating no systematic departures from model
assumptions. Likewise, examination of the standardized
residuals revealed no evidence of significant systematic
bias, with residual remaining within acceptable limits.
These findings are consistent with the results of the
convergence diagnostic proposed by Geweke (1992),
which showed that all parameter estimates fell within
the acceptable Z score range (-1.96>2<1.96) (Table 2).
This result indicates and absence of significant
autocorrelation and supports the use of the parameter
estimates for inference. The Kobe plot suggests that the
stock status remained relatively stable from 1990 to
2020; however, the subsequent increase in the
exploitation rate indicates signs of overfishing. For 2023,
the probability that the Pacific hake stock was in a
rebuilding state was 0.2%, whereas the probability that
it remained within a sustainable state was 2.9%. The
probability that the stock was overexploited is relatively
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15000 o

10000 -+

Catch (t)

5000 o

AN

0 L s e e e e L

low (33.2%), while the probability that fishing mortality
exceeded the level associated with MSY was 63.6%. This
latter result is likely associated with increased fishing
pressure, as a reflected by and estimated F/Fwmsy ratio of
1.62 (Figure 7).

A retrospective analysis was conducted to evaluate
the robustness of the estimated reference points and to
identify potential biases resulting from the sequential
removal of the last four years of data (2022, 2021, 2020,
and 2019) from the time series. The trajectories of the
exploitation rate (F/Fwmsy) and relative biomass (B/Bwmsv)
for Pacific hake remained consistent with those
obtained from the complete dataset, and the
differences were negligible. Mohn’s p values were low
for both indicators (p -0.02 for B/Bmsy and (p 0.10 for
F/Fmsy =), indicating minimal retrospective bias.
Therefore, the sequential omission of recent years did
not alter the overall trends or conclusions derived from
the assessment (Figure 8).
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Figure 4. Interannual variability of the catch in relation to the MSY-BSM. Black line with circles corresponds to the annual catch
from 1990 to 2023 of Pacific hake in the Gulf of California, to dotted line is the Maximum Sustainable Yield (MSY-BSM) and the

gray area corresponds to the 95% confidence interval of the MSY.
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Figure 5. BSM model biomass estimates. The grey bars correspond to the annual catches, the black line is the estimated biomass,
the dotted line is the biomass for MSY, and the grey area is the 95% confidence interval of the biomass of Pacific hake in the Gulf

of California from 1990 to 2023.
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Discussion

Continuous monitoring of exploited populations
can facilitate the detection of changes in biological
characteristics, such as size at maturity and mean length
in the catch, which are commonly used as indicators of
population responses to fishing pressure (Vivekananda,
2017). An example has been documented for Pacific
hake inhabiting Puget Sound, USA, where shifts in age at
maturity, reductions in individual growth rate, and
declines in size structure have been observed relative to
values reported in the 1980s. These changes have been
associated with a decrease in stock biomass (Chittaro et
al.,, 2022). For Pacific hake in the Gulf of California,
interannual variation in size structure between 2014 and
2018 showed slight declining trend, with the lowest
mean length recorded in 2018. This pattern may be
partially explained by the fact that, during this period,
Pacific hake was harvested as part of a multispecies
demersal fishery. Beginning in 2019, Pacific hake
became the target species of a directed fishery (DOF,
2018), coinciding with an increasing trend in mean fish
size. In addition, several management measures were
implemented, including regulations of fishing gear,
mesh size, and a maximum fishing effort of 80 vessels.
The transition to a directed fishery also resulted in a
modifications and an expansion of the fishing grounds in
response to the spatialtemporal distribution of the
resource. Previous studies have shown that the
environmental and oceanographic conditions strongly
influence to the distribution of Pacific hake (Ressler et
al., 2007, Hamel et al., 2015). In the Gulf of California,
Alvarez-Trasviia et al. (2022) reported that the highest
abundance occurred at bottom temperatures near 14°C,
typically found at depths of approximately 200 m during
winter and spring. Moreover, a marked east to west
distribution pattern coincided with the formation of
spawning aggregations (Denton-Castillo, 2018).
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As noted above, Pacific hake catches in the Gulf of
California were primarily taken as part of a multispecies
fishery from 1990 to 2018. However, the sustained
increase in landings observed since 2012 appears to
reflect the progressive development and regulation of
the fishery. Despite the implementation of management
measures, catches have continued to increase over
time. This pattern may be explained by at least two non-
mutually factors. First, it may reflect the natural
progression of a developing fishery. According to Froese
& Kesner-Reyes (2002), fisheries typically evolve
through sequence stages, including underdevelopment,
development, and full exploitation. Based on the catch
trends observed in this study, the Pacific hake fishery
can be broadly characterized as being in an
underdevelopment phase during 1990-2012, a
development phase during 2013-2020, and a phase of
maximum exploitation during 2021-2023. Second, the
continued increase in catches may be indicate
limitations in their effectiveness of the management
measures established in the National Fishing Charter
(DOF, 2018, 2022) or insufficient enforcement of those
regulations. In particular, recent catches have exceeded
the recommended harvest levels (catch quotas),
suggesting that fishing mortality may have surpassed
the levels considered sustainable under the current
management framework.

In fisheries targeting species that form spawning
aggregations, increases in catch per unit effort (CPUE)
and catchability do not necessarily reflect proportional
increases in stock biomass (Urias-Sotomayor et al.,
2024). Elevated CPUE values may instead result from the
reproductive behavior of the species, as aggregations
increase the concentration of individuals and their
vulnerability to fishing. In the Gulf of California, fishers
are familiar with this behavior and have identified
recurrent fishing grounds associated with these
aggregations (Zamora-Garcia et al., 2017), facilitating
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Figure 8. Retrospective analysis. Comparison of the predictions of the exploitation rate (F/FMSY) and the relative stock biomass

(B/BMSY) when the most recent years (2022—-2019) are omitted.
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access to dense concentrations of fish and potentially
creation the perception of high stock abundance.
Consequently, Rose and Kulka (1999) cautioned against
the use of CPUE as a direct index of abundance for
demersal and benthic species. This phenomenon may
help explain the differences in parameters estimates
obtained from the CMSY and BSM models in the present
study. The CMSY model relies exclusively on catch data,
whereas the BSM model incorporates catch data and an
independent index of abundance derived from biomass
estimates obtained using the swept area method. These
biomass estimates were generated from fishery-
independent surveys and represents the Pacific hake
population distributed throughout the central and
northern Gulf of California. For this reason, stock status
was primarily interpreted using the biomass estimates
derived from the BSM model. By incorporating a fishery-
independent abundance index, the BSM approach is
likely to provide more robust biomass estimates of stock
biomass and a more precautionary assessment of
resource status and availability than models based
solely on catch information.

Pacific hake in the Gulf of California is distributed
over depths ranging from 50 to 500 m. In the central and
northern Gulf, its abundance exhibits marked
spatiotemporal variability, with the highest and biomass
estimates typically recorded during the winter—spring
season (Mathews et al.,, 1974, Padilla-Garcia, 1977,
Grande-Vidal, 1983). Nevarez-Martinez et al. (2007)
estimated stock biomass to range from 12,000 and
145,000 t between 2005 and 2007, with the lowest
biomass values occurring during summer—autumn and
the highest during winter—spring. These seasonal
differences may be related with the species spawning
aggregation  behavior and, potentially, with
overestimation of abundance resulting from increased
sampling intensity, as > 20 sets additional surveys sets
were conducted relative to the average sampling effort.
The BSM model indicated a marked decline in biomass
at the beginning of the time series (1990), followed by a
gradual recovery. This pattern likely reflects the effects
of fishing removals during the 1990s, as a similar trend
was observed in the biomass trajectories estimated by
the CMSY model. Although catches during that period
originated primarily from a multispecies scale-fish
fishery and were associated low compared with those
recorded in subsequent decades, they may nevertheless
have contributed to the initial decline in stock biomass.
Biomass values derived from the BSM model for the
period 2000 - 2023 ranged from 48,800 to 63,600 t.
These values fall within the range of biomass estimates
obtained through the swept-area method, which varied
between 41,184 t and 69,339 t (Arizmendi-Rodriguez et
al., 2015, 2020, 2022, 2023; Avilés-Hernandez et al.,
2019). Because these surveys were conducted during
the winter—spring period, when Pacific hake forms
spawning aggregations, biomass may be overestimated
due to increased fish density and catchability.

Fishing mortality rate (F) remained below the level
associated with maximum sustainable yield (F/Fmsy < 1)
throughout most of the study period, reflecting
relatively low exploitation rates. However, beginning in
2021, fishing mortality exceeded the Fwmsy threshold,
indicating that fishing pressure had surpassed the level
considered sustainable. By 2023, the estimated
exploitation rate reached F/Fusy = 1.65, suggesting that
overfishing was likely occurring (Froese & Proelss, 2012).
Under the current management framework, once the
annual catch quota is reached, the fisheries authority
notifies permit holders and fishing operations must
cease, with vessels at sea required return to port. This
measure is intended to prevent fishing mortality from
exceeding the target reference point established for the
fishery (FMSY; DOF, 2026). Nevertheles, the results of
the present assessment suggest that fishing mortality
exceeded this threshold in 2023, indicating a need to
evaluate the effectiveness of quota implementation and
compliance measures.

The Kobe diagram is a graphical tool used to
visualize stock status by depicting biomass and fishing
mortality relative to their maximum sustainable yield
reference points over time. Based on the status of the
Pacific hake population in 2023, the resource is
considered to have a high probability of experiencing
overfishing, although it is not classified as overfished
(Maunder & Aires da Silva, 2011; Arrizabalaga et al.,
2012). The retrospective analysis of both reference
points showed that omitting years from the time series
did not alter overall trends. According to Hurtado-Ferro
et al. (2015), Mohn's p depends on the life history
characteristics of the species. These authors suggested
that, that for long-lived species, values greater than 0.20
or lower than -0.15 may indicate the presence of a
retrospective pattern.

Conclusion

The results of this study suggest that the Pacific
hake stock in the Gulf of California has a high probability
of being subject to overfishing. To reverse this trend, it
is necessary to establish effective harvest control rules,
such as, biologically acceptable catch limits, optimal
yield targets, and reference catch levels. Otherwise, in
the short term, the biomass and overall health of the
hake population in the Gulf of California and
consequently the fishery itself could be compromised,
as has been observed in other exploited species.
Recovering a depleted stock entails substantial
temporal, social and economic costs, while
environmental factors may further influence the
recovery process.
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