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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 
still near the target reference point. These findings underscore the need for precautionary 
management and continued monitoring of fishing effort to prevent future declines in 
biomass that could compromise reproductive capacity and recruitment.  

 

Introduction 
 

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 

available particularly for developing or emerging 
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 yield (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 (AI) 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 (Ruíz-
Domínguez 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 (Iwamoto 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-

Páez, 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; García de León 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-García et 
al., 2020). The fishing potential of Pacific hake in the 
region has been documented since the 1970s (Mathews 
et al., 1974, Padilla-García, 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 (Ángel de la 
Guarda and Tiburón Islands), and the southern region, 
extending from the mouth of the Gulf of these islands 
(Álvarez-Borrego, 1983). Pacific hake fishing is 
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 Peñasco and Guaymas, San 
Felipe and Mazatlán (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 & Ramírez-Rodríguez, 
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 m in 
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 

 

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 W∞ reported by Álvarez-Trasviña 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; 
X²=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 (Ramírez-Rodríguez et al., 2017), 
suggesting a low level of exploitation at the beginning of 
the time series. Regarding population size structure, 
Nevárez-Martínez 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 Nevárez-Martínez et al. (2007), whereas 

estimates for 2014, 2016, and 2019 were taken from 
Alvarez-Trasviña et al. (2022). Estimates for 2020, 2022, 
and 2023 were obtained from Arizmendi-Rodríguez 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: 

 
B0 =  λi1k ∗ exp(σ(vt)) 

 
Biomass in the subsequent years was estimated as: 
 

𝐵𝑡+1 = 𝐵𝑡 + 𝑟(1 − 𝐵𝑡/𝑘)𝐵𝑡 − 𝐶𝑡 ∗ exp (σ(vt)) 
 
where Bt+1 is the biomass in year, Bt 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 (σ(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 (FMSY). Values of F/ FMSY 
≥ 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 (BMSY), Values of B/BMSY ≥ 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<1 and F/ FMSY>1). The yellow 
quadrant represents a stock that is overfished but not 
currently subject to overfishing (B/BMSY <1 and F/ 
FMSY<1). whereas the orange quadrant represents a 
stock that is not overfished but is experiencing 
overfishing (B/BMSY>1 and F/FMSY>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 ρ 
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.  

 
 

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 
(x̅=908.05 t, SD = 850.44 t), the second from 2013 to 

 

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 (x̅=7,021.39 t, SD=2,293.73 t), and the third from 
2021 to 2023 (x̅=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-1 (95% 
CI:0.31–0.56 year-1), an environmental carrying capacity 
of the environment (k) of 166,000 t (95% CI:125,000–
264,000 t), and a maximum sustainable yield (MSY) of 
17,900 t (95% CI: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 FMSY of 0.21 year-1 (95% 
CI: 0.16–0.28 year-1). The estimated stock biomass in 
2023 was 110,000 t (95% CI: 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-1 (95% CI: 0.36–0.67 year-1), a k of 94,800 t 

(95% CI: 68,800–144,000 t), and an MSY of 11,800 t 
(95%CI: 8,310–17,200 t). The estimated BMSY was 47,400 
t (95%CI: 34,400–72,000 t), achieved at an FMSY of 0.24 
year-1 (95%CI: 0.18–0.33 year-1). The estimated stock 
biomass in 2023 was 50,000 t (95% CI: 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 

 

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 CI inf CI sup BSM CI inf CI 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 
BMSY (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/BMSY 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>Z<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 

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/FMSY 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/FMSY) and relative biomass (B/BMSY) 
for Pacific hake remained consistent with those 
obtained from the complete dataset, and the 
differences were negligible. Mohn´s ρ values were low 
for both indicators (ρ -0.02 for B/BMSY and (ρ 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). 

 

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. 

 

 
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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Figure 6. Graphical analysis of the BSM model. a) fit shows the observed catches (white circles) and the estimated catches (black 
line); the gray area is the 95% CI; b) the observed biomass (white circles) and the estimated biomass (black line), the gray area is 
the 95% CI; c) the deviation of the process of variation of the logarithm of biomass and d) the residual diagnostic of the observed 
and estimated biomass (the green area indicates absence of autocorrelation). 

 

 
Figure 7. Kobe diagram of the Pacific hake stock in the Gulf of California from 1990 to 2023. B/BMSY is the relative biomass of the 
population and F/FMSY is the relative exploitation rate. 
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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-Trasviña 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). 

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 (Urías-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-García et al., 2017), facilitating 

 

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-García, 1977, 
Grande-Vidal, 1983). Nevárez-Martínez 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-Rodríguez et 
al., 2015, 2020, 2022, 2023; Avilés-Hernández 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 FMSY threshold, 
indicating that fishing pressure had surpassed the level 
considered sustainable. By 2023, the estimated 
exploitation rate reached F/FMSY = 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 ρ 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.  
 

Ethical Statement 
 

It is no required, since I this document no living 
organisms were sacrificed or experiments were 
performed.   



 
Turkish Journal of Fisheries & Aquatic Sciences TRJFAS27590 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Funding Information 
 

Funding for this research was granted by Mexican 
Institute of Research on Sustainable Fishery and 
Aquaculture (IMIPAS) through the project Pacific hake.   

 

Author Contribution 
 

EAT: Conceptualization, writing-Review&Editing, 
Formal Analysis, DIAR: Funding Acquisition, 
Investigation, Projec Administration, CQV: Supervision, 
writing-Review&Editing, CEE: writing-Review&Editing, 
MSZF: writing-Review&Editing.   
 

Conflict of Interest 
 

The authors declare that they have no known 
competing financial or non-financial, professional, or 
personal conflicts that could have appeared to influence 
the work reported in this paper.   
 

Acknowledgements 
 

The authors thank the three anonymous reviewers 
and the editor for their valuable comments and 
suggestions, which improved for the manuscript. We 
also acknowledge the support of the “Merluza” Project 
of Instituto Mexicano de Investigación en Pesca y 
Acuacultura Sustentables (IMIPAS). EAT and MSZF thank 
the Secretaría de Ciencia, Humanidades, Tecnología e 
Innovación (SECIHTI) for the financial supports through 
of the “Estancias Posdoctorales por México” 2023(1)-
fellowship supports. CEE, DIAR, CQV and EAT are 
members to the National System of Researchers 
(SECIHTI—SNII). 
 

References 
 
Alvarez-Borrego, S. (1983). Gulf of California. In B.K. Ketchum 

(Ed.), Ecosystems of the world 26. Estuaries and 
enclosed areas (pp. 472-450). Elservier. Amsterdam.  

Alvarez-Trasviña, E., Arizmendi-Rodríguez, D. I., Marín-
Enríquez, E., Salcido-Guevara, L. A., Sánchez-Cárdenas, 
R., & Rodríguez-Domínguez, G. (2022). Distribution and 
abundance of the Pacific hake, Merluccius productus, 
and relationship with the environment in the Gulf of 
California, Mexico. Ciencias Marinas. 48: e3256. 
https://doi.org/10.7773/cm. y2022.3256 

Arizmendi-Rodríguez, D. I., Álvarez-Trasviña, E., Denton-
Castillo, J., Nevárez-Martínez, M. O., Enciso-Enciso, C., 
Valdez-Pelayo A., Martínez-Zavala, M. A., Haro-Avalos, 
H., & Santos-Molina, J. P. (2020). Dinámica poblacional 
de Merluza (Merluccius productus) en aguas marinas del 
golfo de California [ Population dynamics of hake 
(Merluccius productus) in the marine waters of the Gulf 
of California] (Informe Final de Investigación.) Instituto 
Nacional de Acuacultura y Pesca.  

Arizmendi-Rodríguez, D. I., Álvarez-Trasviña, E., Enciso-Enciso, 
C., Nevárez-Martínez, M. O., Valdez-Pelayo, A., 
Martínez-Zavala, M. A., González-Máynez, V. E., Garay-
Valdez, L. M., & Reyes-Avilés, E. P. (2023). La pesquería 

de la merluza del pacífico (Merluccius productus), en la 
región central y norte del Golfo de California [The Pacific 
hake fishery (Merluccius productus), in the central and 
northern region of the Gulf of California]. (Informe Final 
de Investigación). Instituto Nacional de Acuacultura y 
Pesca.  

Arizmendi-Rodríguez, D. I., Álvarez-Trasviña, E., Nevárez-
Martínez, M. O., Enciso-Enciso, C., Valdez-Pelayo A., 
Martínez-Zavala, M. A., & González-Máynez, V. E. (2015). 
Dinámica poblacional de Merluza (Merluccius spp.) en 
aguas marinas del golfo de California [Population 
dynamics of hake (Merluccius spp.) in the marine waters 
of the Gulf of California]. (Informe Final de 
Investigación). Instituto Nacional de Acuacultura y 
Pesca.  

Arizmendi-Rodríguez, D. I., Álvarez-Trasviña, E., Nevárez-
Martínez, M. O., Enciso-Enciso, C., Valdez-Pelayo A., & 
Martínez-Zavala, M. A. (2022). Dinámica poblacional de 
Merluza (Merluccius spp.) en aguas marinas del golfo de 
California [Population dynamics of hake (Merluccius 
spp.) in the marine waters of the Gulf of California]. 
(Informe Final de Investigación). Instituto Nacional de 
Acuacultura y Pesca.  

Arrizabalaga, H., Murua, H., & Majkowski, J. (2012). Global 
status of tuna stocks: summary sheets. Revista de 
Investigación Marina, 19(8), 645-676. 

Arzola-Sotelo, E. A., López-Martínez, J., Nevárez-Martínez, M. 
O., Morales-Bojórquez, E., García-Morales, R., & 
Herrera-Cervantes, H. (2022). Variation in population 
dynamics and abundance of the bigeye croaker 
Micropogonias megalops in the Northern Gulf of 
California. Regional Studies in Marine Science, 52. 
https://doi.org/10.1016/j.rsma.2022.102301 

Avilés-Hernández, J. J., Denton-Castillo, J., Navarro-Bojórquez, 
C. I. Valdez-Pelayo, A., Arizmendi-Rodríguez, D. I., 
Álvarez-Trasviña, E., Nevárez-Martínez, M.O., & Santos-
Molina, J. P. (2019). Distribución y abundancia de la 
Merluza del Pacífico (Merluccius productus), en aguas 
marinas del norte-centro del Golfo de California 
[Distribution and abundance of Pacific hake (Merluccius 
productus) in the marine waters of the north-central Gulf 
of California]. Informe Técnico de Crucero. Instituto 
Nacional de Pesca y Acuacultura, México. 

Balart-Páez, F.E. (1996). Recurso merluza. In: M. Casas-Valdez, 
& G. Ponce-Díaz (Eds). Estudio del potencial pesquero y 
acuícola de Baja California Sur. (pp. 264-271). 
SEMARNAP; Gobierno del estado de Baja California Sur. 

Berger, A. M., Grandin, C. J., Johnson, K. F., & Edwards, A. M. 
(2023). Status of the pacific Hake (whiting) stock in U.S. 
and Canadian waters in 2022. Prepared by the Joint 
Technical Committee of the U.S. and Canada Pacific 
Hake/Whiting Agreement, National Marine Fisheries 
Service and Fisheries and Oceans Canada. 208.  
https://doi.org/10.25923/cnhv-6c89 

Chittaro, P., Grandin C., Pacunski R., & Zabel, R. (2022). Five 
decades of change in somatic growth of pacific hake 
from Puget Sound and Strait of Georgia. PeerJ, 10, 
e13577. https://doi.org/10.7717/peerj.13577 

Costello, C., & Ovando, D. (2019). Status, Institutions, and 
Prospects for Global Capture Fisheries. Annual Review of 
Enviroment and Resources, 44, 177-200. 
https://doi.org/10.1146/annurev-environ-101718-
033310. 

Denton-Castillo, J. (2018). Agregaciones y Aspectos 
reproductivos de la merluza Merluccius productus (Ayres, 



 
Turkish Journal of Fisheries & Aquatic Sciences TRJFAS27590 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1855) en el centro y norte del Golfo de California [ 
Aggregations and reproductive aspects of Pacific hake 
(Merluccius productus Ayres, 1855) in the central and 
northern Gulf of California]. (Tesis de maestría, 
Universidad Autónoma de Sinaloa). Universidad 
Autónoma de Sinaloa.  

Diario Oficial de la Federación (2018 11 de junio). Acuerdo 
mediante el cual se da a conocer la actualización de la 
Carta Nacional Pesquera. México. 
https://www.gob.mx/cms/uploads/attachment/file/89
2407/CNP_2017.pdf 

Diario Oficial de la Federación. (2022 26 julio de 2022). 
Acuerdo mediante el cual se da a conocer la actualización 
de la Carta Nacional Pesquera. México. 
https://www.gob.mx/cms/uploads/attachment/file/89
2410/CNP_2023.pdf 

Diario Oficial de la Federación (11 mayo 2026). Acuerdo por el 
que se establece el volumen de captura permisible 
(cuota) en peso entero y su equivalente en peso 
eviscerado para el aprovechamiento de merluza 
(Merluccius productus) en aguas de jurisdicción federal 
del Océano Pacífico y Golfo de California para la 
temporada de pesca 2026. Mexico. 
https://www.dof.gob.mx/nota_detalle.php?codigo=578
7028&fecha=11/05/2026#gsc.tab=0 

Echazabal, O., Morales-Bojórquez, E., & Arreguín-Sánchez, F. 
(2021). Biomass dynamic model for multiple data series. 
An improved approach for the management of the red 
grouper (Epinephelus morio) fishery of the Campeche 
Bank, Mexico. Regional Studies in Marine Science, 47, 
101962. https://doi.org/10.1016/j.rsma.2021.101962 

Enciso-Enciso, C., Nevárez-Martínez, M. O., Sánchez-Cárdenas, 
R., Salcido-Guevara, L. A., Minte-Vera, C., Marín-
Enríquez, R., & Hernández-Rivas, M. (2023). Assessment 
and management of the temperate stock of Pacific 
sardine (Sardinops sagax) in the south of California 
Current System. Regional Studies in Marine Science, 62, 
1-11. https://doi.org/10.1016/j.rsma.2023.102972 

Food and Agriculture Organization of the Uniteds Nations. 
(2002). The state of World Fisheries and Aquaculture 
2022. Towards blue transformation. Rome, FAO. 
https://doi.org/10.4060/cc0461es 

FishBase. (2021). Froese, R., & Pauly, D. 2021. (Version 
08/2021). http://www.fishbase.org. 

Froese, R., & Kesner-Reyes, K. (2002). Impact of fishing on the 
abundance of marine species. International council for 
the exploration of the sea. ICES-CML/L 12. Copenhagen, 
Denmark. 

Froese, R., & Proelss, A. (2012). Evaluation and legal 
assessment of certified seafood. Marine Policy, 36, 1284-
1289. https://doi.org/10.1016/j.marpol.2012.03.017. 

Froese, R., Winker, H., Coro, G., Palomares, M. L., Tsikliras, A., 
Dimarchopoulou, D., Touloumis, K., Demirel, N., Vianna, 
G. M. S., Scarcella, G., Schijns R., Liang, C., & Pauly, D. 
(2023). New developments in the analysis of catch time 
series as the basis for fish stock assessments: The 
CMSY++ method. Acta Ichthyologica et Piscatoria, 53, 
173-189. https://doi.org/ 10.3897/aiep.53.105910 

Grande-Vidal, J. M. (1983). Evaluación biotecnológica de los 
recursos demersales vulnerables a redes de arrastre de 
fondo en el Golfo de California 1978-1980. Ciencia 
Pesquera, 4, 97-125. 

García De León, F. J., Galván Tirado, C., Sánchez Velasco, L., 
Silva-Segundo, C. A., Hernández Guzmán, R., Barriga-
Sosa, I. A., Píndaro Díaz, J., Canino, M., & Cruz 

Hernández, P. (2018). Role of oceanography in shaping 
the genetic structure in the North Pacific hake 
Merluccius productus. PLOS ONE, 13(3), e0193295. 
https://doi.org/10.1371/journal.pone.0194646 

Geweke, J. (1992). Evaluating the accuracy of sampling-based 
approaches to the Calculation of posterior moments. In: 
J. M. Bernardo, J. O. Berger, A. P. Dawid, & A. F. M. Smith 
(Eds.), Bayesian statistics 4: Proceedings of the fourth 
Valencia international meeting (pp. 169–193). Oxford 
University Press.  
https://doi.org/10.1093/oso/9780198522669.003.0010 

Hamel, O. S., Ressler, P. H., Thomas, R. E., Waldeck, D. A., Hicks, 
A. W., Holmes, J. A., & Fleischer, W. G. (2015). Biology, 
fisheries, assessment and management of Pacific hake 
(Merluccius productus). In H. Arancibia (Ed.), Hakes, 
Biology and Exploitation (pp. 234-262). John Wiley and 
sond Ltd. United Kingdom.  

Hurtado-Ferro, F., Szuwalski, C. S., Valero, J. L., Anderson, S. C., 
Cunningham, C. J., Johnson, K. F., Licandeo, R., 
McGilliard, C. R., Monnahan, C. C., Muradian, M. L., Ono, 
K., Vert-Pre, K. A., Whitten, A. R., & Punt, A. E. (2015). 
Looking in the rear-view mirror: Bias and retrospective 
patterns in integrated, age-structured stock assessment 
models. ICES Journal of Marine Science, 72(1), 99–110. 
https://doi.org/10.1093/icesjms/fsu198 

Iwamoto, E., Ford, M.J., Gustafson, R.G. (2004). Genetic 
Population structure of Pacific hake, Merluccius 
productus, in the Pacific Northwest. Environ. Biol. Fishes. 
69,187–199. 
https://doi.org/10.1023/B:EBFI.0000022895.10683.c5 

Lloris, D., Matallanas, J., Oliver, P. (2005). Hakes of the World 
(Family Merlucciidae): an annotated and illustrated 
catalogue of hake species know to date. 2. FAO. Roma. 
Italia. 57 p. 

Martell. S., & Froese, R. (2013). A simple method for estimating 
MSY from catch and resilience. Fish and Fisheries, 14(4), 
504-514. https://doi.org/10.1111/j.1467-
2979.2012.00485. x 

Mathews, C. P., Granados, J. L., & Arvizu, J. (1974). Results of 
the exploratory crouises of the Alejandro de Humboldt 
in the Gulf of California. México PNUD/FAO. INP. In Mar. 
Res. Comm. Calif. Coop. Ocean. Fisheries Investigation 
Report, 17, 101-111. 

Maunder, M. N., & Aires-da-Silva, A. (2011). Evaluation of the 
kobe plot and strategy matrix and theur application to 
tuna in the EPO. Inter-american tropical tuna 
commission. Document SAC-02-11.  

Mohn, R. 1999. The restrospective problem in sequential 
population analysis: an investigation using cod fishery 
and simulated date. ICES journal of Marine Science, 56: 
473-488. 

Morales-Azpeitia, R., Balmori-Ramírez, A., Seefoo-Ramos, A. 
A., & García-Caudillo, J. M. (2021). Evaluation and 
estimation of reference points for the blue crab, 
Callinectes sapidus (Decapoda: Portunidae) of the Gulf of 
Mexico. Hidrobiológica, 31(3), 231-243. 
https://doi.org/10.24275/uam/izt/dcbs/hidro/2021v31
n3/Morales 

Nevárez-Martínez, M. O., Balmori-Ramírez, A., Santos-Molina, 
J. P., Cervantes-Valle, C., López-Martínez, J., Méndez-
Tenorio, J. F., Anguiano-Carrazco, M. L., Acevedo-
Cervantes, A., Miranda-Mier, E., & Morales-Azpeita, R. 
(2007). Prospección de merluza y bacalao: distribución, 
tamaño poblacional e ictiofauna asociada en el Golfo de 
California. [Survey of hake and cod: distribution, 



 
Turkish Journal of Fisheries & Aquatic Sciences TRJFAS27590 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

population size, and associated ichthyofauna in the Gulf 
of California] Informe de Investigación, Fondo Sectorial 
SAGARPA-COFUPRO-CONACYT, Clave: SAGARPA-2023-
C01-047. 

Padilla-García, M. A. (1977). Biomasa de sardina Sardinops 
sagax y merluza Merluccius productus. [Biomass of 
sardine (Sardinops sagax) and hake (Merluccius 
productus)]. Ciencia Pesquera. Instituto Nacional de 
Pesca. Departamento de Pesca, 1(1), 35-43. 

Parra-Alaniz. J. C., & Ramírez-Rodríguez, M. (2022). Fleet 
efficiency in the Pacific hake (Merluccius productus) 
fishery in the Gulf of California, México. Latin American 
Journal of Aquatic Research 50(1), 99-109. 
https://doi.org/ 10.3856/vol50-issue1-fulltext-2729 

Pierce, G. J., & Guerra, A. (1994). Stock assessment methods 
used for cephalopod fisheries. Fisheries Research, 21, 
255-285. https://doi.org/10.1016/0165-7836(94)90108-2 

Ramírez-Rodríguez, M. (2017). A profitability analysis of catch 
quotas for the Pacific Hake Fishery in the Gulf of 
California. North American Journal of Fisheries 
Management, 37:1, 23.29.  
https://doi.org/10.1080/02755947.2016.1227400 

Ren, Q., & Liu, M. (2020). Assessing Northwest Pacific Fishery 
Stocks Using Two New Methods: The Monte Carlos 
Catch-MSY (CMSY) and the Bayesian Schaefer Model 
(BSM). Frontiers in Marine Science, 7,430. 
https://doi.org/10.3389/fmars.2020.00430 

Ressler, H. P., Holmes, J.A., Fleischer, G.W., Thomas, R.E., & 
Cooke, K.C. (2007). Pacific hake, Merluccius productus, 
Autoecology: A timely review. Marine Fisheries Review. 
69(1–4):1–24 p. 

Rose, G.A., & Kulka, D.W. (1999). Hyperaggregation of fish and 
fisheries: how catch-per-unit-effort increased as the 
northern cod (Gadus morthua) declined. Canadian 
Journal of Fisheries and Aquatic Sciences, 56 (1), 118-
127.  

Rodionov, S.N. (2004). A sequential algorithm for testing 
climate regime shifts. Geophysical Research Letters, 
31(19). https://doi.org/10.1029/2004GL019448 

Ruíz-Dominguez, M., Quiñonez-Velázquez, C., Arizmendi-
Rodríguez, D. I., Gómez-Muñoz, V. M., & Nevárez-
Martínez, M. O. (2021). Assessment of the exploitable 
biomass of thread herring (Opisthonema sp.) in 
northwestern Mexico. Acta Oceanologica Sinica, 40(10), 
54-66. https://doi.org/10.1007/s13131-021-1785-3 

Sarr, O., Kindong, R., Sow, F. N., & Tian, S. (2023). Estimation 
of Atlantic bonito (Sarsa sarda) stock status in the 

Senegalese Exclusive Economic Zone (SEEZ) from the 
catch-based model (CMSY) and length-based Bayesian 
estimation (LBB) method. Regional Studies in Marine 
Science, 65.  
https://doi.org/10.1016/j.rsma.2023.103052 

Silva-Segundo, C.A., Brito-Chavarria, M., Balart, F.E., Barriga-
Sosa, I. A., Rojas-Esquivel, R., Roldán, M.I., Murugan, G. 
& García-De León, F.J. (2011). Clarifying the taxonomic 
status of Merluccius spp. In the northeastern Pacific: a 
combined morphological and molecular approach. 
Reviews in Fish Biology and Fisheries, 21 (2) 259-282. 
https://DOI.org/ 10.1007/s11160-010-9166-6 

Schaefer, M. B. (1954) Some Aspects of the Dynamics of 
Populations Important to the Management of 
Commercial Marine Fisheries. Inter-American Tropical 
Tuna Commission, 1, 26-56. 

Sullivan, K.J. (1991). The estimation of parameters of the 
multispecies production model. ICES Marine Science 
Symposium, 193:185-193.  

SIPESCA. (2024). Sistema de Información de Pesca y 
Acuacultura. 2024.  
https://sipesca.conapesca.gob.mx/loginfiel.php 

Urías-Sotomayor, R., Aragón-Noriega, E. A., Payán-Alejo, J., 
Cisneros-Mata, M. A., & Rodríguez-Domínguez, G. 
(2024). Bionomic modelling of hyperstable fish 
populations. The gulf corvina, Cynoscion othonopterus, 
fishery as case study. Biotecnia, 26, 181-188. 
https://doi.org/10.18633/biotecnia. v26.2065 

Vivekanandan, E. (2017). Concept and objectives of stock 
assessment. In A. Gopalakrishnan (Ed.), Course Manual 
Summer School on Advanced Methods for Fish Stock 
Assessment and Fisheries Management (pp. 113-122). 
Marine Fisheries Research Institute.  

Zamora-García, O. G. Stavrinaky, S. A., Márquez-Farías, J. F., & 
Parra-Alaniz, J. C. (2017). Resultado del programa de 
técnicos a bordo de la pesquería de merluza en el alto 
golfo de California. Primero tres años de estudio (2015-
2017). [Results of the onboard technical observer 
program for the hake fishery in the Upper Gulf of 
California. First three years of study (2015–2017]. 
México. Environmental Defense Fund de México. 

Zamora-García, O. G., Márquez-Farías, J. F., Stavrinaky-Suárez, 
A., Díaz-Avalos, C., Zamora-García, N. I., & Lara-
Mendoza, R. E. (2020). Catch rate, length and sex ratio of 
Pacific hake (Merluccius productus) in the northern Gulf 
of California. Fishery Bulletin, 118(4), 365-379. 
Htpps://doi.org/10.7755/FB.118.4.6 


