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ABSTRACT. Species of the genus Scomberomorus (S. sierra and S. concolor) are key resources for artisanal
fisheries along the Mexican Pacific coast, with annual catches exceeding 25,000 t. However, information on
their population dynamics, responses to ocean-atmospheric variability, and stock assessment remains limited.
To address this gap, we analyzed 175,750 landing records alongside monthly Oceanic Nifio Index (ONI) data.
Temporal catch patterns were evaluated using sequential regime shift analysis (STARS). S. sierra exhibited two
regimes: a relatively stable phase from 2000 to 2015, followed by elevated catches from 2016 to 2022, whereas
S. concolor displayed three shifts: low catches (2000-2007), increased catches (2008-2021), and a marked
increase in 2022. Cross-correlation function (CCF) analysis revealed contrasting responses to ONI, with
S. sierra showing a positive relationship (r=0.37, P =0.04) and S. concolor showing a negative one (r = -0.40,
P =0.009). Stock status assessed using the catch maximum sustainable yield (CMSY) model. For S. sierra, the
estimated maximum sustainable yield (MSY) was 4,873 t, the biomass at MSY (BMSY) was 14,144 t, and the
fishing mortality at MSY (Fwmsy) was 0.34. Historical catches were generally sustainable, but recent increases
create potential risks if they continue. For S. concolor, MSY was estimated at 5,951 t, BMSY was 17,275 t, and
Fumsy was 0.34; catches largely remained within sustainable limits, despite slightly exceeding MSY in 2022.
Kobe plot analyses indicate S. sierra is approaching "overexploitation", whereas S. concolor remains within
optimal limits. Highlight the need for active management strategies to ensure long-term sustainability.
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INTRODUCTION of the artisanal fishing catch. At the same time, their

other congeners, such as bonitos, mackerels, and tuna,

The genus Scomberomorus belongs to the Scombridae are targeted by different fleets (sport fishing and
family, which includes 16 species in the Mexican offshore fisheries).

Pacific Ocean (Robertson & Allen 2015), nearly all of
which serve as commercial, recreational, and/or coastal
fishery resources. The Pacific sierra, S. sierra, and the
gulf sierra, S. concolor, constitute a significant portion

Species of the Scomberomorus genus are commonly
referred to as "sierras" and inhabit coastal waters
(neritic zones). Most undertake substantial seasonal
migrations associated with feeding and reproduction
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(Collette & Nauen 1983). Due to their seasonal
availability, they are considered opportunistic resources
(Ramirez-Pérez 2010), particularly from November to
July, when other economically valuable resources (e.g.
shrimp) are either under fishing bans or experiencing a
poor fishing season (Aramburo-Paéz et al. 1984,
Montemayor-Lopez & Cisneros-Mata 2000, Cervantes-
Escobar 2004, Medina-Gomez 2004). Sierras are
highly valued in both the national and international
markets. Owing to their nutritional benefits, sierra is
considered one of the most attractive species for
consumers along the Mexican coast (Montemayor-
Lopez & Cisneros-Mata 2000). Annual catches of up to
25,166 t have been reported, and the resource currently
ranks 14th in capture volume and 17th in economic
value at the national level (SAGARPA 2021). The
fishing methods used for these species include seine or
gill nets measuring 400, 600, and 800 m in length, with
150 and 200 meshes in height and mesh sizes ranging
from 63.5-76.2 mm (2.5-3 inches). Trolling lines are
also used as an alternative fishing method (Aramburo-
Péaez et al. 1984, Lizarraga-Rodriguez 1984, INP 2001).

However, as with many other coastal resources,
Sierra is a commercially important species for which
studies on population dynamics remain limited (Nava-
Ortega et al. 2012). Consequently, biomass estimates
are needed to understand the status of the resource and
to design active fisheries management measures.
Therefore, the objective of this study was to assess the
"sierra" resources along the Mexican Pacific coast by
estimating biological reference points (BRPs) and
proposing an adaptive management approach based on
active regulatory measures, such as catch quotas. The
findings could provide insights into the current state of
this resource and support sustainable socioeconomic
fishing practices for the foreseeable future.

MATERIALS AND METHODS

Catch data

Fishery statistics from landing logbooks of the small-
scale fishery on the Mexican Pacific coast were
available for the period 2000 to 2022. These data were
obtained from the fisheries offices of Mexico's Ministry
of Agriculture and Rural Development (Secretaria de
Agricultura y Desarrollo Rural - SADER). The 23-year
series comprises 169,002 catch records. Corresponding
to 10 states along the Mexican Pacific coast (Fig. 1):
Baja California Sur (n = 13,666), Baja California (n =
5,745), Sonora (n = 14,407), Sinaloa (n = 42,423),
Nayarit (n = 37,212), Jalisco (n = 13,636), Colima (n =
6,148), Michoacan (n = 8,397), Guerrero (n = 16,142),

and Oaxaca (n = 11,226). In Mexico, official catch
records do not distinguish between S. sierra and S.
concolor; both species are recorded simply as "sierra"
due to their morphological similarities and the use of
similar fishing gear. However, in this study, we
separated the catch data based on the landing locations
recorded in the landing logbooks, following the
literature that defines the distribution area of each
species, as well as input from researchers and officials
familiar with these resources (Fitch & Flesching 1949,
Collette 1995, Aguirre-Villasefior et al. 20006,
Valdovinos-Jacobo 2006, Lucano-Ramirez et al. 2011,
Dominguez-Lopez et al. 2015, Ramirez-Pérez et al.
2015, Roberton & Allen 2015, Magallon-Gayon et al.
2016); therefore, the catches were separated latitudi-
nally. In this context, all records obtained south of the
major islands of the Gulf of California (Angel de la
Guarda Island and Tiburoén Island) and extending to the
coast of Oaxaca correspond to S. sierra (n = 153,926).
In contrast, all those obtained north of these islands
were attributed to S. concolor (n=15,076). A sequential
t-test analysis of regime shift (STARS) developed by
Rodionov (2004) was applied to detect step changes in
the catch time series. STARS uses a t-test to determine
whether sequential observations in a time series
represent statistically significant departures from the
mean values observed during a predetermined prior
period. El Nifio years lead to low productivity in the
Gulf of California, reducing fisheries productivity
(Santamaria-del-Angel et al. 1994, Valdovinos-Jacobo
2006). The relationships among the annual catch
anomalies of S. sierra and S. concolor and El Nifo-
Southern Oscillation (ENSO) events were assessed
using cross-correlation function (CCF) analyses (Alves
et al. 2021). Monthly ENSO data from 2000 to 2022
were obtained from the National Oceanic and
Atmospheric Administration (NOAA 2024). Annual
catch anomalies were calculated as follows: Canomi =
(Cij - Cavrrotati) / CavrTotali;, Where Canomi 1S the annual
catch anomaly per species (i = S. sierra, S. concolor),
C;i is the catch of species i in year j, and CaviTotali is the
average catch for species i over the entire period. The
temporal trend of catch anomalies was described by
fitting a fifth-order polynomial model (Cardenas-
Quintana et al. 2015).

Biomass estimate and fishery reference points

The catch maximum sustainable yield (CMSY) method
was used to estimate biomass from catch data and to
derive target reference points (MSY, Bumsy, and Fusy).
In addition to annual catch data, the model requires
prior information in addition to annual catch data to
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Figure 1. Spatial extent of artisanal fishing operations targeting Scomberomorus species in northwestern Mexico.

perform the estimates, including: (1) r, resilience, (2)
Aoo1-Aoo2, the level of stock depletion in the first year of
the time series, (3) Aoi-Ao2, the level of stock depletion
in an intermediate year of the time series, (4) A1-A2, the
level of stock depletion in the last year of the time
series, and (5) K, carrying capacity. The information
used to parameterize the model is presented in Table 1.

Recommendations by Froese et al. (2017) were
followed to define depletion levels for the initial (Ago1-
hoo2), intermediate (Ao1-Ao2), and final (Ai-A2) years of
the time series. Values of r were obtained from records
in FishBase (Froese & Pauly 2022) exclusively for S.
sierra, which was selected as the representative species
of the genus due to greater information availability. The
K interval was estimated from catch data and resilience,
accounting for the depletion level in the final year of
the time series (A-A2). When A1-A,<0.5 was assumed,
Equation 1 was applied; when A;-2>>0.5, Equation 2
was applied:

maxC 4(maxC)
K = — L= 1
low Thigh » Bhigh Tow ( )
__ 2(maxC) __ 12(maxC)
Klow - Thigh » Bhigh — Tlow (2)

The CMSY is based on two equations. The first
corresponds to Schaefer's (1954) surplus production
model, which describes population dynamics as a

function of biomass growth and fishing mortality (Eq.
3):

Beyy = [Be + 1B, () — ¢ 3)

where By is the exploited biomass in the subsequent
year t+1 and in consecutive years of the time series, By
is the biomass in year t, C; is the catch in year t, r is the
intrinsic rate of population growth, and K is the
carrying capacity of the habitat for the stock.

The second equation is applied when if biomass
falls below % K. According to Froese et al. (2017), it
accounts for depensation or reduced recruitment at
severely depleted stock sizes, as predicted by common
stock-recruitment functions (Beverton & Holt 1957,
Ricker 1975, Barrowman & Myers 2000), and for a
linear decline in surplus production, which is a function
of recruitment, somatic growth, and natural mortality
(Schnute & Richards 2002) (Eq. 4).

B B B
Bepy = By + 471 (1— 2) By — €| 3 < 0.25. (4)

The term 4 B¢/K represents a linear decline in
recruitment when biomass falls below half the biomass
required to produce MSY; the parameters have the same
meaning as in Equation 3.

Once all model parameters are obtained, annual

estimates of exploitable biomass are derived using
Equations 3 and 4. Each simulation uses a different r-K
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Table 1. Parameterization data for the catch maximum sustainable yield (CMSY) model for sierras exploited by the artisanal

fishery along the Mexican Pacific coast.

r/a’!

intermediate

(FishBase) Ahoo1-Aoo2 year Ao1-Ao2 MM
Sosierra 37085 0.2:0.6 2019 0.206 509
S. concolor 2020 0.5-0.9

pair value from the interval ranges presented in Table
1. The viability of each (r-K pair) and the resulting
biomass estimates were evaluated under the following
three conditions V(r, K); pairs that did not meet these
conditions were discarded from the analysis:

The stock does not collapse before the final year of
the catch series (Eq. 5). The estimated biomass for the
intermediate year of the catch series falls within the
stock reduction range assumed a priori (Ao1 and Ao2)
(Eq. 5). The estimated biomass for the final year of the
catch series also within the stock reduction range
assumed a priori (A and A2) (Eq. 5).

Bn
V(r,K) = {Bn+1 > Koo1,Aoo1 = % < ooz Ao1 =

Bp Bp
% 2 K02,7\1 S K+1 S }\2] (5)

Once the simulations were completed, the r-K pairs
that satisfied the conditions (Eq. 5) were retained. The
mean of the predicted biomass values from all viable r-
K pairs was used as the central estimate of biomass, and
the 2.5th and 97.5th percentiles of the retained
simulations were used to represent the uncertainty
bounds (95% interval). Because CMSY uses a Monte
Carlo filtering approach rather than formal likelihood
maximization, uncertainty intervals were derived from
the distribution of accepted simulations rather than
from likelihood profiling.

Using these parameters, the following target
reference points were estimated based on the density
functions of the estimated r and K values.

Biomass at which the maximum sustainable yield is
obtained (Bwmsy):
K

Bumsy = 2 (6)
Maximum sustainable yield (MSY):
MSY = = 7

Fishing mortality at maximum sustainable yield (Fumsy):
r

Fusy = 2 ®

The means and the 2.5th and 97.5th percentiles were
calculated; the means represent the biomass estimate,
while the percentiles define the confidence interval.

Kobe diagram

This diagram was used to analyze the resource's state
over time graphically. It comprises four panels with
distinct characteristics: (1) full exploitation, (2) decline,
(3) overfishing, and (4) recovery (Maunder & Aires-da-
Silva 2011). The horizontal axis represents the ratio of
estimated exploitable biomass at time ¢ to the biomass
that produces maximum sustainable yield (Bmsy). In
contrast, the vertical axis represents fishing pressure,
expressed as a reference point, related to fishing effort
or fishing mortality that produces maximum sustain-
able yield (Fumsy). These axes define four zones that
describe different fishing scenarios, including areas
where biological sustainability of the resource can be
ensured, high-risk areas indicating that the resource is
in critical or severely depleted condition, and a
threshold area, in which the resource may be subject to
overfishing or exploited beyond safe biological limits
(Maunder & Aires-da-Silva 2011, Arrizabalaga et al.
2012, Carvalho et al. 2018).

RESULTS

Catch data

The patterns observed in the data series reflect the
availability of fishing resources (Fig. 2). Both species
generally exhibit a positive trend in catch over time;
however, the S. concolor series shows greater
variability (CV = 50%) than the S. sierra series (CV =
32%). Based on exploratory analyses using STARS, the
minimum regime length (L) was set to 5 or 10, the step
size (H) to 1, and the significance level (P) to 0.05. The
STARS analysis of the S. sierra time series identified
two step shifts: the first from 2000 to 2015 (x = 3,293
t, CV = 14%), and the second from 2016 to 2022 (x =
5,784 t, CV = 12%). During the first 16 years of the
series, interannual variability was low to moderate,
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Figure 2. Time series of annual sierra catches along the Mexican Pacific coast, a) S. sierra and b) S. concolor. Annual
values are represented as a solid black line with circles, whereas regime shifts identified using the STARTS method are

indicated by dotted black lines.

with minimum and maximum catches of 2,412 and
3,959 t, respectively. The lowest catch recorded during
this step was also the lowest across the entire time
series. In contrast, the second step shift (2016-2022)
was characterized by a sharp increase in annual catches,
which rose by an average of 75% compared with the
first period, and included the highest catch in the series
(6,410 t). For the S. concolor catch time series, STARS
identified three step shifts: 2000-2007, 2008-2021, and
2022 (Fig. 2b). During the first period (x = 1,380 t, CV
= 46%), the lowest catches of the entire series were
recorded; however, a marked increasing trend was
evident, with an average annual increase of 232 t. The
second period (¥ = 3,650 t, CV = 20%) was charac-
terized by pronounced interannual variability after
2014, with catches more than doubling between 2015
and 2017, followed by a decline of similar magnitude
from 2017 to 2020. The upward trend from 2020
onward continued through 2022, leading STARS to
identify the third-step shift that year.

The analysis of the relationships between annual
catch anomalies and the ONI generally revealed
significant associations. However, while the rela-
tionship between Pacific sierra catch anomalies and the
ONI was positive (r=0.37, lag = 3, P = 0.04), whereas
it was negative for gulf sierra (r = -0.40, lag =0, P =
0.009) (Fig. 3). The relatively low catches of Pacific
sierra from 2000 to 2014 coincided with predominantly
relatively cold ONI conditions, while gulf sierra
exhibited a positive trend in annual catches during the
same period. This pattern reversed from 2015 to 2021,
when temperatures were anomalously warm (2015 ONI
= 1.5, the highest value recorded during the study
period). Beginning in 2020, ONI anomalies became
negative again and persisted through 2022, when an

ONI value of -0.9 was recorded, the most negative
value of the entire study period. These conditions
favored gulf sierra yields, resulting in a historic record
catch. A fifth-order polynomial regression model
provided a significant description of the temporal
trends in catch anomalies for both species.

Biomass estimates and biological reference points
(targets and limits)

For S. sierra, a total of 1,438 r-K combinations were
accepted out of 40,000 simulations, under the three
conditions described in the methods section. The
selected r and K estimates ranged from 0.37 to 0.85 and
from 21,600 to 85,800 t, respectively (Figs. 4a-b). The
BRP analysis indicated that MSY ranged from 3,850 to
8,240 t (Fig. 4d), BMSY ranged from 10,800 to 42,900
t (Fig. 4d), and FMSY ranged from 0.185 to 0.425 (Fig.
4e).

For S. concolor, 4,890 r-K combinations were
accepted from 10,000 simulations. The r and K
estimates range from 0.37 to 0.85 and from 15,400 to
120,000 t, respectively (Figs. 5a-b). The estimated
MSY from 2,920 to 12,200 t (Fig. 5¢), Bmsy from 7,690
to 60,200 t (Fig. 5d), and the Fmsy from 0.185 to 0.425
(Fig. Se).

The position of the estimated reference points for
both species (S. sierra and S. concolor) is presented in
Table 2. In fisheries management, the mean of each
estimate is considered the BRP, while the associated
percentiles are interpreted as confidence intervals.

When comparing the annual yields with MSY
estimates and their associated confidence intervals for
both species, we found that for S. sierra (Fig. 6a), mean
catches between 2000 and 2016 (x=3,355.28 t) were
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Figure 3. Cross-correlations between annual catch anomalies of sierras along the Mexican Pacific coast. a) S. sierra and

b) S. concolor, and the Oceanic Nifio Index (ONI).

below the lower MSY estimate. From 2017 to 2022 (x
= 6,023.21 t), the catches increased, and on average,
they fluctuated around the upper MSY estimate. These
results suggest that fishery yields were generally
appropriate over much of the time series, remaining
within levels consistent with the resource's productive
capacity. However, the increase in catches, although
still within the upper MSY interval, may affect the
resource's stock stability if they continue to rise.

For S. concolor (Fig. 6¢), fishery yields appear to be
in a favorable condition; only in 2022 (the final year of
the catch series) did catches exceed the MSY estimate.
Under these conditions, current catch levels are likely
to be sustainable, provided they do not exceed MSY in
subsequent years.

The analysis of historical trends in exploitable
biomass (EB) for both species revealed relatively low
abundance at the start of the time series. In the case of
S. sierra, estimated biomass shifted from low values at
the start of the series (11,417 t in 2000) to substantially
higher values in subsequent years (21,676 t in 2010),
before declining again toward the end of the analyzed
period (14,144 t in 2022). This pattern may suggest
cyclical variability in the stock. However, based on the
available information, exploitable biomass has declined
markedly in recent years, from 19,967 t in 2017 to
14,144 tin 2022, a 41% reduction. If this trend persists,
the stock may approach conditions indicative of
overexploitation (EB < Busy) in the coming years (Fig.
6b). In contrast, S. concolor exhibited a different
pattern. Although exploitable biomass was also low at
the beginning of the time series, abundance increased
rapidly thereafter, transitioning from the lowest to the
highest levels within approximately six years (2000-
2005). Since then, exploitable biomass has fluctuated

between 24,980 and 31,641 t and, to date, has shown no
evidence of decline. Instead, biomass appears relatively

stable, remaining within the upper confidence interval
of Bumsy (Fig. 6d)

Kobe diagram

Both resources exhibit distinct dynamics. S. sierra (Fig.
7a) shows a cyclical pattern; over the 23-year time
series analyzed, the stock has transitioned through three
of the four quadrants of the Kobe plot. From 2000 to
2002, the stock was in the recovery quadrant. Between
2003 and 2018, it remained in the fully exploited
quadrant. Finally, from 2019 to 2022, it shifted into the
declining quadrant. This most recent transition from
full exploitation to decline coincides with the period in
which catches exceeded the upper confidence limit of
the estimated MSY. In contrast, S. concolor (Fig. 7b)
occupied the recovery quadrant only in the first year of
the analyzed time series. For the subsequent 22 years
(2001-2022), the stock remained within the full
exploitation quadrant, which is generally considered
the desired condition for a managed fishery. Although
some fluctuations occurred within this same quadrant,
their magnitude was insufficient to cause a transition to
another condition. Thus, the stock has remained fully
exploited, meaning it has been maintained near its
optimal level.

DISCUSION

Catch data

The catch time series for both species (S. sierra and S.
concolor) reflect a relative index of abundance
influenced by both fishing effort and population abun-
dance. A significant relationship was detected between
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(Fumsy)-

the catches of the two species (»r = 0.55, lag =0, P =
0.0005). However, evaluating fishing effort separately
for each species is challenging because they are only
partially exploited within a multispecies fishery.
STARS analysis was applied to statistically identify
shifts in the catch time series; however, this method has
limitations, as it assumes stepwise shifts even when
long-term trends change gradually. Two and three
distinct stages of fishery development were identified
for S. sierra and S. concolor, respectively. Although the
timing of stage transitions differs across species, both
exhibit similar overall patterns: low catch levels
followed by a significant increase in yields. During the
second stage for S. sierra, catches increased by up to
180% relative to the first stage, whereas for S. concolor
the increase reached 278%. These changes were
significantly correlated with variations in ONI values;

furthermore, the two species exhibited opposite
responses to environmental variability.

This semi-synchronous behavior observed in the
catches of S. sierra and S. concolor requires further
analysis to identify the mechanisms underlying these
similar yet temporally offset patterns. A clearer
understanding of the spatial and environmental
conditions occupied by each species is therefore
required. Although both species are distributed along
the eastern Pacific coast of Mexico, S. sierra ranges
from the southern portion of the large islands in the
Gulf of California to the coast of Oaxaca. Three
currents primarily influence this region: 1) the
California Current, which transports cold water along
the Mexican Pacific coast during winter and spring; 2)
the North Equatorial Countercurrent, which brings
warm waters during summer and autumn; and 3) warm,



Scomberomorus catch anomalies and stock status 351

Q =4 8
§— a - §_ b N &7 (o}
- MH] o B
b= p— 0_
& g L
g I§ g dillh g
- — - ©
" 3 .
% =3 g $=3 I § b=
g 271 3 § 87
w 'S “w
5 g 5]
~ ~ -
g € &
[ [ I [ I [ [ [ [ |
00 02 04 06 08 10 0 50 100 150 200 0 20 40 60 80 100
r K*1000 Bysy 1000
g_ d %‘ e
g_
| 5|
8_ -
g e z -
] S -
£ g | | £
§ l :
o L o
[ | [ | [ |
0 10 15 20 00 02 04 06 08 10
MSY*1000 Thasy

Figure 5. Simulation of biological reference points estimated from accepted r and K pairs for S. concolor captured by the
coastal fleet fishing off the Mexican Pacific coast. a) Frequency distribution of the intrinsic rate of population increases r,
b) carrying capacity K, c¢) biomass at MSY (Bwmsy), d) maximum sustainable yield (MSY), and e) fishing mortality at MSY
(Fumsy).

Table 2. Estimated parameters of the Schaefer's model (1954) model and target reference points for S. sierra and S. concolor
exploited by the coastal fleet fishing along the Mexican Pacific coast.

S. sierra
BRP r K MSY  Bumsy fusy
Mean 0.69 28,287 4,873 14,144 0.34

Percentile (2.5%)  0.57 21,003 4,000 10,501 0.28
Percentile (97.5%) 0.84 38,098 5935 19,049 042

S. concolor
BRP r K MSY Bumsy  fvsy
Mean 0.69 34,549 5951 17275 0.34

Percentile (2.5%)  0.57 19,603 2,884 9,801 0.28
Percentile (97.5%) 0.84 60,893 12,281 30,447 0.42

moderately saline water from the eastern tropical islands to the Gulf of Santa Clara in the northern Gulf
Pacific (Aguirre-Gomez 2002). In contrast, S. concolor of California, an area dominated by the Gulf of
is distributed from the northern portion of the large California Current characterized by cold, highly saline
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waters. During summer, however, the eastern tropical
Pacific water mass originating from the southeast
penetrates deeply into the gulf, reducing the surface
influence of the California Current in this region
(Robinson 1973).

The seasonal succession of these marine currents
along the western coast of Mexico influences the
abundance and/or availability of these species,
particularly S. sierra. According to Aramburo-Paez et
al. (1984), Montemayor-Lopez & Cisneros-Mata
(2000), Cervantes-Escobar (2004), Medina-Goémez
(2004), and Espino-Barr et al. (2012), the highest
catches of Pacific sierra along the Mexican Pacific
coast typically occur between October and July.

Historical changes in the catch volumes of both
sierra species appear to be closely associated with
ENSO variability. The observed pattern indicates that
during positive ENSO phases, catches of S. concolor
declined markedly, whereas during these conditions,
catches of S. sierra tended to increase. Conversely,
under relatively cold conditions (negative ENSO
values), the availability of S. concolor to the fishery
increases substantially. These contrasting responses
may be linked to ENSO-induced environmental
processes, such as changes in nutrient concentrations
within the euphotic zone, upwelling intensity, and sea
surface temperature (Swartzman et al. 2008, Su et al.
2011).

The catch responses of S. sierra and S. concolor to
ENSO events have been previously reported for other
fishery resources, particularly within the Clupeidae
family (e.g. Sardinops sagax), for which catches
typically decline sharply during positive ENSO phases
and remain significantly low in the following years.
Gutiérrez-Benitez et al. (2019) reported that ENSO-
driven physical changes in the Gulf of California affect
phytoplankton biomass, nutrient availability, and
primary productivity (Barber & Chéavez 1983), thereby
modifying spawning environments, larval habitats
(Sanchez-Velasco et al. 2004), juvenile recruitment,
and ultimately adult availability to fisheries (Hammann
et al. 1988). However, not all species respond similarly
to ENSO wvariability; for example, Adams & Flores
(2016) observed increased abundance of Isacia
conceptionis up to two years after a negative ENSO (La
Nifia) event.

In general, species-specific responses to environ-
mental variability driven by ocean-atmospheric
interactions may arise from changes in recruitment
dynamics (Cahuin et al. 2009), ecological interactions
(Wells et al. 2008), larval and juvenile survival (Alheit

& Niquen 2004), reproduction processes (Claramunt et
al. 2012), as well as growth and mortality rates (Vilchis
et al. 2005). Pauly & Tsukayama (1987), Niquen &
Bouchon (2004), and Taylor et al. (2008) emphasized
that environmental variability typically affects fishery
resources at two primary scales: 1) short-term changes
in vertical and horizontal distribution that influence
availability to fisheries, and 2) longer-term effects on
reproduction, recruitment, and biomass.

Estimates of biomass and biological reference points
(targets and limits)

The historical EB estimated for both species shows
similarities over nearly three-quarters of the analyzed
time series. Specifically, from 2000 to 2005, both
species exhibited rapid and pronounced increases,
reaching values close to the historical maxima of their
respective series. During this period, EB increased by
61% for S. sierra and by 129% for S. concolor. This
growth phase was followed by a relatively stable period
lasting approximately four years (through 2009), during
which EB remained at relatively high levels, with S.
sierra fluctuating around 21,128 t and S. concolor
around 31,372 t. After this stable phase, both species
entered a period of gradual decline. Notably, EB of S.
sierra consistently remained above the upper
confidence interval (CI) of the BMSY, whereas the EB
of S. concolor fluctuated below the upper CI of BMSY.

In the most recent portion of the series (post-2017),
the two species exhibited markedly divergent
dynamics. The EB of S. sierra has declined sharply
since 2018, approaching the estimated BMSY within
five years and maintaining a strong negative trend. If
this trend continues, EB may soon fall below this
reference point, indicating potential overexploitation.
This pronounced shift coincides with catches exceeding
the upper CI of MSY, thereby surpassing sustainable
yield levels for several consecutive years and
potentially constraining stock recovery. Although
catches decreased slightly in the final year of the series,
the declining EB trend persisted.

In contrast, the EB for S. concolor has continued to
fluctuate similarly to that observed in the preceding
period, with no clear indication of decline. This relative
stability appears to be largely associated with catches
remaining below the estimated MSY for most of the
series. Consequently, exploitation levels for S. concolor
may be considered well managed. Only in the final year
(2022) did catches marginally exceed the estimated
MSY; if this represents an isolated event and catches
return to lower levels in subsequent years, adverse
effects on stock abundance are unlikely.
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Ideally, these biomass estimates would be compared
with those from other studies conducted along the
Mexican Pacific coast; however, such comparative
assessments are currently unavailable, as noted in the
introduction. Existing studies that provide biological
indicators include those by Aguirre-Villasefior et al.
(2006) and Lucano-Ramirez et al. (2011). These
authors reported the capture of immature females in S.
sierra stocks off Mazatldn, Sinaloa, and Barra de
Navidad, Jalisco, suggesting the potential for growth
overfishing, where excessive numbers of juveniles are
harvested (Hilborn & Walters 1992). Aguirre-
Villasefior et al. (2006) emphasized the need for a
management strategy that regulates fishing mortality to
protect adult spawning biomass. Accordingly, a target
fishing mortality rate (FMSY) of 0.34 has been
proposed to promote stock sustainability, implying that
current fishing mortality levels should be gradually
reduced towards this reference point to align exploi-
tation with MSY. Alternatively, an annual catch quota
of 4,873 t (the estimated MSY) has been suggested for
S. sierra along the Mexican Pacific, with a corre-
sponding quota up to 5,951 t for S. concolor. These
quotas should be allocated proportionally among states
exploiting resources, ideally based on relative catch
volumes derived from IMIPAS's fisheries statistics
(previously named: INAPESCA (Instituto Nacional de
Pesca y Acuacultura/National Institute of Fisheries and
Aquaculture), landing logs, or the "Sierras" profile in
the 2010 version of the National Fisheries Chart (DOF
2010).

Kobe diagram

The Kobe diagram, which illustrates the relationship
between relative biomass and relative exploitation rate
(Argumedo-Guillen et al. 2021), indicates that both
species were in a recovery phase at the beginning of the
analyzed time series. Together with the overall patterns
observed in the diagram, this suggests cyclical stock
dynamics. In the early years, both S. sierra and S.
concolor exhibited market increases in abundance.
Subsequently, they fluctuated within the "fully
exploited" quadrant, which represents the optimal state
for fisheries resources. However, due to elevated catch
levels, S. sierra transitioned from this quadrant into the
"declining" quadrant and is currently approaching the
critical "overexploitation" quadrant. Consequently,
implementing the previously proposed management
measures (e.g. regulating fishing mortality or
establishing weighted catch quotas) is essential for this
species.

In contrast, S. concolor has exhibited favorable
conditions from a fishery management perspective,
remaining consistently within the "fully exploited”
quadrant throughout most of the analyzed period (2001-
2022). The only potentially unfavorable signal was a
slight shift toward the "declining" quadrant in the final
year, likely associated with increased catches.
Nonetheless, adopting a precautionary management
approach could effectively mitigate this risk and help
prevent future stock deterioration.

Finally, an important advantage of the Kobe
diagram is its ability to clearly and concisely convey
stock assessment results by graphically representing
stock status and trajectories across management
quadrants over time. This clarity explains why regional
fisheries management organizations widely use the
Kobe diagram to summarize and communicate stock
status effectively (Su et al. 2011).
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