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ABSTRACT

The lack of biometric data on chondrichthyan species has impeded the implementation of management strategies essential for the
conservation of sharks and rays captured using different fishing gears in coastal ecosystems. This study aims to assess
morphometric relationships (length-weight [LW], length—dorsal length [DL], and length-disc width [DW]) and the relative weight
condition factor (K,;) of 14 elasmobranch species caught by shrimp trawls in the Bahia Magdalena-Almejas (BMA) lagoon system
in Mexico from February to December 2014-2022. The length-weight relationships (LWRs) (pooled sexes, females and males) were
calculated using the potential model. The growth (allometric or isometric) was determined by comparing the b values for each
elasmobranch species with the isometric value (b = 3.0) using the t-Student test. Length-length (LL) relationships were determined
by applying the linear regression model. Given the body condition is commonly used as a biometric tool to indicate the overall
health and energetic status of fish in relation to growth, the K, was calculated. The assessment was conducted on 440 elas-
mobranch specimens (70 sharks and 370 rays) across 14 species, 9 genera, and 8 families. The genus Urobatis was the most
abundant in the total elasmobranch catches obtained (n =203). The parameter b of the LW relationships varied from 2.57
(Heterodontus mexicanus) to 3.87 (Mustelus lunulatus). Most morphometric relationships (LDL and LDW) showed a significant
statistical correlation (r* > 0.85; p < 0.05). The condition factor analysis indicated that most (86%) elasmobranch species were in
good somatic condition (K, > 1). This study represents the first reference data on the LWRs for the Mexican Horn Shark
(H. mexicanus), as well as the first assessment on LL relationships (DL and DW) and the relative weight condition factor for all
elasmobranch species included. Consequently, this research helps bridge the information gap regarding shark and ray species,
contributing to the monitoring and population assessment of bycatch elasmobranchs in the BMA lagoon system.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
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Lay Summary

The lack of biometric data on shark and ray has impeded the
implementation of management strategies essential for its
conservation in some coastal ecosystems. This research
helps bridge the information gap regarding shark and ray
species and aids in future monitoring and fishery assessment
of bycatch (shark and ray) in the BMA lagoon system,
Mexico.

1 | Introduction

Elasmobranchs, a group of cartilaginous fishes, are characterized
by a slow growth and low reproductive rates due to their late
maturity and low fecundity, making them highly vulnerable to
overexploitation and extinctions [1-4]. The low resilience of this
group is primarily influenced by overfishing, the main threat to
elasmobranch populations, leading to cascade effects in eco-
systems with significant ecological and socioeconomic impacts
worldwide [1-3, 5, 6].

In the northwestern region of Mexico, studies on the potential
impact of the traditional small-scale multispecies fisheries
developed by local cooperatives (artisanal fisheries) on rays and
shark populations have focused mainly on assessing the com-
position and abundance of commercial valued species caught
[7-11].

However, the priority has been to understand how these small-
scale fisheries affect recruitment rates, management, and con-
servation of elasmobranch bycatch in coastal ecosystems
[1, 3, 4, 6, 12-14]. Size measurements such as the total length
(TL), dorsal length (DL), disc width (DW), and weight are
commonly used to study growth rates, body condition, sexual
maturity, size frequency, and population structure of cartilagi-
nous fishes [15-22].

The Bahia Magdalena-Almejas (BMA) lagoon system is the
largest marine-estuarine ecosystem, and the main productive
fishing area in the northwestern Mexican Pacific region. The
artisanal shrimp trawl fishery is one of the most significant
fishing activities here, capturing more than 125 fish species as
bycatch [23]. These bycatch species represent 30% of the total fish
fauna reported for this coastal environment, including com-
mercially valuable elasmobranch species that are also important
for conservation [24]. The lack of biological and socioeconomic
data on sharks and rays captured as bycatch using different
fishing gears has limited the implementation of effective man-
agement strategies for the conservation of cartilaginous fishes in
coastal ecosystems [13].

Currently, most of the studies addressing body relationships
(e. g., length-weight [LW] and length-length [LL]) of elas-
mobranchs from the northwestern Mexico have been con-
ducted on species from small-scale commercial capture in
locations around BMA, but none specifically for this lagoon
ecosystem [25-27]. Therefore, this study aims to assess
morphometric relationships (length-total weight (TW), TL-
DL, and TL-DW) and the relative weight condition factor for
14 elasmobranch species (five sharks and nine rays) caught by
trawls used by the artisanal shrimp fishery in this marine
coastal ecosystem.

2 | Material and Methods

21 | Study Area

The BMA lagoon system (24°21’- 24°46” N and 110°30’- 112°15’
W, Figure 1) is in a transition zone between two of the most
important biogeographical regions of the Pacific Ocean: Cal-
ifornia (temperate) and Tropical Eastern Pacific (tropical-sub-
tropical). This ecosystem comprised three subsystems: the
Northwestern zone (137 km?), the Central zone (882 km?), and
the South zone (370 km?) connected to each other and to the
adjacent sea through channels of variable depth. The BMA
coastal ecosystem is characterized by the presence of a large
extension of mangrove biotopes inhabited by a great variety of
fish species that use them as primary habitat for breeding, re-
cruitment, and feeding. Hydrologically, the BMA lagoon system
behaves as a negative estuary (34-40 ups) due to the absence of
rain and runoffs and high evaporation rates as is common in this
arid region. The annual average temperature varies from 18°C to
29°C and the dissolved oxygen from 0.04 to 2.56 mg/L; the tides
are semidiurnal [23, 24].

2.2 | Sampling Fish and Data Analysis

Elasmobranch samples were collected monthly from bottom
surveys during the close shrimp fishing seasons and from
commercial catches throughout the artisanal shrimp fleet
during the open shrimp fishery (September-February) from
2014 to 2022. Shark and ray specimens were caught as bycatch
using small fiberglass boats (pangas) and shrimp trawl nets with
16-17 m top rope and 35 mm mesh size opening, developed at 2
knots for 1h [23, 24]. The sampled elasmobranch specimens
were frozen (—10°C) immediately after capture and transported
to the laboratory. Therefore, after being thawed, the number of
captured individuals by species was recorded and taxa were
identified using specialized keys and catalogs [28-31]. At least
one voucher specimen from each species was fixed with 10%
formalin and deposited in the reference fish collection of the
Centro Regional de Investigacion Acuicola y Pesquera (CRIAP-
IMIPAS), La Paz, Baja California Sur, Mexico.

All specimens were macroscopically sexed based on the presence
(males) or absence (females) of myxopterygians. Due to their
small size, their gonadal maturity could not be determined, so
they were considered sexually immature. TL (distance between
the tip of the snout to the tip of the upper caudal lobe), DL
(distance between the tip of the snout to the insertion of the first
dorsal-fin), and DW (distance between the tips of the pectoral-
fins) to the nearest 0.1 mm, were measured. They were also
weighed (TW) to the nearest 0.01 g.

2.3 | Data Analysis

The length-weight relationships (LWRs) for all elasmobranch
species (pooled sexes, females and males) were calculated using
the potential equation W = aL’ [32], where W is the calculated
TW (g), L is the observed TL of the fish (mm), a is the intercept,
and b is the slope of the regression. Log-log plots were generated
to identify and remove outliers from the analysis (Froese 2006).
The confidence interval (CI) at 95% for the parameter b of the
LWR was calculated to determine whether the hypothetical value
of isometry (3.0) fell between these limits. The type of growth
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FIGURE1 | Location of shrimp trawling grounds (dotted polygons) from the Bahia Magdalena-Almejas lagoon system in the northeastern Pacific of
Mexico.

(allometric or isometric) was determined by comparing the
values of the parameter b for each elasmobranch species with the
isometric value (b = 3.0) using the t-Student test [33]. Moreover,
length relationships (LDL and LDW) were determined by ap-
plying the linear regression equation Y =a + bX, where Y (de-
pendent variable) is the value of DL or DW, X (independent
variable) is the L of fish, and a (intercept) and b (slope) are the
linear regression parameters [32]. In both cases, the equations
were calculated using Statistica 10 (StatSoft Inc., Tulsa,
OK, USA).

Given the body condition is commonly used as a biometric tool to
indicate the overall health and energetic status of fish in relation
to growth, development, reproduction, and survival [21, 34-37],
the relative weight condition factor (K,) was estimated for the
elasmobranch species studied using the equation K, = W/aL",
where W is the estimated TW (g), L is the observed TL (mm) of
the fish, and a and b are the parameters derived from the po-
tential model of regression [34, 38-40]. A good well-being state
and somatic growth of the elasmobranch species was determined
when the K, > 1.0; otherwise, shark and ray species were in poor
condition when K, value was < 1.0 [38, 39, 41, 42]. Differences
between the K, values (pooled and by sex) and the expected
value of K, =1.0 were determined using a one-sample t-test
[33]. The condition factor calculation was performed using Excel
software and the t-Student test with PAST 5.1.

3 | Results

In this study, 440 elasmobranchs specimens (70 sharks and 370
rays) from 14 species, 9 genera, and 8 families were examined.
These 14 species contribute 3% (relative abundance) of the total
fish catches obtained from 2014 to 2022 (Table 1). The elas-
mobranchs catches were predominantly represented by three
species of batoids: Urobatis halleri (46%), Diplobatis ommata
(14.5%), and Urotrygon rogersi (5.0%) and two shark species:
Heterodontus francisci (5.9%) and Mustelus henlei (4.3%). These
five species collectively comprised 76% of the total elasmobranch
catches obtained. Descriptive statistics of morphometric mea-
surements are presented in Table 1.

3.1 | Length-Weight (LW), Length-Length (L-L)
and Dorsal Length-Disc Width (L-DW)
Relationships

Table 2 summarizes the regression parameters (a and b) with
their respective CIs and the coefficients of determination (r?).
Most of the LWRs were significant for pooled sexes, males and
females, with r? ranging from 0.87 to 0.99. The parameter b of
LWR varied from 2.57 (males and females of H. mexicanus) to
3.88 (males and females of M. lunulatus). Sixty-four percent of the
elasmobranch species (three sharks and six rays) exhibited iso-
metric growth, while the other 36% (two sharks and three rays)
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showed negative and positive allometric growth (Table 2). To
highlight the robustness of the LWRs and better illustrate the
type of growth shown by the 14 elasmobranch species, a graph
was made showing the linear relationship between Log (a) over
slope (b) (Figure 2). The relationships between LDL and LDW
were mostly statistically correlated (2 > 0.85, p < 0.05, Table 2).

3.2 | Condition Factor

The value of the parameter b derived from the LW regression
(Table 2) was used to calculate the relative weight condition
factor for the studied elasmobranchs. The K values ranged
between 0.4279 (Myliobatis californica) and
1.8566 (U. maculatus) (Table 3 and Figure 3). The overall analysis
of the relative condition factor indicated that 86% (12) of the
elasmobranch species were in good somatic condition (K, >
1.0). Additionally, 14% of the elasmobranchs showed significant
statistical differences compared with an expected mean value of
K, =1.0 (p<0.05, Table 3 and Figure 3). However, when an-
alyzed by sex, some rays show significant differences.

4 | Discussion

The limited information available on the elasmobranch species
captured by the small-scale coastal fisheries hampers the ef-
fective monitoring of species-specific regulatory measures for
their conservation. Coastal and estuarine ecosystems serve as
nursery areas for small-sized elasmobranchs, including neonates,
juveniles, and subadults, making them particularly susceptible to
capture by artisanal trawl fisheries. The high incidence of im-
mature organisms being caught as bycatch before they have had
the opportunity to reproduce leads to a decline in elasmobranch
populations. This decline could be due to the significant impact
on recruitment rates and the sustainability of the fishery
[6, 12, 13, 16, 43].

The bycatch of many young batoids (mainly from the order
Myliobatiformes) and demersal shark species by the shrimp
fishery in the BMA lagoon system confirm the role of this coastal
ecosystem as nursery and feeding grounds for various

elasmobranch species. These species, due to their poor ability to
avoid artisanal prawn trawls as slow swimmers, could be more
vulnerable to overexploitation than pelagic species [12], with
negative implications for the conservation and sustainability of
the coastal shark and ray populations of this region. On this
regard, Fahmi and Sumadhiharga [43] and Fauconnet et al. [4]
noted that the tendency to catch immature elasmobranchs in
coastal and shallow waters is influenced by factors such as
fishing gears (shrimp trawls), mesh size, fishing areas, and the
operational capacity of fishing boats, as well as the proximity to
the area of operation of the small-scale coastal artisanal fishing
with the nursery areas used by this cartilaginous fish species
during their ontogeny as neonates and/or juveniles [14].

LL and LWRs have been reported as tools for monitoring and
fishery assessment of demersal batoids with commercial value
[25, 26, 44-48]. However, most studies have focused on com-
mercially valued shark species [14, 15, 17-19, 22, 49, 50] or
included both groups of elasmobranchs [27, 51-54]. To our
knowledge, this study is the first to report LWRs for the Mexican
Horn Shark (H. mexicanus), which are currently absent from
FishBase [55] and in related studies to the study area [27, 56], and
to the Tropical Eastern Pacific [49].

The elasmobranch species reported here fall within the expected
range of parameter b-values (2.5-3.5), previously reported for
unsexed specimens [55], and close to the ranges reported for
elasmobranchs from different locations
[14, 17, 19, 20, 36, 45, 47, 51, 53, 54], indicating normal growth
dimensions [41]. Some batoids and sharks from adjacent areas to
the BMA coastal lagoon system (e.g., Central and South Cal-
ifornia, Gulf of California, and southeastern Pacific) showed
values of the parameter b higher than those reported here for
Gymnura marmorata (2.69 vs. 3.2), H. francisci (2.98 vs. 3.06),
M. californica (2.94 vs. 3.3), U. helleri (2.93 vs. 2.97), and Zapteryx
exasperata (2.71 vs. 3.92) and lower than those calculated for
D. ommata (2.82 vs. 3.01), M. lunnulatus (2.98 vs. 3.87), M. henlei
(2.91 vs. 3.21), Pseudobatos leucorhynchus (3.05 vs. 3.57), and
Urobatis maculatus (3.56 vs. 3.76) [25-27, 48, 49, 56]. Such dif-
ferences could be due to several factors like the sex and gonadal
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FIGURE2 |

Scatter plot of mean log a over mean b for the length-weight relationship of fourteen elasmobranchs species from the Bahia Magdalena-

Almejas lagoon system. Dark circles = both sex pooled, gray circles = males, and white circles = females. Points close to the center of the graph represent
isometric growth (b = 3.0), while points far from the center correspond to allometry (b # 3.0).
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TABLE 3 | Relative weight condition factor (K ) for 14 bycatch elasmobranchs from the Bahia Magdalena-Almejas lagoon system, Baja California

Sur, Mexico.
Scientific name Min Max Mean + SD t-value p<0.05
Heterodontus francisci (pooled) 0.7974 1.2025 1.0072 + 0.1063 0.3469 0.7315
Males (n=10) 0.8339 2.2845 1.1647 £ 0.4103 1.2698 0.2359
Females (n =16) 0.8371 1.1726 1.0172 £ 0.1020 0.6761 0.5092
Heterodontus mexicanus (pooled) 0.7994 1.0933 0.9793 £0.1134 —0.4078 0.7042
Mustelus californicus (pooled) 0.8865 1.1278 1.0291 + 0.0800 0.8932 0.4126
Males (n=15) 0.8602 1.0907 1.0030 + 0.0853 0.0811 0.9329
Mustelus henlei (pooled) 0.8234 1.2276 0.9935 +0.1088 —0.2583 0.7991
Males (n =14) 0.8283 1.2567 1.0165+0.1185 0.5193 0.6122
Females (n =5) 0.9515 1.0123 0.9918 + 0.0241 —0.7567 0.4913
Mustelus lunulatus (pooled) 0.8496 1.3211 1.0073 +£0.1322 0.2075 0.8387
Females (n =6) 0.8454 1.1082 1.0067 £ 0.0975 0.1681 0.8730
Diplobatis ommata (pooled) 0.7311 1.2238 1.0157 £ 0.1107 1.1406 0.2583
Males (n =21) 0.7432 1.2459 0.9859 = 0.1237 —0.5218 0.6075
Females (n = 43) 0.8029 1.1507 0.9828 = 0.0935 —1.2027 0.2358
Pseudobatos lecucorhynchus (pooled) 0.8879 1.0907 0.9937 + 0.0702 37.438 2.42478
Zpteryx exasperata (pooled) 0.7497 1.0724 0.9011 + 0.0940 4.3269 0.5217*
Males (n=7) 0.8338 1.0853 0.9705 + 0.0943 27.212 1.6277
Females (n =10) 0.8250 1.1525 0.9814 + 0.0943 —0.6216 0.5496
Urobatis halleri (pooled) 0.4839 1.4966 0.9885 +0.1678 —-0.9797 0.3284
Males (n=94) 0.5222 1.4946 0.9773 £ 0.1611 —1.3647 0.1756
Females (n =109) 0.4712 1.4028 0.9642 = 0.1694 2.2028 0.0297
Urobatis maculatus (pooled) 0.5788 1.8566 1.0729 £ 0.2923 1.0581 0.3048
Males (n =16) 0.5624 1.7879 1.0536 £ 0.2960 0.7248 0.4797
Urotrygon aspidura (pooled) 0.8294 1.4255 1.0611 + 0.1637 1.2945 0.2219
Males (n=7) 0.8194 1.7667 1.0969 + 0.3129 0.8200 0.4435
Females (n =5) 0.8682 1.0664 1.0097 £ 0.0809 0.2694 0.8009
Urotrygon rogersi (pooled) 0.6589 1.1746 0.9617 = 0.1262 —1.4244 0.1690
Males (n=9) 0.6559 1.1393 0.9853 + 0.1432 20.641 317878
Females (n = 13) 0.7984 1.1795 0.9667 = 0.1213 —0.9885 0.3424
Gymnura marmorata (pooled) 0.7560 1.3304 0.9679 £ 0.1590 —0.7268 0.4813
Males (n=6) 0.7881 1.3641 1.0133 £0.1949 0.1666 0.8742
Females (n =7) 0.8979 1.2418 1.0158 £ 0.1157 0.3604 0.7308
Mpyliobatis californica (pooled) 0.4279 1.3628 0.9172 +0.2170 —1.3761 0.1939
Males (n =6) 0.7238 1.3045 0.9355+0.2138 —0.7391 0.4930
Females (n=7) 0.4564 1.1222 0.9143 = 0.2146 —1.0567 0.3313

Note: Bold values indicate significant statistic differences.

maturity, size and number of specimens examined, and food
availability [41]; therefore, the parameters of our study should be
applied to species with similar length ranges.

Sixty-four percent of the elasmobranch species (three sharks and
six rays) exhibited isometric growth, while the 21% (including
one shark and two rays) exhibited positive allometric growth, and
the other 14% (one shark and one ray species) exhibited negative
allometric growth (Table 2). The ray D. ommata showed iso-
metric growth, contrasting to the allometric growth reported by
de la Cruz-Aguero et al. [27], while U. maculatus showed allo-
metric growth contrasting with the isometric reported by these

authors. On the other hand, the allometric growth reported here
for P. leucorhynchus was like those reported by Payan et al. [44]
for the Colombian Pacific but contrary to the isometric growth
reported by Pincay-Espinoza et al. [48] for Ecuador. Motta et al.
[17] established that differences in the LWRs between males and
females could result from sample sizes, the unequal distribution
of sizes for each sex, and the inclusion of immature females,
which may be lighter due to the inclusion of spent fish that have
a lower condition factor. Although isometric growth is typically
the norm and allometric growth is the exception in elasmo-
branchs, differences between isometry and allometry have been
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FIGURE 3 |

Relative weight condition factor for fourteen elasmobranchs species from the Bahia Magdalena-Almejas lagoon system. Dark bars =

pooled sexes, gray bars = males, dotted bars = females, and continuous line inside the bars = standard deviation.

linked to ontogenetic changes in body anatomy as elasmobranchs
reach sexual maturity [36]. Froese [39] establishes that values of
b > 3 as those observed in some shark and ray species reported in
this study (Table 2) indicate the tendency of large specimens to be
more elongated, while for the smallest ones, it is assumed that
they were in better nutritional condition during sampling.

This study represents the first assessment of the LDL and LDW
relationships for most of the elasmobranch species included here,
all of which were statistically correlated (r*>> 0.85, p<0.05;
Table 2). These r? coefficient values could be influenced by the
variability in the body condition of the collected specimens, the
selectivity of the fishing gear, as well as the bias in the repre-
sentation of the size classes in the sample [14]. According to
Nissar et al. [37], comparative growth studies of fish populations
are possible when different types of length measurements are
employed. Thus, we can analyze differences in body proportions
across life history stages to assess potential allometric shifts using
log-ratio linear regressions [20, 47], contributing to the accuracy
of estimation models for population assessments in the BMA
fisheries. This will aid in further fisheries research on the con-
servation and management of elasmobranchs in this region.

Studies on the relative weight condition factor (K;) of elas-
mobranchs are scarce compared with those on bony fishes,
mainly due to the relatively smaller number of sharks and rays in
the total fishery catches [21, 41]. This study provides the first
reference on the relative condition factor of 14 elasmobranch
species, with calculated K values (K, > 1.0), indicating no

variation for among species form the BMA lagoon system,
suggesting good growth conditions (robustness). Fola-Matthews
et al. [41] reported a mean relative weight condition factor of 0.4
(0.1-0.7 pooled, 0.3-0.7 males and 0.2-0.6 females) for Mustelus
mustelus (n=1018; 390-1420 mm TL) from Nigeria, assuming
seasonal variation; comparatively, the Mustelus spp. (n = 6-19;
246-702 mm TL) from this study showed higher K.; than those
reported for these authors. Therefore, the relative weight con-
dition in the fish fitness could be influenced by the age, maturity
stage, variation in size composition, the reduced number of
specimens analyzed, and abiotic factors [37, 40, 41], as well as by
fishing pressure from the shrimp trawl fishery in this ecosystem,
as has been reported for bony fishes from other regions [42].

Estimations of the LL (DL and DW) and LWRs, and relative
weight condition factor (K,,,) are essentials for planning effective
conservation strategies and fisheries management, as well as for
monitoring the potential impact of trawlers on elasmobranch
populations [12, 14].

The tendency to catch as bycatch of many juveniles and sub-
adults of trawled elasmobranch demersal species by the shrimp
fishery in the BMA lagoon system confirms the function of this
coastal ecosystem as nursery area; however, further studies are
necessary to assess the potential impact in the conservation and
sustainability of shark and ray’s populations in this region. The
updated information on LW, LDL, and LLW relationships, and
the condition factors provided through this study could con-
tribute to filling the gaps in information on shark and ray species
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and will be valuable for future monitoring of mixed species
fisheries and bycatch assessments of elasmobranchs in the BMA
lagoon system. Our results must be considered as corresponding
to bycatch juvenile specimens whose capture does no cover an
annual cycle.
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