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Abstract: The crab’s fishery of the genus Callinectes is one of the most important fisheries in Mexico. Sonora
and Sinaloa are the states in the eastern coast of the Gulf of California, the mainland coast. Sinaloa encompass
the greatest production in Mexico of these species, in particular the Bahia Santa Maria La Reforma (BSMR),
supply the most important catches. An administrative mandatory document for the fishery is the Management
Plan of Crab. One of the main weaknesses found in it for Sonora and Sinaloa is the lack of fisheries assessment
in both states. For this reason, a structured size method called CASA (Catch at Size Analysis) was applied in
the BSMR, in the seasons 2000, 2011 and 2014 to C. bellicosus. The first catch size (CW50%) estimated for females
were 97.5, 102.5 and 100 mm, while in males it was estimated at 117.5, 107.5 and 102.5 mm. In the specific case
of fishing mortality (F), the algorithm allowed us to detect that in the larger sizes the greater fishing pressure
is applied for both, females and males, yielding a weighted exploitation rate of 0.047 (2000), 0.119 (2011) and
0.426 (2014) for females and 0.045 (2000), 0.295 (2011) and 0.132 (2014) for males, all below 50% (E= 0.50), crab
C. bellicosus in BSMR is not at risk of over exploitation.

Keywords: Baranov's equation; CASA model; exploitation rate; fishing mortality

1. Introduction

The incorporation and development of the swimming crab fishery in Mexico has grown
gradually, due to its high export demand in its different forms [1], mainly generated by the collapse
of the blue crab (Callinectes sapidus) fishery in the United States. In recent years, the crab fishery of the
genus Callinectes (Stimpson, 1860) has become very relevant, reaching more than 28000 tons in 2008
in total for the country. Sinaloa is the main producer with more than 40% in 2013 [2]. The presence of
C. toxotes (Ordway, 1863), C. arcuatus (Ordway, 1863) and C. bellicosus (Stimpson, 1859) has been
observed on the Mexican Pacific coasts, however, the latter two species generate almost the total
amount of commercial catches in Sonora and Sinaloa. C. bellicosus accounts for 57% of catches in
Sinaloa and 95% in Sonora [3]. In Sinaloa, the main landings are recorded in the fisheries offices of La
Reforma, Los Mochis and Guasave, exceeding 1000 tons in 2012. Crab is caught in the Mexican Pacific
using various fishing gears, such as traps, rings, snoops, punches, and hooks [5], however, the Official
Mexican Standard (Nom-039-PESC-2003) prohibits the use of gillnets, snoops and cast nets. In the
case of Bahia Santa Maria La Reforma BSMR, crab is captured with a simple crab ring, and to a greater
extent the modified simple ring, which consists of a roof that functions as a trap at the time of
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extraction [6]. One of the main failings that have been detected is the lack of fishery evaluation and
biological monitoring of crab in Sinaloa and Sonora. For this reason, the use of methods structured
by size is very relevant, contrarily to age-structured models, it does not require information by age
group but size, in addition to not requiring long time series [7]. Then, the objective of this study was
to estimate the selectivity, fishing mortality and exploitation rate of C. bellicosus in BSMR, using a
method structured in sizes called CASA (Catch at Size Analysis), to evaluate the resource in terms of
size and determine the state of health in which it is found.

2. Materials and Methods

The BSMR is located on the eastern coast of the Gulf of California, between parallels 24°43' and
25°15'N and meridians 107°55' and 108°23'W (Figure 1), with an axis greater than 70 km of coastline,
it is located as the largest lagoon system in Sinaloa. With more than 47000 hectares [8].
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Figure 1. Study area, Bahia Santa Maria La Reforma, Sinaloa, Mexico.

For the evaluation of crab C. bellicosus in the 2000, 2011 and 2014 seasons in BSMR, the method
proposed by [7] was used, which refer to the relationship between catch (Ci:) for a size class (I) over
time (f) and the number of individuals in the population in that size and time class (Ni¢) through a
height-based exploitation rate (u1:). So, the general Baranov's capture equations [9,10] in terms of ¢
and [ is shown as:

Cre = teNye, 1)

Where pu: represents the proportion of individuals of / and ¢ that die from fishing mortality (Fi). Since
it is dependent on Fi: and the total mortality rate in [ and ¢ (Zi:) the relationship is established:
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According to [11] assumption, Fi:is a function of fishing gear selectivity and fishing effort, so Fi:
is separable as the product of size-class-specific selectivity coefficients (s)) and a fishing mortality rate
of fully recruited organisms over time (f:).

Fie=sife 3)

s is explained as the fraction of organisms of the size class exposed to the total effect of fishing
mortality, represented by a logistic function [12]:

1
S1= 1+ase~BsV @)

The total mortality of organisms in size class over time (Z::) is the sum of fishing mortality plus
natural mortality:

Ziy=F+ My, )

=My,

The relationship between the number of individuals at the time (Ni¢) and the number present at
a later time (Ni+) is described in terms of the number of crabs, of the same size that survived, and is
reduced only by mortality:

Ny = Nye~?ue, (6)

For growth, the growth parameters of [13] calculated by [14] were used, for BSMR separated by
sex. Using a gamma distribution to represent the variation in growth for its versatility and flexibility,
in terms of aa and {Ba [15] is:

-v
9Wlay, By) = sayr— v e /8, %

Z Ar(ap)

Where v represents Al (the increase in growth, which was originally in the size class). The mean
of the change in length is given by and the variance is given by which is proportional to the mean. In
this expression, A= anB,0% = aAﬁi = BA;, is also the coefficient of variation which is
used to incorporate the variability of the growth of individuals in the population.
Given [* and Ba, the parameters a and A consequently 042 and are a function of the parameters LA,
and k of von Bertalanffy's growth model.

In a period of change, individuals in one size class may stay in the same size
class or settle down to a larger size due to growth. To represent this change in
growth, the following expression was used:

Py = J 2 gwlanBr)dx, (8)

Any individual who enters a size class with an average height greater than the maximum
cephalothorax width (CW-) will remain in the same size class.
It was then calculated from [16]: Ny

Ny =X PyNye™ e, )
Finally, recruitment to the fishery was incorporated into the previous equation:
Ny =2y PeNye ™ + Ry, (10)

Recruitment to the fishery can occur over a range of size classes. Recruitment expressed in this
way represents the type of recruitment observed in nature, where variation in growth, behavior, or
food supply can result in individuals entering the main nucleus of the population at various sizes
[17].
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Recruitment was separated into a time-dependent variable (R:) and a height-dependent variable
(p1), which represents the proportion of recruits who will go to each size class:

Ry = Ripy, (11)

The linear transition from the number of individuals in the size class at time (#) to the number of
individuals in the posterior height class (I') at the later time (t') can also be written in a matrix

notation:
P, 0 071 18 0 0 1rN1¢1 R4
[Nl,t'] 1,1 1t 1,t 1,t
N, .-
2t P yP;, 0 S Ny Ry
= * P, X * + , 12
Niw . Hos 0 Sp* 0 (2
v, ]
wt -Pl,npz,n Pn—l,nPn’n_ L 0 OSn,t- -Nn,t— -Rn,t-

Where Si: represents exponential survival (e7?tt). In the same way, the capture equation can be
expressed in matrix form:

— 0 0 - _N -
Cue Hie 1t
Car 0 uy, Nt
re Hie* 0
C
mt L 0 O.un,t- [Ny e ]

The model parameters were estimated using an approximation that minimizes the square
residuals of the target function:

RSScaptura = Zl,t(C,l,t - Cl,t)zl (14)

Where C'i+ is the catch at the estimated size and Ci: is the catch at the observed size over time (¢). The
observed data are the captures in number of organisms by specific size classes, taken at equal time
intervals. The parameters were obtained by minimizing the squared residuals by means of Newton's
direct search algorithm [7,18].

3. Results

Figure 2 shows the adjustment of the size structure with the CASA model and shows the
observed frequencies of catches of the artisanal fleet of BSMR, for females and males in 2000, 2011
and 2014 and the frequencies estimated with the model. For the 2000 harvesting season, more females
than males were caught in the size range of 87.5 to 127.5 mm, although in sizes greater than 127.5 mm
males dominated. The beta value of the growth transition matrix (A) is small, showing narrow size
ranges on which fishing pressure is exerted. The values of this parameter ranged from 0.47 for females
to 0.38 for males. Size ranges for the 2011 capture season were wider in females than in males
(between 85 and 132 mm), however, recorded catches were higher for males than for females. The A
parameters were higher in females than in males, ranging from 1.54 to 0.146 respectively. In the 2014
season, the size range in males was wider than in females with values between 75.5 to 172.5 mm and
77.5 to 137.5 mm respectively, however, the captures observed were higher in females than males
between 99 and 125 mm. A higher BA was determined in females than in males, between 0.928 and
0.753 correspondingly.
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Figure 2. CASA model (line) adjusted to the observed catch data (points) of Callinectes bellicosus in the
artisanal fishery of the Bahia Santa Maria La Reforma, Sinaloa.

In general, i+ increases with crab size in both sexes. However, in 2011 females and 2014 males,
the exploitation rate increased with size, but then decreased at the largest sizes recorded. The Fi: also
tended to increase with the size of the crabs in both sexes, and then decrease towards the larger sizes
recorded (Supplementary Table 1).

The SL of C. bellicosus in the 2000, 2011 and 2014 seasons, in which a reduction in the size of the
first capture of males was observed between 2000 and 2014, while in females it increased from 2000
to 2012 and then decreased again around 2014 (Figure 3). Fishing pressure was exerted on the largest
sizes, in both sexes and during the three seasons analyzed. The average fishing mortality for females
in 2000 was: F= 0.112, while for males it was: F= 0.117. For the 2011 season, the average fishing
mortality for females was: F= 0.257, while males were: F= 0.560. In the 2014 season, an F=1.639 and
0.287 were determined for females and males, respectively (Figure 4).
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Figure 3. Selectivity of Callinectes bellicosus in artisanal fishing of the Bahia Santa Maria La Reforma,

Sinaloa.
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Figure 4. Mortality by fishing size of Callinectes bellicosus in artisanal fisheries of the Bahia Santa Maria

La Reforma, Sinaloa.

The exploitation rate for 2000 shows that the size ranges between 117.5 to 137.5 and 137.5 to 152.5
mm (female-male) present the highest extraction, with pi: less than 50% for females and males,
however, for the 2011 season sizes between 117.5 to 137.5 and 112.5 to 132.5 mm (female-males) have
a higher catch. with i, greater than 50% for males between 127.5 and 132.5 mm. For the 2014 season,
in the specific case of females, with size ranges between 112.5 and 135 mm, they boast higher catches
and a i greater than 50%. In males, sizes between 122.5 and 172.5 reveal higher catches without
reaching a pi+ greater than 50% (Figure 5). The weighted exploitation rate of all size groups in each
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season was 0.047 (2000), 0.119 (2011) and 0.426 (2014) in females and 0.045 (2000), 0.295 (2011) and
0.132 (2014) in males.
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Figure 5. Exploitation rate to the size of Callinectes bellicosus in artisanal fishing of the Bahia Santa
Maria La Reforma, Sinaloa.

4. Discussion

The size structure of C. bellicosus caught during the 2000, 2011 and 2014 seasons were dissimilar,
causing differences in exploitation rates, fishing mortality and selectivity. In the 2000 to 2011 male
capture seasons, a reduction of larger organisms was observed, apparently as a result of overfishing
of growth. During the 2000, 2011 and 2014 seasons, the estimated selectivity for females in the fishing
period reveals that the size of the first catch (CW50%) was determined at 97.5 mm CW, indicating
that the captured organisms have not reached the size of first maturity (CW50% = 103.73 mm) in the
BSMR as reported by [19], suggesting a high risk of overexploitation of growth [20]. In males, the
effect of CW50% in the 2000 and 2011 seasons began after reaching the first maturity height (117.5
and 107.5 mm vs 103.73 mm) as proposed by [19], the opposite case for the 2014 season where the
CW50% was determined at 102.5 mm. However, there are studies on C. bellicosus, where it has been
determined that they can mature to smaller sizes between 51 and 112.4 mm on the Mexican Pacific
coasts [14,19,21], which would have a greater impact on the stock of broodstock and, therefore, the
resource's capacity to renew. An average fishing mortality for the 3 years was 0.67 for females (Fao0=
0.112, Fzou1= 0.257, Faoia= 1.639) and 0.32 for males (Fao00= 0.117, Fz011= 0.560, F2014= 0.287), which was
lower than that reported by [19,22] estimated fishing mortality between 1.1-1.37, 1.92-1.13 and 1.06-
1.62 respectively. However, fishing mortality by size range reaches up to 4.85 (122.5 mm) in females
and 3.10 in males (127.5 mm), which are the main contributors to catches in 2011, which causes a
negative effect on the length at first maturity [23], because of exploitation rates of more than 70 and
60% in each age group. The weighted exploitation rate of the 2014 season (0.426) was like that
reported for the 2014 season by [19] for the same region, who calculated an exploitation rate of 0.42
in females, however, it differs from that calculated in males (0.132) with a higher exploitation rate
(0.34). In the same vein, [22] in BSMR, using a predictive model (Thomson Bell), determined that
female crabs (C. bellicosus) are above their maximum sustainable yield, which differs in the present
work, with an exploitation rate greater than 0.5, causing a decrease in population size [24], while male
crabs were below the maximum sustainable yield (E < 0.5). It is worth mentioning that the catches of
Callinectes sp. during the 2003 season in BSMR were no more than 300 tons, lower than what was
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reported in 2014 (3978 tons). [19], in regions such as Bahia Navachiste and BSMR, using different
methods, have concluded that the aforementioned areas are relatively healthy, which agrees with the
present work.

In previous studies [4,19] the crab stock assessment in BSMR was done using the method
propose by [25]. This method is known as Catch-MSY. A key assumption of the Catch-MSY approach
is the ability to define a reasonable prior range for the parameters of the Schaefer model. In the studies
of [4,19], prior values of r were between 0.6 and 1.5, which are default values suggested by [25] for
highly resilient species. Although no estimates of r for C. bellicosus exist, some reported life history
parameters, such as age at 50% maturity (Lso%) and growth rate (k) from a von Bertalanfy Model, are
consistent with those of a resilient species. FishBase classifies highly resilient fishes as those with
k>0.3 year! and Lso% < 1 year. With this [4] concluded that crab fishery in Sinaloa state is in its limit of
sustainability. While [19] mentioned that the crab fishery is under risk of overexploitation. The later
argument in consistent with the findings in present study that conclude similar result with different
method the CASA model.

All methods devoted to management fisheries stocks have several limitations, and assessments
stock biomass are expensive; however, because the sustainability of fisheries is desired and data-poor
stocks are common, a simple method such as the Catch-MSY method proposed by [25] is useful for
the management of crab fisheries in the Gulf of California [19]. In present study the CASA method
was applied to crab fishery in BSMR, advising that the crab fishery in this coastal lagoon in Sinaloa
state of Mexico is not at risk of over exploitation. After the literature research we support the use of
CASA method because use of structured in sizes instead of age for a strong biomass analysis.

Reference [4,19] mentioned that management strategy for crab fishery is the catch quota. Thus,
a catch quota of 5500 tons was recommended for the fishery in Sinaloa; however, because the stock
biomass is below Bwmsy, a smaller quota was recommended until the stock get its restocked. A
precautionary catch quota of 3500 tons and 1171 tons are recommended for the Sonoran stock and for
BSMR, respectively. Reference [19] mentioned that if the recommended catch quota for the Sinaloa
stock is divided by zones based on how catches contributed to the overall production of the state, a
catch quota of 1100 tons would correspond to BSMR like that obtained in the stock assessment for
BSMR separately. Once again, the present study becomes important for the crab fishery management
in the region in particular and national in general.

To prevent overexploitation, the knowledge in population biology is fundamental. The
contribution of the results, presented in this study, tend to support the conservation of the species
under study. Is important to recall that in organisms with a short life cycle that are subject to high
fishing pressure, biological process that occurs in a particular year define the stock’s abundance in
the same years. Crabs of Portunidae family from the Gulf of California comprise this principle. Since
1982, the brown crab C. bellicosus has become the focus of an important commercial fishery in Mexico,
especially in the eastern Gulf of California, where a small-scale fishery for these crabs has been
established [19]. The most effective strategy to reduce the risks of adverse economic, and social effect
in this fishery would be the continued gathering of biological studies such as the surveys presented
here.

5. Conclusions

The crab fishery in Bahia Santa Maria La Reforma in Sinaloa state of Mexico is not at risk of over
exploitation.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org.
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