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ABSTRACT

Knowledge of biomass and demographic aspects is
important in fish stock assessments. These aspects were
analyzed on Micropogonias megalops in the Gulf of Cali-
fornia, Mexico, using biological data from catches in
2010-12. Individual growth was estimated following a
multi-model approach. Logistic models were used for
first maturity and fishing selectivity, and natural mortal-
ity by means of empirical equations and biomass by the
Pennington estimation. The results showed that the von
Bertalanffy model best described growth for combined
data (w; = 72.86 %), females (w; = 67.82 %) and males
(w; = 69.42 %), but they showed sexual dimorphism
on the species. First maturity was at 357.8 mm, fishing
selectivity 323.35 and 366.35 mm for industrial and arti-
sanal fleet, respectively, and average natural mortality of
0.51. Mean biomass was 14 412.9 tons contrasting the
officially reported catch that represented only 8.7% of
estimated biomass, showing evidence that M. megalops is
still an underexploited resource.

INTRODUCTION

Globally, overfishing or species fishing at the permissi-
ble limit is a constant focus of alert (SOFIA 2016; World
Bank 2017). The increasing demand of food by humans
causes strong pressure on resources that have not been
assessed, which has caused many fisheries to develop
despite the lack of basic stock information, such as pop-
ulation dynamics, population renewal rates and available
and exploitable biomass of the target species (Cope and
Punt 2009; Cope 2013). In third world countries this
case 1s very common (World Bank 2017).

In Latin America, fishing has become an important
economic activity, generating employment and income
for a large number of families. Likewise, it is an impor-
tant source for worldwide food security, also making an
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important contribution to Latin American economies.
Despite the importance of fishing and although man-
agement measures have been introduced in the region,
problems of overcapacity still persist, and the condition
of vulnerability of fishery resources continues to increase
(Agtiero 2007). It 1s common to exploit many of the tar-
get resources without the slightest knowledge, or con-
centrate on multispecies fisheries where there are no
specific administrative management measures for the
most important species of these fisheries. An example is
the Bigeye croaker Micropogonias megalops (Gilbert 1890)
in the Gulf of California, which is an endemic, very
abundant and widely distributed species in the region
(Lépez-Martinez et al. 2010; Rabago-Quiroz et al. 2011).
The Bigeye croaker has been commercially harvested
as part of a multispecies fishery (DOF 2010) since the
early 1990s, which has been a fishing alternative when
shrimp catch rates are low (Roman-Rodriguez 2000;
Aragén-Noriega et al. 2009). Particularly in the North-
ern (NGC) and Upper Gulf of California (UGC), the
Bigeye croaker is caught by two fishing fleets, artisanal
(small vessels) and industrial (large vessels, ships), rep-
resenting a very important commercial fishery for its
high catch volumes and substantial economic value
(Aragoén-Noriega et al. 2009). The fishing season occurs
from March to August when the reproductive period is
observed, and its availability to the fishing fleets increases
(Castro-Gonzalez 2004).

Knowledge of basic biological aspects of M. mega-
lops is limited, such as average individual growth, natural
mortality, reproduction, fishing selectivity and changes
in stock biomass. Some studies have been conducted to
understand population dynamics, age, growth and repro-
duction of this species in the Northern and Upper Gulf
of California (Roman-R odriguez 2000; Aragén-Noriega
et al. 2015). Recently, individual growth was analyzed
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Figure 1.

Study area and quadrant location for Micropogonias megalops sampling in the Northern Gulf of

California (2010-12). Map includes the No-take zone for gillnets fishery (artisanal fleet) which includes the main species
fishing areas for this fleet in the Northern Gulf of California, established temporarily in 2015, permanently
since 2017, and vaquita refuge zone amplified in 2018 (DOF 2015, 2017, 2018).

based on a multi-model inference approach (Aragdn-
Noriega et al. 2015), but this analysis was supported on
biological data from 1997-98 (Roman-R odriguez 2000).
To our knowledge, more information about population
dynamics and abundance aspects of the Bigeye croaker
in the NGC is not available. For the genus Micropogo-
nias, growth estimates have been reported in the Atlan-
tic Ocean (Caribbean and South America) using the
von Bertalanfty growth model (VBGM) (Manickchand-
Heileman and Kenny 1990; Borthagaray et al. 2011), but
more complete studies on population dynamics have
not been found. Therefore, the objective of generating
reliable, complete and current information on the Big-
eye croaker becomes a relevant management matter for
the stock in the Northwestern Mexican Pacific Ocean.
Consequenly, this study assessed important demographic
aspects of the resource, such as growth, natural mortality,
reproduction (sexual maturity and length at first matu-
rity), fishing selectivity and the mean total biomass in
the NGC during the 2010-12 period. The information
generated in this study will contribute to the scientific
understanding of the current biological and fishing sta-

tus of M. megalops population in the NGC. Likewise, this
basic information could be used in the near future to
adopt alternative fishing strategies for the species due to
the recent establishment of a new no-take zone for arti-
sanal fishing gear, such as gillnets (used to catch Bigeye
croaker) and longline. This new no-take zone includes
now many of the regular fishing areas (fishing grounds)
of Bigeye croaker, so the refuge zone was recently ampli-
fied as part of the efforts directed to the protection of
the vaquita Phocoena sinus in the Northern Gulf of Cal-
ifornia (Erisman et al. 2015; DOF 2015, 2017, 2018).

MATERIALS AND METHODS

Sampling

Bigeye croaker samples were collected from indus-
trial and artisanal fishery catches from the NGC during
the period from December 2010 to April 2012 (fig. 1).
Additionally, a program of observers was implemented
on board the industrial fleet throughout the whole
year where fish caught by trawl nets were sampled.
The industrial fleet used a net that had two otter boards
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with double fishing tackle of 36 m long and mesh size
of 90 mm while the artisanal fishery used a gillnet
from 100 to 500 m long with 150-mm mesh size. Total
length (mm) and total weight (g) of each individual
caught were measured with a precision of 0.01 mm and
0.1 g. Sex and gonad maturity were obtained following
the Nikolsky’s morphochromatic scale (Nikolsky 1963),
which is based on color and gonad texture, as well as its
space in the abdominal cavity. Bigeye croaker specimens
in stages I-IT were considered immature (gonads flacid,
transparent and less than one half of the space in the
abdominal cavity), and those in stages III-V were con-
sidered mature (gonads colored and more than one half
of the space in the abdominal cavity) (Lopez-Martinez
et al. 2011).

Length structure and multinomial analysis

Total length (TL) distributions of Bigeye croaker, for
both industrial and artisanal samples in the NGC, were
obtained grouping TL frequencies in 5-mm intervals to
identify modal groups, length groups or cohorts (year-
classes) that refer to groups of individuals of approxi-
mately the same age belonging to the same population
(Sparre and Venema 1997). Then, a multinomial analy-
sis was performed based on the assumption that length
distribution for each cohort showed a normal distribu-
tion. To identify the number of cohorts in samples, a
visual inspection of the TL frequency distribution was
performed, and together with prior knowledge of the
species recruitment events, initial values for each modal
group were defined as input values in the following
multinomial equation:

n
E=> ( L
a=1

o, \V2m

Where F; was the total frequency of the group length i;
a and n were lower and upper sample limits (TL inter-
vals), respectively; x; was the medium point of length
group i; u, was the medium length of cohort a; P, was
the weight factor of cohort g; and o, was the standard
deviation of the length in cohort a. Parameters in this
function were minimised with a nonlinear fit, using
the Newton algorithm to determine model parame-
ters with the following negative log likelihood func-
tion (Neter et al. 1996):

LN,y = St (] - [S- S

Where —LL{x|,, o, p,y Was the negative log likelihood
of the data for the parameters u,, o,, P,; f; was the total
of the frequency observed of length group i; F; was the
total frequency expected for length group i according

to the multinomial model (Haddon 2001; Montgomery
et al. 2010; Rodriguez-Dominguez et al. 2012). Finally,
Bigeye croaker cohorts were separated according to the
separation index (S.I.) using the next equation (Sparre
and Venema 1997):

My — My
o, T 0

S.I.= 23

Where p, and w; were the mean TL of the modal groups
n and i, respectively; o, and o; were the standard devia-
tions of modal groups n and i, respectively. Therefore if
S.I. > 2, then it would be viable to separate the normal
components from the observed frequencies (Sparre and
Venema 1997).

Growth

In 2000, Roman-Rodriguez (2000) developed an
age-length key of Bigeye croaker by means of M. mega-
lops otolith readings sampled from 1997 to 1998 in the
Upper Gulf of California. In this work, in absence of
otolith readings for the Bigeye croaker sampled from
2010-12, we used that age-length key to assign age to
the length of each specimen sampled from industrial and
artisanal fisheries in the NGC (2010-12). Age assign-
ment to length data of Bigeye croaker, for combined and
separated by sex data, was made by means of propor-
tional and percentage conversion of length frequencies
to the ages established by this key. The age assignment
to length data was made following the methodology
proposed by Gulland and Rosenberg (1992) and Sparre
and Venema (1997).

Growth models

A multi-model inference approach was followed to
estimate growth parameters (Katsanevakis 2006; Katsane-
vakis and Maravelias 2008). For this purpose, four growth
models were used (table 1); von Bertalanfly growth
model (1938), Gompertz (1825), Logistic (Ricker 1975),
and Schnute (1981). Specifically, for Schnute model, L.,
and f, (defined by Schnute 1981 as T,) were calculated
using the following equations where a case of solution
type 1 was assumed:

1
aT; b_ paTy b]b
I = ey, ety
*® e — paly

and

1 easzb_eaTl Yb
TOZT1+T2——L11[ zh ; 1}
a Yo Y

In this solution case, adjusted values of parameters a
and b were different from zero (a = 0, b = 0); projected
growth curve shape, theoretical and statistical interpre-
tation bases had equivalence with VBGM.
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TABLE 1
Candidate growth models for Micropogonias megalops data in the Northern Gulf of California.

Model Equation

Parameter description

von Bertalanfly growth model (VBGM) Ly = L.(1-e K-0)

Gompertz Ly = L.e™™ (1=10)

L.

Logistic [ =—
O (14Kt

Schnute (a = 0, b = 0)

Lo L e
o = (nt T P=nh) 1—eaToT)

L, is length at age .
L., is asymptotic length.

K determines the rate of approach to L., (the curvature parameter).
fy is the hypothetical age at which the organism showed zero length
(initial condition parameter).

tis age at size L.

a is a relative growth rate (time constant).
b is an incremental relative growth rate (incremental time constant).

T is the lowest age in the data set.
T, is the highest age in the data set.
y, is the size at age T).
y, is the size at age T.

Growth parameters (0) for all four candidate growth
models were fitted using a maximum log likelihood
function according to the following equation (Neter
et al. 1996).

n
For standard deviation (o) a multiplicative error structure
was assumed where the analytical solution was given by:

o= %2 [Ln Ly —Ln Ly
t=1

Where n represented the number of ages observed for
the Bigeye croaker (Cerdenares-Ladrén de Guevara
et al. 2011).

Confidence intervals

Confidence intervals (C.I.) for growth parameters
contained in each candidate growth model were calcu-
lated using likelihood profiles (Venzon and Moolgavkar
1988; Hilborn and Mangel 1997), which were estimated
based on Chi-squared distribution (X?) with m degrees of
freedom (Zar 1999). Confidence intervals were defined
as all values 0 that satisfied inequality:

2[LL ¢ datg) = LL (9 pesy) < X*1,1-0c

Where LL (0| ;) Was the log likelihood of the most
probable value of §, and X2 ;_, were the distribution
values of X? with one degree freedom at a confidence
level of 1— «; thus, the confidence interval at 95% for
0 covered all values of § that were twice the difference
between the log likelihood in the likelihood profile and
the best estimate of . Those values less than 3.84 were
included into confidence intervals (Haddon 2001; Pawi-
tan 2001).

Confidence intervals become wider when considering
more than one parameter, which only occurs if there is
any correlation between parameters. The von Bertalanfty
growth model had the asymptotic length and growth
coeflicient parameters correlated. In this case the solution
was to compute the likelihood based confidence region
estimated from contours of constant log-likelihood over
the target surface. This procedure was applied to the L.,
and K parameters jointly to avoid the problem of parame-
ter correlation. In this case the equation above must satisty
the inequality associated with the X? distribution with two
degrees of freedom where the reference value was less than
5.99 for two parameters (Haddon 2001, Pawitan 2001).

Model selection

Growth model selection for the Bigeye croaker was
obtained using the Akaike information criterion (AIC)
(Burnham and Anderson 2002; Katsanevakis 2006; Kat-
sanevakis and Maravelias 2008) according to the follow-
ing equation:

AIC= (2 X LL) + (2 X k)

The AIC differences (A,) for each model were given by
the following function:

A, = AIC, — AIC

Where AIC,,, represented the AIC for the best candi-
date growth model, and AIC; was the AIC estimated for
the rest of the growth models. For each growth model
i, plausibility was estimated with the Akaike weight (w;)

given by (Burnham and Anderson 2002):

1
_ 1A
exp( 2 L)
w,-— 1
Sy exp (_ > Ak)
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Following the multi-model inference approach, an
“averaged” model was calculated for L, taking into
account values of L., and ;,, of all four models by the
following equation (Burnham and Anderson 2002):

L= w i‘oo,i
i=1

Confidence intervals (95%) of asymptotic length values
were estimated by means of ¢ Student test using the fol-
lowing equation:

L. .=* tif095S-E-(Lo)
Where

1

4 ) .

SE, (L) =, w, * (var(L.,|g) + (L., ~ L.)?)
i=1

Both growth theoretical curve (best candidate model)
and observed age-length data were graphed out to show
shape and trajectory of growth, for all data and separated
by sex in Bigeye croaker.

Natural mortality, reproduction and selectivity

Natural mortality (M), which is one of the most
cryptic parameters in population dynamics, was esti-
mated for all data (combined) and separated by sex
(females and males) of Bigeye croaker. It was based on
metapopulation and empirical functions proposed by
Pauly (1980), Jensen (1996), Richter and Efanov (1977),
Hewitt and Hoenig (2005), and Then et al. (2015). The
parameter values used to estimate M were those iden-
tified by the best candidate growth model (VBGM) for
the species according to the multi-model analysis; age
of first maturity based on size L, was obtained through
the Logistic model; longevity was obtained by the Tay-
lor equation (1962) that involved L, and K parameter
values of VBGM,; finally annual average water temper-
ature ("°C) in the NGC (23°C) was used (Siegfried and
Sans6 2009).

For reproduction and selectivity analysis a Logis-
tic model was used. When the reproduction analysis
was carried out, only mature female data were consid-
ered from both industrial and artisanal fisheries. Mature
females were considered as those individuals in stages
from III to V. For calculating length-at-first sexual matu-
rity (FSM), the probability of mature females accumu-
lated in each length interval was used; parameter values
were obtained with the Logistic model proposed by
King (2007):

=

(1 + g*’(TL*Lst)))

Where P, is mature females proportion; r is the slope
of the logistic curve; TL is the observed length interval;
and Ls is the average total length at which the indi-
viduals are found sexually mature. Parameter values in
Logistic equation were fitted using Newton’s method
and as objective function the sum of squares criterion
(Neter et al. 1996).

For the selectivity analysis both male and female
organisms in all sizes were considered and analyzed sep-
arately for industrial and artisanal fishery data because
both fisheries have differences in fishing gear charac-
teristics (mesh size, length) and fishing ways or maneu-
vers (industrial trawling; artisanal gillnetting). In this case,
the selectivity curve calculating P, in the Logistic model
is the proportion of Bigeye croaker organisms; r is the
slope of the logistic curve; TL is the observed length
interval; and Ls, is the average length at which the spe-
cies is caught by the fishing gear (industrial or artisanal).
Parameter values in the Logistic equation were fitted also
using Newton’s method and as objective function the
sum of squares criterion (Neter et al. 1996).

Biomass estimation

To estimate the total stock biomass during the fishing
season, the swept area method was applied. Fishing oper-
ation data (geographic position, trawling speed and dura-
tion) obtained by onboard observers (industrial fleet)
were used, as well as onboard registered catch and catch
data reported by commercial fleet in NGC were consid-
ered. Swept area is the effective trawling area of one tow
in a determinate time, and covered area is the effective
area covered during each fishing trip. It was estimated by:
a = w*v#*d, where o was the effective trawl net width;
v was towing velocity; and d was tow duration. Once the
swept area was estimated, total biomass (B) in the fishing
ground was given by: B = Cw/v*(A/a), where Cw was
catch rate; v was vulnerability of fish to the net; A was
total area, and a was the swept area.Vulnerability of fish
to trawling was difficult to estimate (King 1997), but val-
ues ranging from 0.5 (in current work) to 1 were nor-
mally assumed (Francis et al. 2003). To obtain a greater
precision (a smaller variance) in the abundance estimates,
a stratification of the total area was carried out, obtain-
ing abundance estimates for a determinate sampled area
(quadrant) and improving estimation efficiency; then, the
sample was extrapolated to the total area of influence of
the industrial fleet in the NGC (A4 = 12 683 km?).

The abundance estimates by the swept area method
were used in this study based on the following assump-
tions: (a) the distribution area “total area” of the popula-
tion was constant and, therefore, the average population
density was at all times directly proportional to the total
size of the “total area”; (b) the population was homoge-
neously distributed in the “total area”, so it we sampled
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Figure 2.

Length frequency distribution of Micropogonias megalops in the Northern Gulf of California

(2010-12). Catches of industrial fishery (full bars) and artisanal fishery (empty bars).

a fraction, its density represented a quantity of individu-
als per area that was equal to the average density of the
total population; (¢) all individuals had the same catch
probability; and (d) the swept area was standardized to
one hour.

Due to the large number of zeros in the fishing hauls
and to reduce the variance caused by the spatial distri-
bution of the species, the abundance estimates were sup-
ported in the calculation of the mean and the variance
of a delta distribution. The Pennington estimator (which
uses delta distribution) was used to obtain average abun-
dance estimates per quadrant and for the total area of the
sampled quadrants. For this analysis, the NAN-SIS pro-
gram developed by Jeppe Kolding (Version Sept 2000)
was used (Pennington 1985, 1996; Pierce et al. 1998; Fol-
mer and Pennington 2000; Morales-Bojérquez 2002).

RESULTS

A total of 1454 Bigeye croaker specimens were ana-
lyzed from industrial and artisanal fishery in the NGC,
of which total length (TL) ranged from 165 to 535
mm. The organisms from industrial fisheries showed a
total length interval from 165 to 508 mm while those
caught from artisanal fishery varied from 220 to 535 mm
(fig. 2). The industrial fishery caught smaller individu-
als than those observed in the total length structure of
the artisanal fishery; the average total length of Bigeye
croaker in the industrial fishery was 325.6 mm * 59.9
mm, and for artisanal fishery the average was 367.85 mm
* 39.47 mm. The industrial fishery showed four modal
values in total length structure, which were based on the

observed maximal peaks in the total length frequencies
(195 mm, 240 mm, 305 mm, 370 mm and 415 mm); in

contrast, the artisanal fishery showed only three modal
values of 300 mm, 350 mm and 425 mm.The qualitative
data description showed evidence of a difference in the
age groups that were harvested by each fleet.

Multinomial analysis

Separation of Bigeye croaker cohorts was per-
formed for the nine sampling periods available where
seven belonged to the industrial fleet (December 2010—
March 2012) and two to the artisanal fleet (March—April
2012) (fig. 3). The industrial fishery caught three to four
cohorts, of which the lowest and highest mean lenght
were 191.21 mm * 9.73 and 507.50 mm * 1.87, respec-
tively (table 2). The artisanal fishery also caught three to
four cohorts, of which the smallest and highest mean
length were 297.17 mm * 20.08 and 549.1 mm * 17.06
respectively (table 3).

The length analysis combining both information
sources showed the presence of a total of five modal
groups, whose average length are shown in the order
from the smallest to the largest: (1) 191.2 + 13.0 mm TL
(12.3%); (2) 237.7 £ 12.7 mm TL (15.3%); (3) 292.2 +
16.5 mm TL (18.8%); (4) 363.2 £ 42.0 (23.4%); and (5)
465.6 £ 35.5 mm TL (30.0%).

Growth

Age was assigned to the sampled organisms, whose
ages were from 1-17 years. The best-represented ages
were two- and five-year old individuals. The smallest
individual had a length of 171.0 mm TL and an age of
two years while the largest one had a length of 490.50
mm TL with an assigned age of 12 years. Bigeye croaker
age-length data were adjusted to the four candidate
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Figure 3. Multinomial analysis of Micropogonias megalops in the Northern Gulf of California. *Artisanal Fishery.

growth models for all combined and separated by sex
data; parameter values, confidence intervals and Chi-
square values are shown in Table 4. The VBGM and
Schnute growth models showed the highest asymptotic
lengths and lowest growth coeflicient values among
all candidate models. In the same case, when sex sepa-
rated data were analyzed, higher values in asymptotic
length and lower in growth coeflicient were recorded
by females compared to males. Best growth model

selection considering AIC and wi values and confi-
dence intervals (95%) for the Bigeye croaker are shown
in Table 5.VBGM was the model that best adjusted to
Bigeye croaker age-length data according to AIC and
wi for combined and sex separated data. Figure 4 shows
curve trajectories projected by the VBGM, as well as
the likelihood contour joint confidence intervals of
these parameters L. and K, where covariance in val-
ues is evidenced for the species. Likelihood profiles for
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TABLE 2 TABLE 3
Cohorts of Bigeye croaker Micropogonias megalops Cohorts of Bigeye croaker Micropogonias megalops
caught in the Northern Gulf of California by caught in the Northern Gulf of California by
industrial fishery (2010-12). TL is total length in mm, artisanal fishery (2012). TL is total length in mm,
S.D. is standard deviation and S.I. is separation index. S.D. is standard deviation and S.I. is separation index.
TL Age TL Age
Date Cohort (mm) S.D. S.I. (years) Date Cohort (mm) S.D. S.I. (years)
Industrial fishery Artisanal fishery
Dec. 2010 1 240.89 15 n.a 3 Mar. 2012
n: 126 2 281.44 12.6 2.93 3 n: 58 1 330.45 19.31 n.a 3
3 324.65 20.24 2.62 4 2 399.82 34.65 2.57 4
4 387.19 28.61 2.55 5 3 549.10 17.06 5.77 *
Mar-Apr. 2011 1 191.21 9.73 n.a 2 Apr. 2012
n: 50 2 257.11 30.48 3.27 2 n: 595 1 297.17 20.08 n.a 3
3 343.25 10.17 4.23 4 2 364.57 24.98 2.99 4
Oct. 2011 1 269.14 24.92 n.a 3 3 409.15 10.03 2.54 4
n: 92 2 349.63 24.57 3.25 4 4 440.79 10.04 3.15 9
3 421.21 24.99 2.88 5 *Not assigned by the age-length key
4 507.5 1.87 6.42 *
Dec. 2011 1 307.09 24.65 n.a 3
n: 186 2 360.71 6.54 3.43 4
3 387.79 13.23 2.73 5
Jan. 2012 1 307.52 25.74 n.a 3
n: 183 2 369.67 19.57 2.74 4
3 415.62 20.75 2.27 5
Feb. 2012 1 283.37 12.11 n.a 3
n: 105 2 321.59 15.59 2.75 4
3 385.13 27.69 2.93 5
4 478.82 17.48 4.14 11
Mar. 2012 1 317.67 10.9 n.a 4
n: 59 2 375.05 21.43 3.54 4
3 451.47 14.47 4.25 12

TABLE 4
Parameter values, confidence intervals (95%) and Chi-squared probability (x2) obtained with likelihood profiles for each
candidate model for Micropogonias megalops combined data and separated by sex data in the Northern Gulf of California. L, is
asymptotic total length; K determines the rate of approach to L; ¢, is the hypothetical age at which the organism showed
zero length; a is relative growth rate; b is incremental relative growth rate; Y, is length at age T;; andY, is length at age T,.

Model Combined (C.I. 95%) e Female (C.I. 95%) X2 Male (C.I. 95%) X2
VBGM

L., (mm) 439.8 (437.65-442.15) 0.072 458.83 (455.28-462.64) 0.051 423.25 (418.8-427.6) 0.018
K (annual) 0.264 (0.261-0.267) 0.023 0.235 (0.231-0.238) 0.107 0.302 (0.295-0.310) 0.047
fy (years™) -1.97 (-1.91--2.03) 0.018 —2.24 (-2.34—-2.16) 0.082 —1.65 (-1.75—-1.56) 0.068
Gompertz

L. (mm) 429.6 (428-432) 0.206 447.07 (443.50-450.50) 0.031 412.93 (408.55-417.10) 0.041
K (annual) 0.346 (0.342-0.352) 0.134 0.312 (0.305-0.321) 0.091 0.399 (0.387-0.412) 0.027
fy (years™) —0.55 (-0.62——0.50) 0.056 —0.64 (-0.725—-0.565) 0.023 —0.41 (-0.50-0.30) 0.015
Logistic

L., (mm) 422.6 (420.5-424.5) 0.094 439.09 (435.50-442.50) 0.041 405.94 (401.75-410.25) 0.019
K (annual) 0.432 (0.424-0.442) 0.001 0.393 (0.380-0.407) 0.110 0.50 (0.480-0.522) 0.043
fy (years™) 0.34 (0.29-0.40) 0.020 0.36 (0.27-0.45) 0.048 0.39 (0.285-0.485) 0.037
Schnute

a 0.264 (0.256-0.272) 0.033 0.235 (0.225-0.247) 0.044 0.302 (0.285-0.320) 0.010
b 1.010 (1.009-1.011) 0.122 1.016 (1.015-1.017) 0.140 1.004 (1.003-1.006) 0.170
Y, (mm) 225.40 (222.5-228.5) 0.046 224.49 (220.34-228.85) 0.006 227.59 (222.00-233.40) 0.027
Y, (mm) 411.2 (408.0-414.5) 0.099 414.83 (409.75-420.0) 0.025 410.77 (404.35-417.30) 0.030
L., (mm) 444 .83 — 467.73 — 425.04 —
fy (years™) -1.94 — —2.20 — -1.64 —
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TABLE 5
Growth model selection for Micropogonias megalops combined and sex separated data in the Northern Gulf of California,
where k is the number of parameters for each model; AIC is the Akaike’s information criterion; A; is Akaike’s differences;

w; is Akaike’s weight for each model; TL is total length in mm, and S.E. is the standard deviation.

Data Models k AIC A; w; (%) Asymptotic TL S.E.
Combined VBGM 3 2334.48 0.00 72.86 439.86 1.25
Gompertz 3 2345.26 10.78 0.33 429.68 0.04
Logistic 3 2353.46 18.98 0.01 422.64 0.00
Schnute 4 2336.48 2.00 26.80 444.84 1.03
Multi-model averaged 441.16 2.32
Female VBGM 3 1040.41 0.00 67.82 458.83 1.16
Gompertz 3 1045.22 4.81 6.13 447.08 0.80
Logistic 3 1048.66 8.25 1.10 439.10 0.23
Schnute 4 1042.41 2.00 24.95 467.73 1.92
Multi-model averaged 460.12 4.11
Male VBGM 3 672.84 0.00 69.44 423.25 0.79
Gompertz 3 678.28 5.44 4.57 412.93 0.47
Logistic 3 682.97 10.13 0.44 405.94 0.08
Schnute 4 674.84 2.00 25.55 425.04 0.56
Multi-model averaged 423.17 1.89
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Figure 4. Growth curves and likelihood contours for parameters L., and K estimated by the von Bertalanffy growth model for Bigeye croaker Micropogonias
megalops combined and sex separated data in the Northern Gulf of California. The area in black denotes joint confidence intervals (x2 test, p < 0.05).
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Figure 5. Likelihood profiles for parameters L., K and t, estimated by the von Bertalanffy growth model for Bigeye croaker Micropogonias megalops combined

and sex separated data.

TABLE 6
Comparison of the growth parameter values obtained
by means of the von Bertalanffy model for Bigeye croaker
in previous and current work in the Northern Gulf of
California. Growth parameter values obtained are shown
using combined and separated by sex data.

Source L. (mm) K (annual)
Romin-Rodriguez 2000 (combined) 815.90 0.51
Females 826.90 0.53
Males 814.40 0.48
Aragén-Noriega et al. 2015 (combined) 448.00 0.37
Females 461.00 0.37
Males 429.00 0.41
Current work (combined) 439.86 0.26
Females 458.83 0.23
Males 423.25 0.30

each growth parameter of the best growth model are
shown in Figure 5.Table 6 shows comparison between
the growth parameter values obtained by the VBGM in
current work and those obtained by the same growth
model in previous works for the species in the North-
ern Gulf of California.

Natural mortality, reproduction and selectivity
Natural Mortality (M) of the Bigeye croaker was
obtained taking into account the adjusted growth param-
eter values from the VBGM. Table 7 shows annual M val-
ues for the species according to six different equations:
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TABLE 7
Natural mortality obtained through six different empirical
equations that involve growth parameter values, age
of massive maturity and longevity of the Bigeye croaker,
and mean sea surface temperature in the Northern
Gulf of California. M values are shown for combined
data and separated by sex, also average global values of
Natural mortality and standard deviations are shown.

M M M

Equation (combined) (Females) (Males)
Pauly (1980) 0.60 0.55 0.67
Jensen (1996) 0.39 0.35 0.45
Richter and Efanov (1977) 0.52 0.52 0.52
Hewitt and Hoenig (2005) 0.45 0.40 0.51
Then et al. (2015) Tmax 0.63 0.57 0.71
Then et al. (2015) K and L., 0.44 0.40 0.50

Average 0.51 0.46 0.56
Standard deviation 0.09 0.09 0.10
Lim inf. 95 % 0.41 0.37 0.46
Lim sup. 95 % 0.60 0.56 0.66

Pauly (1980), Jensen (1996), Richter and Efanov (1977),
Hewitt and Hoenig (2005) and Then et al. (2015) when
considering longevity values in years (Tmax combined =
9.39; females = 10.5; males = 8.27) and when considering
growth parameter values. The results indicated that Big-
eye croaker showed that M values in males were higher
than those recorded by females for all six equations.
Monthly percentages of Bigeye croaker mature
females for an annual cycle in the NGC are shown in
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Figure 6. Monthly percentage of mature females of Micropogonias megalops in the Northern Gulf of

California during an annual cycle.
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Figure 7.

Length at first sexual maturity curve and fishing selectivity curves for Micropogonias megalops

during the period from 2010 to 2012 in the Northern Gulf of California.

Figure 6. The Ls, value obtained by the Logistic model
for the species FSM was 357.87 mm TL (a = 10.08;
b = 0.028; r = 0.028) with an adjusted value of R2=
0.983, according to the sum of squared residuals. Like-
wise, for selectivity curve calculation the following val-
ues were obtained; for industrial gear selectivity Ls, value
was 323.35 mmTL (a = 9.13; b = 0.03;r = 0.03) and an
adjusted value of R2= 0.986 while for artisanal selectiv-
ity Ls, value was 366.35 mm TL (a = 16.44; b = 0.04;
r = 0.04) and an adjusted value of R?= 0.998. Figure 7
shows comparing projected curves obtained by the
Logistic model for reproduction and both industrial and
artisanal gear selectivity on Bigeye croaker.
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Biomass estimation

Fishing hauls (N = 254) were used to estimate
total biomass in a total area of 54 quadrants. Only
184 hauls (20 quadrants) were performed for Big-
eye croaker caught in the NGC from June 2010
to July 2011. Table 8 shows the mean biomass esti-
mates by quadrant. Five quadrants had 88% of the
estimated total biomass (30, 33, 37, 44 and 47). The
mean biomass estimate in the total area was 14 412 t.
The official Bigeye croaker total catch for NGC in
study period was 1 248 t. This catch represented only
8.7% of the estimated biomass of the resource in
current work.
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TABLE 8
Quadrant relative biomass estimation and
mean relative biomass for Micropogonias megalops in the
Northern Gulf of California during the 2010-11 period.

Quadrant Quadrant Mean Lower and

area (Km?) Biomass (Tons) upper limits
2 320 105.2 (4.3-206.1)
3 273 91.1 (11.8-170.3)
4 307 76.2 (24.4-129.1)
6 239 145.5 (8.5-282.5)
7 195 4
8 570 149.3 (97.6-201.0)
9 592 190.4 (108.0-272.7)
10 592 321.4 (45.7-597.0)
15 588 61.9 (11.8-111.9)
16 592 75.2 (7.8-142.6)
17 510 8
19 449 2
24 592 2
30 532 2143
33 592 3006 (1513.8-4498.2)
34 532 76.3 (21.5-131.2)
37 592 2482.7 (250.8-4714.6)
44 592 2645 (25.1-5204.3)
47 487 2413.7 (697.5-4129.9)
54 40.18 414 (40.2-787.8)

Mean total biomass 14412.9
Quadrant mean biomass 720.645

DISCUSSION

Many world fishery resources lack the necessary infor-
mation to carry out robust stock assessments in a timely
manner before being exploited by humans. Fish stock
assessments consider several sources of biological infor-
mation, such as average individual growth, maturation,
natural mortality rates, changes in length or age com-
position, and stock abundance estimates (Hilborn and
Walters 1992; Quinn and Deriso 1999; Cooper 2006).
Thus, the importance of research, such as the study pre-
sented here, that generates information dependent and
independent of the fisheries, allows management deci-
sions in situations of limited information of the target
species of the fishery (Ricard et al. 2011).

Bigeye croaker stock is an example of that situation
where a lack of updated biological and fishery informa-
tion for a stock exists and urgently needs to be gener-
ated, since the species has commercial importance in the
NGC (Aragén-Noriega et al. 2009). Roman-Rodriguez
(2000) has the most complete research up to now for
the species in the UGC, in which population dynam-
ics and fishery data are presented. It is known that from
the 1997-98 period until years close to current work
(2010-12), fishing effort (artisanal fleet) increased by
38.7% (Aragén-Noriega et al. 2009), which by itself is
a sufficient reason to carry out precise analyses of the
resource situation today. Recently, individual growth of
Bigeye croaker has been analyzed (Aragon-Noriega et al.
2015) even though this analysis was carried out using
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population age and size data obtained in 1997-98 period
(Roman-Rodriguez 2000). It is known that environ-
mental and anthropogenic (fishing) forcing could have
effects on fish population structure and biology (Hsieh
et al. 2010; Perry et al. 2010; Hidalgo et al. 2011), hence
the importance to evaluate more recent Bigeye croaker
fishery data (Paez-Osuna et al. 2016; Garcia-Morales
et al. 2017). However, it is up to this study in which basic
aspects of this species population were considered, incor-
porating two recent data sources that were the indus-
trial and artisanal fishery catches in the NGC (2010-12).

Bigeye croaker lengths found in both industrial and
artisanal fishery catches in NGC were variable between
months and years where cohort displacements were
shown througout time; this phenomenon is associated
with biological and ecological aspects, such as repro-
duction, food or the environment (Roman-Rodriguez
2000). In the global analysis of total length, the larg-
est individuals were recorded in samples obtained by
artisanal fishery (220-535 mm TL) and not by those
obtained by industrial fishery (165508 mm TL). It
could be explained by selectivity of the fishing gear used
by each fishery since they showed differences in mesh
size that could have influenced the length range caught
(Catalano and Allen 2010). Another possible factor is the
fishing area where fleets (industrial and artisanal) oper-
ate. Based on the geographical coordinate data obtained
by the industrial fleet, it has been shown that this fleet
operates mainly from the southern part of the Reserve
line of the UGC and covers a great part of the NGC.
According to Rodriguez-Quiroz (2008) and Erisman
et al. (2015), the artisanal fleet in UGC and NGC caught
Bigeye croaker from the southern part of the nuclear
area in the Upper Gulf, including part of the northwest-
ern area of the vaquita (Phocoena sinus) refuge zone and
along the northern coast of the state of Sonora. This fleet
was performing its activities mainly within the reserve,
exploiting aproximately 75% of the area (Rodriguez-
Quiroz 2008). Since 2015, 2017 and 2018 a new per-
manent no-take zone has been established for artisanal
fishing gears like gill nets and longline (fig. 1). This mea-
sure is part of the efforts aimed at the protection of the
vaquita Phocoena sinus in the Northern Gulf of Cali-
fornia. Erisman et al. (2015) mentioned that according
to the Bigeye croaker traditional fishing areas, this new
no-take zone included the complete and most impor-
tant fishing areas for the artisanal fleet (DOF 2015, 2017,
2018).Taking this measure has affected artisanal fisheries
and fishermen in the area negatively due now to lesser
fishing grounds and number of target species that they
can fish, which could bring serious socioeconomic prob-
lems in the near future in NGC.

The multinomial analysis of the population denoted
mean lengths from three to four cohorts per sampling
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period. General length structure (2010-12) showed a
total of five well-defined cohorts, showing that commer-
cial fishing (industrial and artisanal) in the area does not
act on isolated cohorts of Bigeye croaker but upon sev-
eral age groups simultaneously (Cadima 2003). Individ-
ual growth assessment of Bigeye croaker was performed
from a multi-model approach (Burnham and Anderson
2002), which is relatively new in fisheries (Cruz-Vazquez
et al. 2012). It was used for the first time on new age-
length data of this species (2010-12) in the NGC.The-
oretical growth curves shown for each model according
to the observed data described very similar trajectories
with an accelerated growth at the beginning of curves
to stablelize as they got to greater lengths and older ages.

For this growth analysis in Bigeye croaker when
combined and female and male age-length data were
modeled, the VBGM showed the highest Akaike weight
followed by Schnute model. Based on the fact that w;
values were <90% for all four models, an averaged model
was calculated using L, parameter values from all mod-
els (Burnham and Anderson 2002; Katsanevakis 2006;
Katsanevakis and Maravelias 2008). This averaged model
showed a value of L, = 441.16 mm TL for combined
data, 460.12 mm LT for females and 423.17 mm LT for
males. Because it did not show any biological assump-
tion or a specific curve type, its information was lim-
ited to one parameter (L.,), which can be translated to
a poor understanding of the species individual growth
from physiological and ontogenical viewpoints. Recently,
Mendivil-Mendoza et al. (2017) showed that obtaining a
true average model was possible in this kind of analysis.
It was achieved for a species from the same Family (Sci-
aenidae) as Bigeye croaker, the gulf curvina (Cynoscion
othonopterus), species distributed in the same study area
of current work. For that analysis, they used the spe-
cial solution cases of the Schnute model, where they
obtained curve trajectories and growth parameter val-
ues (K and L,,) with equal biological bases and statistical
interpretation of those models that have been used tradi-
tionally for individual growth analysis in fishery sciences
(VBGM, Logistic and Gompertz). These are particular
properties of the Schnute growth model because it is a
nested and versatile model that has the ability to project
both asymptotic and non-asymptotic growth curves in a
particular age-length data set (Schnute 1981). The Sch-
nute growth model and its special solution cases are rec-
ommended for even finer studies that describe growth in
the species. In our study, the growth parameters obtained
by the VBGM were considered as the most reliable for
this analysis to describe growth of the Bigeye croaker,
based on AIC and Akaike weight values. Our results
coincide with those obtained by Aragdén-Noriega et al.
(2015) where they also showed that the VBGM was the
best model for this species.
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Confidence intervals obtained for both L, and K
growth parameters jointly, estimated by VBGM, showed a
probability surface contour where the asymptotic length
and growth coefficient values showed a strongly inverse
correlation; when one of the parameters increased its
value, the other one decreased and vice versa. This cova-
riance of growth parameters in the species occurs in the
same way for data of the entire population, as well as data
separated by sex.

Maximum observed length data in Bigeye croaker
from 2010-12 in the NGC was 535 mm TL while that
reported in 2000 was 490 mm TL (Roman-Rodriguez
2000; Aragén-Noriega et al. 2015). Theoretical values
obtained by VBGM for this work showed a much lower
value of L, than those reported in Roman-Rodriguez
(2000) for the species by using the same model. On the
other hand, Aragdén-Noriega et al. (2015), when ana-
lyzing age-length data reported by Roman-Rodriguez
(2000) but from a multi-model approach, also concluded
that VBGM best described the Bigeye croaker growth
(w= 91.87%) with L, values close but little higher to
those obtained in this work (combined and separated
by sex). Fischer et al. (1995) mentioned that M. megalops
reaches to an approximate length of 40 cm (400 mm). At
an international level, individual growth of M. furnieri in
a coastal lagoon of Uruguay obtained L.,= 302 mm TL
(Borthagaray et al. 2011) estimated with VBGM, which
was less than the value estimated for the Bigeye croaker
of the NGC. Growth of M. furnieri individuals that
live in Rocha Lagoon, Uruguay was more accelerated
(K = 0.19) than that of those that live in the continental
shelf (Borthagaray et al. 2011). Its growth was analyzed in
waters of Trinidad where the parameter values for VBGM
were separated by sex, in males L,= 653 mm TL and K
= 0.16 and in females L, = 829 mm TL and K = 0.13
(Manickchand-Heileman and Kenny 1990). Data con-
firmed that this species showed a greater asymptotic
length and a slower growth, according to K in waters of
Trinidad than in Rocha Lagoon in Uruguay. The Big-
eye croaker M. megalops in the NGC showed a similar
growth pattern with parameter values of L,, = 439.8 mm
TL and K = 0.26 for all data but showed differences in
between sexes, being females the ones that reached larger
sizes with a less accelerated growth compared to male
data. The growth coeflicient value was lower than those
reported by Roman-Rodriguez (2000) and by Aragdn-
Noriega et al. (2015). Differences in L.and K values are
currently notable, less than those described for the spe-
cies before (table 6). These differences could be due to
mainly two reasons: (1) a bad estimate of growth param-
eters in 2000 (improved by Aragén-Noriega et al. 2015),
which could be a probable explanation since the value of
L., shown for the Bigeye croaker in Roman-Rodriguez
(2000) did not come close to that reported for the spe-
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cies in specialized fish databases as in Fischer et al. (1995),
Nelson (2006), Froese and Pauly (2016) and Robertson
and Allen (2015); (2) the possible explanation is that the
values of the estimated parameters for 2000 decreased
due to environmental changes through time or a contin-
uous and intense fisheries of the population in the NGC
and UGC (Hsieh et al. 2010; Perry et al. 2010; Hidalgo
et al. 2011; Pidez-Osuna et al. 2016; Garcia-Morales et al.
2017). It could be explained by the fact that biological
needs of M. megalops changed throughout approximately
15 years (from 1997-98 to 2010-12), investing the great-
est part of the energy obtained by feeding in repro-
duction and not in growth (Quinn and Deriso 1999).
Thus, the species tends to reach its sexual maturity at
a younger age and smaller length as a type of survival
strategy or mechanism. The length at first sexual matu-
rity (FSM) obtained by the Logistic model in this study
was Ls, = 357.87 mm TL, theoretically reached at three
years of age. Roman-Rodriguez (2000) reported a value
of Ly, = 394.84 mm TL, which was 10% greater (36.98
mm) than that obtained in this study. Although the dif-
ference is little, there is evidence of a decrease in average
length at which the Bigeye croaker reaches its reproduc-
tive maturity. If FSM (357.86 mm TL) and L., (439.86
mm TL) were obtained for the 2010-12 data in the
NGC, a difference of 82 mm could be noted between
the occurence of one phenomenon and the other one.
Likewise, the information analyzed sustained the Bigeye
croaker FSM reached 81% of asymptotic length, which
is why it is very likely that during the species growth,
the arrival of FSM respresents the most important point
of inflexion of the ontogenic cycle of the species. In
such a way that species growth is accelerated during
the first years and slows down after the arrival of the
FSM. According to that shown by the lengths during all
the analysis period, the population showed a fraction of
mature individuals at all times, which is why although
the species reproduction takes place as maximum from
March to August (Castro-Gonzalez 2004), in favorable
conditions it showed a continuous recruitment.

As to Natural mortality (M) of Bigeye croaker six val-
ues were calculated by means of six diferent equations
for all combined, female and male data. These M values
varied between sexes and also by the methods used (table
7). Several authors have mentioned that the instanta-
neous coefficient of M is the most cryptic parameter in
population dynamics (Gallucci et al. 1996; Quinn and
Deriso 1999) and the majority of estimates are made by
means of empirical equations, taking as a reference other
key processes of population life, such as size of first matu-
rity, longevity, among others (Then et al. 2015). Pauly
(1980) and Pauly et al. (1984) highlighted their equa-
tion of mortality that included, in addition to the speed
of growth, the environmental conditions imperative in
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the environment as forcing the metabolism, which is the
average temperature of the environment. This ultimate
equation derives from the analysis of several fish spe-
cies belonging to several families, which already contain
natural mortality estimates. The Bigeye croaker showed
natural mortality values (M, epee = 0.51, 0.46 and 0.56
for combined, female and male data respectly) similar to
those observed by families where the species are more
long-lived than what occurred in the Gulf of California
as the Scianids (same Family as the M. megalops) where
the M values were 0.20-0.80 and to the members of
the Family Merlucciidae with values of M = 0.37-0.69.
Nevertheless, there are evident differences in M values
between sexes where males have a little superior value
compared to females. Roman-Rodriguez (2000) esti-
mated by Pauly’s (1984) equation a value of M = 0.36,
which is a little lower but closer to those estimated in the
NGC for the 2010-12 data. The low M wvalue is a phe-
nomenon that is regularly present in fish populations, as
the Bigeye croaker, with slow growth (low K) and high
longevity (17 years according to Roman-Rodriguez
2000). Moreover, the M calculus must be certain since
this phenomenon is related with the growth parameters
L, and K of VBGM (Pauly 1980; Jensen 1996; Then
et al. 2015), which besides being sustained with physi-
ological basis, it turned out to be statistically the best
model within the candidate models in the description
of the Bigeye croaker growth. These natural mortality
results, together with the low FSM, could be the evi-
dence that Bigeye croaker still has high capacity of pop-
ulation doubling, which translates into a highly available
biomass of the resource in the study area. The biomass
estimated for this resource showed evidence of that pre-
viously mentioned since higher values were recorded in
relation to what has been caught of Bigeye croaker in
the NGC during the last years. Annual landing values in
metric tons in the area were around 3000 in 2009, 2600
in 2010 and 3500 in 2011 (Aragdén-Noriega et al. 2015).
The official catches reported during the study period
represented a small fraction (8.7%) of the mean biomass
estimated in the NGC, showing evidence that M. mega-
lops was an underexploited resource, but this information
should be checked and contrasted with other methods
depending on the fishery.

In terms of current management, the Bigeye croaker
is part of a multispecies fishery that takes place in the
northern part of the Gulf of California (DOF 2010),
where as mentioned, there are two types of fleet, artisanal
(small vessels) and industrial (ships). However, consider-
ing the volumes caught, the economic yield generated
from them and the importance of job creation (Aragdn
Noriega et al. 2009), the Bigeye croaker should be man-
aged as an independent fishery; the information in this
study could contribute to this change in management.
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According to the National Fisheries Charter (Carta
Nacional Pesquera CNP) (a normative instrument that
specifies management schemes for Mexican fishery
resources), continuing with the current management
scheme (multispecific fishery) would make it difficult
to specify the maximum fishing effort of the different
populations that compose this complex resource; the
same CNP mentioned that it was necessary to increase
the information available to develop prediction models.

One of the most important challenges to address if this
change is made for a specific fishery of the Bigeye croaker
is the establishment of specific fishing grounds and fishing
gears for resource captures, in order to not adversely affect
endangered species, such as the vaquita (Phocoena sinus) or
the totoaba (Totoaba medonaldi) in the UGC Reserve zone.
Likewise, spatial and temporal runs (rout of migration and
movements) of the resource should be better known to
establish new areas with catchability in places far away
from critical areas (breeding or co-habitat of endangered
species) in the UGC and NGC.

If the Bigeye croaker is separated as an independent
fishery, it will be possible to implement specific admin-
istrative measures that consider, among others: fishing
period, fishing gear allowed, size of first catch by reg-
ulation of selective fishing gear and effort limitations
considering that it is a resource shared by two fleets.
Likewise, actions should be carried out once the resource
is separated as an independent fishery, as preparing the
Fishery Management Plan that would ultimately con-
tribute to a sustainable management of the resource in
accordance with the guidelines of international standards.
On the other hand, the correct management will benefit
the region economically and ecologically, considering
that good management is critical for an area of interest
for biodiversity as the NGC where a protected natural
area exists bordering the area dealt with in this study.
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