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Abstract
In a holistic approach it is important to identify potential fishing units to better understand population structure and 

dynamics. The objective of this work was to evaluate the potential existence of a Mugil curema population structured 
in stocks in La Paz Bay. For this, a total of 709 specimens were collected between 2010 and 2013. Two fish groups 
were identified (G1, n = 212, and G2, n = 178), and the otolith shape was compared using geometric morphometrics, 
L50% was estimated, age was assigned, and a multi-model approach was used to evaluate individual growth. Eight 
age groups were assigned for G1 (3-10) and 5 for G2 (3-7). The most adequate model to describe growth for both 
groups was the von Bertalanffy growth model (G1: L∞ = 421.77, k= 0.32, t0 = -0.05; G2: L∞ = 406.5, k = 0.36, t0 = 
-0.02). Differences in otolith shape and growth parameters between groups were significant; opposite, L50% estimates 
(G1 = 325 mm LT; G2 = 330 mm LT) were not significant. Results suggest the presence of a M. curema population 
structured in at least 2 stocks in La Paz Bay: one stock reproduces in Spring (G1) and the other in the Fall (G2).

Keywords: Population structure; Fishing stock; Multi-model approach; Individual growth; Reproductive pattern

Resumen
En un enfoque holístico es importante identificar potenciales unidades pesqueras para comprender mejor la 

estructura y la dinámica poblacional. El objetivo del presente estudio fue evaluar la potencial existencia de una 
población de Mugil curema estructurada en stocks en bahía de La Paz. Se analizaron 709 ejemplares, de 2010 a 
2013. Se integraron dos grupos (G1, n = 212 y G2, n = 178) de organismos y se comparó la forma del otolito sagitta 
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Introduction

The sustainable management of any species requires 
knowledge on the structure, dynamics, and demography of 
the population within its geographic distribution, because 
the condition of these parameters defines the level of 
exploitation and, therefore, of sustainability (Sinclair 
& Iles, 1988). Hence, it is important to direct research 
efforts towards the identification of potential fishing 
stocks in order to increase precision in the evaluation 
of populations, because most population models assume 
homogeneous biological parameters (e.g., growth, 
maturity, and mortality) and a closed life cycle, in which 
juveniles are produced from the same population (Cadrin et 
al., 2005). An approach for stock identification, generally 
of commercial fish, has been centered on the detection 
of groups based on the quantification of morphometric 
differences of body shape (De La Cruz-Agüero & García-
Rodríguez, 2004; García-Rodríguez et al., 2011; Ibáñez-
Aguirre et al., 2006; Pérez-Quiñonez et al., 2017; Silva, 
2003; Tzeng, 2004; Vergara-Solana et al., 2013) and 
on sagitta otolith shape (Campana & Casselman, 1993; 
DeVries et al., 2002; Félix-Uraga et al., 2005; Stransky 
et al., 2008; Ramírez-Pérez et al., 2010), or on the 
analysis of the shape of both structures (Pérez-Quiñonez 
et al., 2018). The potential presence of population units is 
evaluated based on the assumption that individuals with 
high similarity (similar morphotypes) should be closely 
related, biologically and ecologically (Cadrin et al., 2005). 
Complementary demographic analyses (e.g., age, growth, 
reproduction, and mortality) (Begg et al., 1999; Griffiths, 
1997; Ruiz-Domínguez & Quiñonez-Velázquez, 2018) 
evaluate parameters of biological units (morphotypes-
stocks) to identify differences in the response of fish to 
environmental and fishing pressures (Gherard et al., 2013). 
For this reason, the use of the multiple approaches could 
provide a better understanding of population structure and 
dynamics, as was pointed out by Begg & Waldman (1999), 
who suggested a holistic effort (multiple approaches) to 
evaluate population structure, in such a way that this 

integrating approach maximizes the probability of correctly 
defining fishing stocks. 

The white mullet, Mugil curema (Valenciennes, 1836), 
is an omnivorous fish that feeds mainly on the sediment 
surface; it is also preyed upon by a wide variety of species at 
upper trophic levels (Yáñez-Arancibia, 1976). This species 
is widely distributed on the American continent, inhabiting 
lagoons, estuaries, and coasts in the subtropics. In the 
Eastern Pacific, it occurs from California to Chile, whereas 
in the Western Atlantic it occurs from Cape Cod, USA, 
to Brazil, including the Gulf of Mexico (Castro-Aguirre, 
1978; Robins et al., 1991). It spends most of its biological 
cycle in protected areas (estuaries, bays, lagoons, and river 
deltas) (González-Castro et al., 2006; Harrison, 1995; 
Ibáñez & Gallardo-Cabello, 2004). Adults form schools and 
migrate to the coastal zone to spawn. Post-larvae migrate 
to estuaries and coastal lagoons, where they remain until 
reaching the adult stage (Blaber, 1997; Marín-Espinoza et 
al., 2003; Polanco et al., 1987; Trape et al., 2009).

In Mexico, white mullets are captured along with the 
flathead grey mullet Mugil cephalus (Linnaeus, 1758) 
and are included in the category of “lebrancha” or “lisa” 
in the Mexican National Fisheries Chart (Vasconcelos et 
al., 1996). The group comprises an important economic 
resource for the artisanal fisheries of the lagoons and bays 
of the Mexican Pacific. Catch volumes reach over 10,000 t 
annually (AEAP, 2017; Ibáñez & Gallardo-Cabello, 2004). 
Over 75% of catches come from the states bordering the 
Gulf of California (Nayarit, Sinaloa, Baja California Sur, 
Sonora, and Baja California, in order of importance). In 
Baja California Sur, catches of this resource have averaged 
437 annual tons during the past 18 years (AEAP, 2017). 
The M. curema fishery is regulated by the Official 
Mexican Norm NOM016-PESC-1994 (DOF, 1995) and 
by the National Fisheries Chart (DOF, 2006), where the 
minimum catch size (28 cm TL) and fisheries closure dates 
(April 1 to June 30) are established.

Most studies on M. curema in the Mexican Pacific have 
focused on estimating population parameters (Espino-Barr 
et al., 2005, 2013; Gallardo-Cabello et al., 2005; Ibáñez-

usando morfometría geométrica, se estimó la L50%, se asignó la edad y con un enfoque multimodelo se evaluó el 
crecimiento individual. Se identificaron 8 grupos de edad para G1 (3-10) y 5 para G2 (3-7). El modelo más adecuado 
para describir el crecimiento fue von Bertalanffy para ambos grupos (G1: L∞ = 421.77, k = 0.32, t0 = -0.05; G2: L∞ = 
406.5, k = 0.36, t0 = -0.02). Las diferencias en la forma del otolito y en el crecimiento individual entre grupos fueron 
significativas, pero los estimados de L50% (G1 = 325 mm LT; G2 = 330 mm LT) no fueron significativos. Se sugiere 
que la población de M. curema está estructurada en al menos 2 stocks en bahía de La Paz, que se reproducen durante 
primavera (G1) y otoño (G2).

Palabras clave: Estructura poblacional; Stock pesquero; Enfoque multimodelo; Crecimiento individual; Patrón 
reproductivo
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Aguirre, 2015; Ibáñez-Aguirre & Gallardo-Cabello, 1996; 
Quiñonez-Velázquez & López-Olmos, 2011; Quiñonez-
Velázquez & Mendoza-Guevara, 2009; Quiñonez-
Velázquez et al., 2015) and reproduction parameters 
(Cabral-Solís et al., 2010; Lucano-Ramírez & Michel-
Morfín, 1997; Yáñez-Arancibia, 1976). A recent study 
off the Jalisco coast found that based on the histological 
analysis of gonads, this species is reproductively active 
year-round, with a reproductive peak usually in spring 
and summer (Ruiz-Ramírez et al., 2017). However, the 
macroscopic observation of the gonads of specimens from 
Cuyutlán Lagoon, Colima (Cabral-Solís et al., 2010) and 
a study on the frequency distribution of birth dates of 
specimens from La Paz Bay, BCS (Quiñonez-Velázquez 
& Mendoza-Guevara 2009; Quiñonez-Velázquez et al., 
2015) have indicated the existence of 2 reproductive peaks 
during the year (spring and fall). It is, therefore, reasonable 
to assume that the M. curema population in La Paz Bay 
(LPB) could comprise 2 population units, considering the 
2 events of maximum reproductive activity during the 
year in the region. The first peak comprises organisms 
whose reproductive process ends with spawning in the 
spring (March to June), and the second peak comprises 
organisms spawning in the fall (October and November), 
as was suggested by Moore (1974) for the white mullet off 
the Texas coast, where the existence of 2 populations was 
proposed based on different spawning periods. In LPB, 
these events might be synchronized with the southeastern 
wind pattern (known as Coromuel winds), which are 
characteristic of the area and occur in spring-summer, 
and with the northwest winds in the fall-winter (Obeso-
Nieblas, 2003). The surface sea temperature (SST) pattern 
also presents 2 well-defined seasons: winter-spring (21 to 
24 ºC) and summer-fall (27 to 31 ºC) (Martínez-Flores et 
al., 2006; Obeso-Nieblas, 1987). 

To date, no study has been done relating possible 
phenotypic variations with variations in population 
parameters. Therefore, the objective of the present study 
was to evaluate the potential existence of a M. curema 
population structured by stocks in LPB, BCS, using 
several approaches: the analysis of sagittal otolith shape 
using geometric morphometrics, the study of reproductive 
aspects through the macroscopic observation of gonads, 
and assessment of individual growth using a multi-model 
approach, assuming that differences between stocks are 
a consequence of the environmental conditions to which 
they are exposed.

Materials and methods 

A total of 709 specimens were collected from artisanal 
fishery landings in LPB, BCS, Mexico, from 2010 to 2013. 

Up to 40 specimens per month were selected randomly, 
trying to represent the size structure of the catch. Samples 
were preserved on ice and transported to the laboratory for 
processing. Fish were identified to species level based on 
the work by Ibáñez-Aguirre and Gallardo-Cabello (2005). 
The total length (TL ± 0.1 cm), total weight (TW ± 0.1 g), 
and eviscerated weight (EW ± 0.1 g) were recorded. Gonads 
were extracted and weighed. The sex and maturity stage 
were assigned following visual observation, according to a 
modification of the morphochromatic criteria by Nikolsky 
(1963). Five gonadal developmental stages were used: 1) 
undifferentiated, 2) immature, 3) maturing, 4) mature, and 
5) post-spawn. A pair of sagittal otoliths were extracted 
from each specimen and preserved dry until observation. 
The external face of the right otolith was photographed 
for growth mark readings. All images were digitized at 
8x magnification including a reference for size, using a 
digitizing system integrated to a video camera mounted 
on an Olympus SZX-TR30 stereoscope connected to a 
computer. A subsample was selected to analyze otolith 
shape and the same procedure was employed for digitizing.

The reproductive pattern was described based on all 
collected data and the gonadal maturity changes were 
analyzed over an annual cycle, using 3 complementary 
methods. The first 2 were the monthly evaluation of the 
percentage of mature organisms (stages 3-5) and the 
gonadosomatic index (GSI) (Lucano-Ramírez et al., 2014), 
the third was the condition factor (CF). These indices were 
estimated following the equations (Rodríguez-Gutiérrez, 
1992): 

GSI = [EW/TW-EW] * 100   (1)

CF = [EW/TLb] * 100   (2)

where b is the value of the slope of the potential TW-TL 
relationship. These indices were used assuming that there 
was an inverse relationship between the average maximum 
GSI values and relatively low CF values, which usually 
coincides with gonadal maturity (Sánchez-Cárdenas et 
al., 2007). The differences between the average monthly 
values of each index were estimated with ANOVA using 
STATISTICA 7.0 program (StatSoft, 1995).

A total of 692 otolith pairs were read by 2 independent 
readers (Campana & Thorrold, 2001). Each reader counted 
the number of growth marks (composed by 1 opaque and 
1 translucent band) per otolith twice, and the precision 
between readers and between readings was evaluated with 
the average percent error (APE), proposed by Beamish and 
Fournier (1981):

APE = 1/N∑N
j = 1[1/R∑R

i = 1 (Xij-Xj/Xj )] * 100   (3)
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where N is the number of organisms for which age was 
determined, R is the number of readings per otolith, Xij 
is the ith reading of the jth otolith, and Xj is the average 
number of growth marks on the jth otolith. The coefficient 
of variation (CV) was also estimated, using the same 
notation and variables as in equation (3) (Chang, 1982):

CV = 1/N∑N
j=1 (√1/R∑R

i=1 ((Xij-Xj)
2/Xj)   (4)

In both cases, values < 10% are considered adequate 
(Campana et al., 1995; Morison et al., 1998). The 
consistency in the allocation of the first growth mark was 
determined by the distribution of the radio frequency to 
the first translucent band (R1) for all specimens (García-
Contreras et al., 2009; Rocha-Olivares & Gómez-Muñoz 
1993). The periodicity in the formation of growth marks 
was identified through the analysis of the Marginal 
Increment (MIA) (Lai & Liu 1979):

MIA = (R-rn)/(rn-rn-1)   (5)

where R is the otolith radius, rn is the distance from the 
otolith nucleus to the last observed growth mark, and rn-1 is 
the distance from the nucleus to the penultimate observed 
growth mark. This analysis quantifies proportionally 
the formation of growth marks with respect to the last 
completely deposited mark, and values range from 0 to 1. 
Low MIA values are interpreted as the beginning of the 
formation of the opaque band, whereas high values are 
interpreted as the end of the formation of the translucent 
band. The differences between the monthly MIA averages 
were evaluated using a non-parametric Kruskal-Wallis test 
in the program STATISTICA 7.0 (StatSoft, 1995).

To analyze differences in sagittal otolith shape, 
2 data sets were created (Spring: March-May, Fall: 
October-November), based on the potential existence of 

2 reproductive events per year in LPB, as was suggested 
by Quiñonez-Velázquez and López-Olmos (2011) and by 
Quiñonez-Velázquez et al. (2015). The sample size for 
this analysis was 59 specimens for the spring (G1) and 51 
specimens for the fall (G2); all specimens were ≥ 220 mm 
TL. The description and comparison of otolith shape were 
based on configurations generated by digitalization (X, 
Y coordinates) of natural anatomical landmarks located 
mainly on the outline of the structure. Because the number 
of landmarks was not sufficient to represent otolith shape, 
a reference grid with radial distances and equidistant 
angles was used as a reference, to assign and locate semi-
landmarks along the perimeter of the otoliths using the 
program MakeFan (Sheets, 2004). An exploratory analysis 
was previously carried out by placing landmarks (n = 
42) along the contour of the otolith, with the purpose of 
detecting those marks that presented less magnitude in the 
variation of the shape between analyzed groups. Selecting 
a total of 20 reference points to represent the shape of the 
otolith (Fig. 1). All digitalizations were performed using 
the program TpsDig (Rohlf, 2004).

For data analysis, geometric configurations were 
transferred, scaled, and rotated for each group using the 
Procrustes superposition method in the program Coordgen 
6 (Sheets, 2004). To discard differences in the shape 
associated with allometric effects, a regression analysis 
was performed between partial warp scores and uniform 
deformation scores on the natural log (ln) of centroid size 
(LCS), using the Regress6k program (Sheets, 2004). To 
test for phenotypic differences between the organisms of 
the 2 groups, we compared the total procrustes distance 
(TPD) between each pair of average configurations. The F 
values (variance ratio) obtained from the observed values 
and the F values obtained with 100 re-samplings were 
compared, and the statistical significance was obtained 
from the percentage of times the calculated F values 

Figure 1. A) Schematic representation of sagitta otolith external face of the white mullet Mugil curema in La Paz Bay. B) Location 
of 20 marks used to represent the otolith shape. Gray points: landmarks, black points: semi-landmarks, center point: centroid.  
R: rostrum, PR: postrostrum, VM: ventral margin and DM: dorsal margin.
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were equal to or greater than the F values obtained with 
observed data. These analyses were performed using the 
Two Group program (Sheets, 2004). Finally, to have a 
clear perspective and to be able to visualize the trend in 
the variation of the shape between the groups, the “thin 
plate spline” function was used, basically this function 
graphs the vectors produced from the analysis of the partial 
deformations and interpolates the variation occurred 
between homologous marks. That is, the greater the 
morphological differences between the 2 configurations, 
the deformation in the plaque will be more significant, 
thus defining the morphological changes. In turn, it allows 
to increase the degree of deformation, so that the changes 
are more noticeable. 

A total of 390 mature specimens (stages 3, 4, and 
5) were used to evaluate differences in growth and 
reproductive parameters between the 2 groups (G1: n 
= 212; G2: n = 178). Differences in length and weight 
between the groups were evaluated using a non-parametric 
Kolmogorov-Smirnov test in the program STATISTICA 
7.0 (StatSoft, 1995).

Five models were evaluated to describe the individual 
growth of the white mullet: von Bertalanffy, Gompertz, 
logistical, Richards, and Shnute (Table 1). The estimation 
of the parameters of the models was performed by 
maximizing the negative of the verisimilitude logarithm 
using the Gauss-Newton direct search algorithm. The 
95% confidence intervals of the parameters were 
estimated based on the verisimilitude profiles, assuming 
a χ2 distribution (Polacheck et al., 1993). The selection of 
the most adequate model and its veracity was based on 
Akaike´s information criterion (AIC). According to this 
criterion, the model with the lowest AICi (AICimin) is the 
most adequate model to describe growth:

AICj = 2LL + 2K   (6)

where LL is the verisimilitude obtained for each 
adjustment and K is the number of model parameters. 
The AICi differences (Δi = AICi - AICmin) were estimated 
to assess the statistical support for each model. According 
to Burnham and Anderson (2002), models with Δi > 10 do 
not have statistical support and should be omitted from the 
analysis, models with Δi < 2 have high statistical support, 
and models with 4 < Δi < 7 have intermediate support. 
The credibility of each model was evaluated with the AIC 
weight (wi), based on the equation proposed by Burnham 
and Anderson (2002):

Wi = exp(-0.5 Δi)/ ∑
5
k=1exp(-0.5 Δk)   (7)

Because the G1 and G2 groups were comprised only by 
organisms with a length ≥ 220 mm LT, in order to avoid 
overestimating the average size of the younger age groups 
and negatively influence the estimation of the growth 
coefficient, lengths back-calculated in the adjustment of 
the growth models to the age-length data were used. The 
Fraser-Lee equation was used to back-calculate previous 
lengths (Araya & Cubillos, 2006):

Li = a + (Lc – a) * (ri/R)   (8)

where Li is the back-calculated length of growth mark i, 
Lc is the length of the specimen at capture, a is a model 
parameter, ri is the distance from the nucleus to ring i, and 
R is the radius of the otolith at capture. The hatch size of 
M. curema was used as parameter a (2.2 mm TL) (Houde 
et al., 1976), to reduce bias introduced from not including 
young specimens in the estimate of the intercept of the 
relationship between otolith size and fish size (Araya & 
Cubillos, 2006).

For reproductive aspects, the total sexual proportion 
and sexual proportion by group were estimated with a Chi 
squared (χ2 test with correction for continuity by Yates 
(Zar, 2010):

χ2
Yates + ∑((|fi-fiexp|-0.5)2)fiexp)   (9)

where fi is the frequency of males or females observed and 
fiexp is the expected frequency.

The length of at least 50% of individuals that had 
reached sexual maturity L50% was estimated, adjusting a 
logistic model to the percentage of mature specimens by 
size interval (10 mm) through the non-linear module of 
the Statistica 7.0 program (StatSoft, 1995). The equation 
defining this model is as follows:

Pi = 1/(1 + exp[-r(TLi-L50%)])   (10)

where Pi is the percentage of mature organisms, i is the size 
interval, TLi is the size of interval i, and r is the intercept.

Differences in parameters of growth and the sexual 
maturity length between groups were evaluated based on 
the verisimilitude test proposed by Kimura (1980):

χ2
k = -Nln(SRCΩ/SRCω)   (11)

where k is degrees of freedom, in this case the number of 
parameters, N is the total number of data, SRCΩ is the sum 
of squared residuals of the model adjusted to each data 
set, and SRCω is the total sum of squared residuals of the 
adjustment of the model to the data.
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Results

The size and weight of all analyzed specimens (N = 
709) ranged between 79 and 405 mm TL, and between 
6 and 600 g TW. Females (F) represented 82% of the 
sample (TLmean = 326.6 mm, TWmean = 316.6 g), males (M) 
represented 12% of the sample (TLmean = 304 mm, TWmean 
= 263.8 g), and 6% were undifferentiated (U) (TLmean = 

103.6 mm, TWmean = 13.7 g). The reproductive pattern 
showed modest changes during the 4 years of sampling, 
with ± 1 month at the beginning and end of maximum 
reproductive activity. Organisms with mature gonads 
were observed during most of the year, with 2 events of 
maximum reproductive activity per year. The first event 
occurred in March-June (G1) and the second in October-
November (G2) (Fig. 2).

Table 1
Models evaluated using multi-model inference to describe the individual growth of the white mullet Mugil curema in La Paz Bay.

Model Equation Parameters
Von Bertalanffy Lt = L∞ (1-e-k(t-t

0
)) Lt = length at age t

L∞ = asymptotic length
k = annual growth coefficient
t0 = age to length 0

Gompertz Lt = L∞ e(-e-k
1

(t - t
1
)) t = age in years

k1 = instantaneous rate of growth at age t1
t1 = point of inflection of the curve and age at which the absolute rate 
of growth begins its decline

Logistic Lt = L∞ (1 + e-k
2
(t - t

2
))-1 k2 = relative parameter to the growth rate

t2 = turning point of the sigmoid curve
Richard Lt = L∞ (1 – e-k

3
(1 - m)(t - t

3
))1/(1 - m) k3 = growth rate at the inflection point

t3 = age to the inflection point
m = model adjustment parameter

Shnute Lt = (yb
1 + (yb

2 – yb
1) + 

(1-e(-a(t - t
1

)))/(1-e(-a(t
2 

- t
1

))))
b = Relative increase in the growth rate (constant over time)
y1 = length at age t1
y2 = length at age t2

Figure 2. A) Reproductive pattern of the white mullet Mugil curema in La Paz Bay, during 2010-2013. B) Annual cycle. Each peak 
is associated with a reproductive group. G1 are fish that reproduce in spring, and G2 those that do it in the fall.
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There were significant differences in monthly CF 
values (F = 38.74, p < 0.05). The lowest CF value was 
recorded in April (CF = 0.0027) and the maximum 
value was recorded in December (CF = 0.0034) (Fig. 3). 
Differences in GSI monthly values were significant (F = 
3.36, p < 0.05); this pattern coincided with the 2 periods of 
maximum reproductive activity (G1 and G2). The greatest 
GSI values were recorded in April-June and November 
(2.7 to 3.5) (Fig. 3). There was a significant negative 
correlation between GSI and CF (r = -0.7, p < 0.05, N =12). 

Precision in growth mark readings per reader and 
between readers was adequate (APE = 1.54%, CV = 2.17), 
and there was consistency in the assignment of the first 
growth mark, evidenced by a unimodal R1 pattern (Fig. 4). 
There were no significant differences in the monthly MIA 
averages (F = 1.1, p = 0.34); this index presented highest 
values in June and December-February, and lowest values 
in May and October (Fig. 5). There was a non-significant 
negative correlation between MIA and the monthly 
proportion of mature organisms (r = -0.47, p < 0.05).

No significant correlation was detected between DTP 
and the LCS (r = -0.0018, p > 0.05). The analysis based on 
the F test indicated significant differences in DTP between 
groups (F= 11.07, p < 0.01, DTP = 0.0239). The results 
in the variation of the shape between the groups (Fig. 6), 
occurred mainly in the dorsal area of the rostrum and in 
the ventral part of the postrostrum. Otoliths corresponding 
to G1 were considerably longer that otoliths corresponding 
to G2, with an average total otolith radius (RTmean-otolith) 
of 4.2 mm and 4.0 mm, respectively.

G1 fish measured 325 mm TL on average (size range: 
220 to 405 mm TL) and weighed 306 g TW on average 

(weight range: 115 to 505 g TW); the sexual proportion 
was 9.8F:1M (91% F and 9% M). G2 fish measured 329 
mm TL on average (size range: 254 to 401 mm TL) and 
weighed 324 g TW on average (weight range: 204 to 
449 g TW); sexual proportion was 6.4F:1M (84% F and 
16%M). Differences in size and weight between groups 
were significant (p < 0.01) (Fig. 7).

G1 comprised 8 age groups (3-10), whereas G2 
comprised 5 age groups (3-7). In both cases, the best-
represented age groups were year 4 (69%) and year 5 (71%) 
(Fig. 8). Of the models evaluated to describe the size-age 
relationship, the von Bertalanffy and Richard models were 
the most adequate for both groups. The model with the 
lowest AIC and greatest statistical support was the von 
Bertalanffy model (Table 2). Results indicated that the 
Gompertz, logistic, and Shnute models were not adequate 
to describe the growth of either white mullet group (mullet 

Figure 3. Annual cycle of the Condition Factor (CF) and the Gonadosomatic Index (GSI) of the white mullet Mugil curema in La 
Paz Bay.

Figure 4. Unimodal distribution of the radius at the first growth 
mark (R1) in otoliths of the white mullet Mugil curema in La 
Paz Bay.
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group (Δi > 10). The von Bertalanffy and Richard models 
had high statistical support for G1 data, whereas for G2 
data the von Bertalanffy model had high statistical support 
(Δi < 2) and the Richard model had intermediate statistical 
support (4 < Δi < 7). The curve that best described growth 
for both groups was the von Bertalanffy model, and its 
parameters are presented in figure 9. Differences in growth 
between G1 and G2 were significant (p < 0.05). The 95% 

confidence intervals of estimators of the model parameters 
were: were: L∞ = 419.6/423.2, k = 0.314/0.324, t0 = -0.019/-
0.01 for G1; and L∞ = 404/408.4, k = 0.359/0.369, t0 = 
-0.067/-0.001 for G2. 

G1 had a slightly lower L50 % than G2 (G1: 325 mm TL, 
G2: 330 mm TL), but this difference was not significant 
(p > 0.05) and these sizes were reached around 5 years of 
age in both cases (Fig. 10).

Figure 5. Monthly changes of the Marginal Increment (MIA) and mature organisms of the white mullet Mugil curema in La Paz Bay.

Table 2
Parameters of the models to describe the growth of white mullet Mugil curema by groups in Bahía de La Paz. t0 age at the inflection 
point for the Gompertz and Logistic models, and age at the zero length in von Bertalanffy, Richard and Schnute; k, coefficient of 
growth; L∞, asymptotic length; m, dimensionless parameter; a, relative growth rate; b, inherent constant of the growth rate; y1 and y2, 
length at the minimum age observed and the maximum age observed; AIC, Akaike Information Criterion and Δi Akaike difference.

Model t0 k L∞ m a y1 y2 b AIC Δi

Group 1 (G1)
von Bertalanffy -0.05 0.32 421.77 50.47 0
Gompertz 1.32 0.58 391.38 57.18 6.71
Logistic 2.01 0.82 384.26 59.82 9.35
Richard -0.47 0.34 412 7.4 E-5 52.25 1.78
Schnute -0.08 429.23 0.34 211.28 415.36 0.99 57.29 6.82
Group 2 (G2)
von Bertalanffy -0.02 0.36 406.5 38.23 0
Gompertz 1.19 0.73 364.42 45.75 7.52
Logistic 1.73 1.07 355.01 48.04 9.81
Richard -0.02 0.39 389.36 0.01 44.64 6.41
Schnute -0.08 438.67 0.37 25.27 418.31 0.98 61.01 22.78
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Figure 6. Schematic representation of the shape of the otolith 
associated with each stock (upper image). Deformation grids 
resulting from the comparison of the average otolith of each 
group with respect to the global average shape (image below). 
The size and direction of the arrows indicate the magnitude of 
the variation between the G1 vs. G2 groups. Grids are enlarged 
to 0.1X. G2 has on average a smaller otolith size, with the largest 
change in the dorsal margin.

Figure 7. Distribution of size frequencies (A) and weights (B) by 
group (G1, G2) of the white mullet Mugil curema in La Paz Bay.

Figure 8. Age frequency distribution by group (G1, G2) of the 
white mullet Mugil curema in La Paz Bay.

Figure 9. von Bertalanffy growth model fitted to age and backc-
alculated length by group of the white mullet Mugil curema in 
La Paz Bay.
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Discussion

The reproductive cycle of the white mullet M. curema 
in LPB was defined by the year-round presence of mature 
organisms, a similar pattern presented by other tropical 
fish species (Bond, 1979; Lagler et al., 1977). During the 
study period, the reproductive cycle of white mullet was 
characterized by the consistent occurrence of 2 periods of 
maximum reproductive activity, the first in March-May 
(defined as G1) and the second in October-November 
(defined as G2). G1 had a wider amplitude than G2, similarly 
to what was reported by Quiñonez-Velázquez et al. (2015) 
for the same study area, as well as by other authors for other 
regions, e.g., Marín-Espinoza (1996) for the Venezuela 
coast, Álvarez-Lajonchere (1976) for Cuba, Cabral-Solís et 
al. (2010) for Colima, Mexico, and Ditty and Shaw (1996) 
for the northern Gulf of Mexico. This reproductive strategy 
could be linked to the geographical distribution of this 
species and to the environmental characteristics that prevail 
in the region (Marín-Espinoza et al., 2003; Ruiz-Ramírez 
et al., 2017). Generally, fish reproduce when conditions are 
appropriate for the greater survival probability of larvae, 
avoiding periods of low food availability and, therefore, 
present slow growth (Chellappa et al., 2010). In areas 
close to the tropics, such as LPB, changes in temperature 
and photoperiod play an important role in the life cycle 
of fish, mainly in reproduction (Estrada-Godínez et al., 
2014). Reyes-Salinas et al. (2003) reported a seasonal trend 
in primary productivity (PP) in LPB, with 2 peaks per 

year, the first one in March (16 mg C  m-3h-1) (when the 
photoperiod increases and heat starts to build up), and the 
second in October (5 mg C m-3h-1) (when the photoperiod 
decreases and there is heat loss). These events coincide 
with the 2 reproductive periods observed in this study, 
suggesting a possible synchronization of gametogenic 
development with a sea surface temperature (SST) interval 
between 23 and 26 ºC (Obeso-Nieblas, 1987; Reyes-Salinas 
et al., 2003) and synchronization of spawning with high PP. 
It is also possible that white mullet stocks synchronize 
their reproductive resting period with the warmest months 
of the year (August and September), which have average 
SST between 28ºC and 31ºC (Martínez-Flores et al., 2006; 
Obeso-Nieblas, 1987) and low PP (2 mg C m-3h-1) (Reyes-
Salinas et al., 2003), because the lowest proportion of 
mature organisms was recorded during this period during 
the 4 years of sampling (8%). This plasticity has also been 
observed in other teleost fish species off the western BCS 
coast (Pérez-Olivas, 2016), where the beginning of the 
reproductive period occurs after a seasonal increase in SST 
(March), and fish enter a reproductive resting period during 
the warmest months (August and September, > 29 ºC).

Based on the identification of significant differences 
in the average monthly values of the CF and the negative 
correlation with the GSI, an inverse relationship between 
the body condition of the white mullet and the reproductive 
activity is suggested. For this reason, CF could be used 
along with GSI to support the indirect identification of the 
reproductive period, as was done by Ibáñez and Gallardo-

Figure 10. Average size of sexual maturity L50% per group of the white mullet Mugil curema in La Paz Bay. Dashed lines indicate, 
on the X axis, the 50% size of mature fish.
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Cabello (2004), Kanak and Tachihara (2008), Cabral-Solís 
et al. (2010), and Ruiz-Ramírez et al. (2017). On the other 
hand, other authors (Aburto-Oropeza et al., 2008; Albieri, 
Araújo, & Ribeiro, 2010; Chandrasekhara & Krishnan, 
2011; Estrada-Godínez et al., 2014; Volpato & Trajano, 
2005) have pointed out that CF is not related to GSI in 
some tropical fish species because breeding fish do not 
stop feeding during the maturing and spawning stages. 
This is the opposite of what is observed in some temperate 
and cold water species such as salmonids, that stop feeding 
during the breeding period and use energy reserves from 
visceral fat and muscle for vital functions, which leads to 
a clear decrease in CF (Barnham & Baxter, 1998; Bureau 
et al., 2002).

The average monthly MIA values suggest that there are 
2 times during the year when the white mullet population 
of LPB deposits a growth mark (GM), the first in summer 
(June-July) and the second in winter (December-February). 
Both seasons coincide with the end of the reproductive 
period of each of the detected groups. Based on this 
information, we identified an annual periodicity in the 
formation of GM. An annual GM is composed of 2 bands, 
an opaque band (O) usually linked to a rapid growth period 
and low MIA values, and a translucent band (T) linked to a 
slow growth period and high MIA values, both determined 
by food availability and energy destined towards somatic 
growth (Botha, 1971; Espino-Barr et al., 2005; Pannella, 
1974). The reproductive process results in great energetic 
demands, and one can suppose that other processes such 
as somatic growth will tend to show a clear decrease 
at this time (Fernández-Palacios & Izquierdo, 2009). It 
should also be mentioned that after reaching gonadal 
maturity, white mullets migrate offshore to spawn, from 
protected waters towards the open ocean (Ibáñez-Aguirre 
& Gallardo-Cabello, 1996; Marín-Espinoza et al., 2003; 
Trape et al., 2009). These events could be the reason why 
periods of slow growth (high MIA value) were recorded 
in the present study, after each event of maximum 
reproductive activity. This white mullet strategy, which 
implies annual periodicity in the formation of GM, based 
on the relation between the formation of the T band and 
the reproductive period, has been previously reported for 
the Gulf of Mexico (Ibáñez-Aguirre & Gallardo-Cabello, 
1996; Ibáñez et al., 2012) as well as for the Mexican 
Pacific (Cabral-Solís, 1999; Espino-Barr et al., 2005).

From the statistically significant difference in the 
otolith shape between groups (G1 and G2) and in the 
images through the thin plate spline, it was possible 
to observe in detail the presence of 2 white mullet 
morphotypes with their own phenotypic characteristics 
in BLP. Variations in the shape of anatomical structures 
such as otoliths are associated with age in the individuals 

of species with individual growth and tendency towards 
allometry (Alberch et al., 1979; Gould, 1966; Klingenberg, 
1998; Pérez-Quiñonez et al., 2018). In the present study, 
to reduce this potential effect, the individuals analyzed 
were adults ≥ 220 mm LT, furthermore, we found a non-
significant negative correlation between DTP and the 
LCS; and therefore, these detected differences in shape 
are not associated with allometric effects. Moreover, one 
of the characteristics of geometric morphometrics is that it 
does not consider differences between configurations that 
are attributable to location, scale, and orientation, leaving 
only differences in shape (Kendall, 1977; Zelditch et al., 
2004). To date, the use of otoliths to detect phenotypic 
population units (stocks) through shape analysis has 
been very useful (Félix-Uraga et al., 2005; Pérez-
Quiñonez et al., 2018; Ponton, 2006; Ramírez-Pérez et 
al., 2010; Vergara-Solana et al., 2013), because otoliths 
are structures that allow an interpretation that is relatively 
similar to that provided by the analysis of body shape, 
and it has been suggested that otoliths are adequate to 
discriminate stocks (Pérez-Quiñonez et al., 2018; Vergara-
Solana et al., 2013). Differences in shape are a record of 
the life history of the individual and express ontogenetic 
changes, phenotypic plasticity, or evolutionary adaptations 
linked to environmental factors (Campana & Thorrold, 
2001; Espino-Barr et al., 2005; Gallardo-Cabello et al., 
2006, 2011). In the present study, the greatest variation 
in otolith shape occurred mainly in the dorsal rostrum-
post rostrum area and allowed significant discrimination 
between groups. In a study by Ibáñez-Aguirre et al. (2006), 
which evaluated body shape of 2 white mullet populations 
from the Gulf of Mexico and from the Pacific Mexican 
coast using traditional morphometrics, only differences in 
eye shape were detected. In the present study, geometric 
morphometrics was applied to identify differences in otolith 
shape in the white mullet from LPB. Great intraspecific 
variations were found in a small geographic area, compared 
with that analyzed by Ibáñez-Aguirre et al. (2006). This 
is because geometric morphometrics allows inferences of 
high biological significance, based on differences between 
individuals and populations. Moreover, the use of otoliths 
has brought favorable results to delimit population units 
(Pérez-Quiñonez et al., 2018; Ramírez-Pérez et al., 2010; 
Vergara-Solana et al., 2013).

The detected variations in white mullet otolith shape 
could be reflecting the conditions to which individuals 
are exposed, such as seasonality in temperature, salinity, 
oxygen, photoperiod, and primary productivity in the 
area of residence (Ramírez-Pérez et al., 2010; Winberger, 
1992), which directly influence the behavior, physiology, 
mortality, growth, reproduction, and demography of 
individuals, producing a type of phenotypic plasticity 
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in response to variations in the environment (Miner et 
al., 2005). Such changes could be expressed during the 
individual life cycle only or during generations. However, 
to corroborate this information, studies are needed that 
include a detailed following of biological characteristics, 
as well as studies that focus on the discrimination of 
phenotypes based on geometric morphometrics (Begg 
& Waldman, 1999). An example of this is a case study 
on the Pacific thread herring off the northwest Mexican 
coast, in which 3 morphotypes that conserved their own 
growth, reproduction, and mortality parameters were 
detected (Pérez-Quiñonez et al., 2018; Ruiz-Domínguez & 
Quiñonez-Velázquez, 2018), coinciding with results from 
the present study on the white mullet population in LPB.

G1 fish were on average smaller and lighter (325 mm 
TL, 306 g TW) than G2 fish (329 mm TL, 324 g TW). 
Sexual proportions of G1 and G2 indicated that most of the 
population exploited in LPB was represented by females 
(> 80%), which is considerably different from what would 
be expected theoretically (1F:1M) (Nikolsky, 1963). This 
result coincides with most studies carried out to date on 
white mullet in the Mexican Pacific (Cabral-Solís et al., 
2010; Lucano-Ramírez & Michel-Morfín, 1997; Ramos-
Cruz, 1985; Ruiz-Ramírez et al., 2017), in the Gulf of 
Mexico (Ibáñez & Colín, 2014; Ibáñez & Gallardo-
Cabello, 2004), and in Brazil (Albieri, 2009; Albieri, 
Araújo, & Ribeiro, 2010; Albieri, Araújo, & Uehara, 2010; 
Fernández & Dias, 2013). Only the studies by Oliveira, 
Costa et al. (2011), and Oliveira, Costa et al. (2011) off 
the northwest Brazil coast resulted in the expected sexual 
proportion (1F:1M). The greater representation of females 
in catches of this species could be because it is usually 
captured in areas near the coast. Some authors, such as 
Ould-Mohamed Vall (2004), argue that species from the 
Mugil genus tend to present segregation by age class and 
sex, and that males remain in areas away from the coast 
most of the time.

Age was assigned using the number of growth marks 
on otoliths. There was a greater number of age groups 
(3-10 years) in G1 than in G2 (3-7 years); however, the 4 
and 5 age groups were the best represented in both groups. 
Despite the difference in the age structure between the 
2 groups, the longevity estimate (A95%) was similar for 
both (10 years for G1 and 9 years for G2). The detected 
age difference could be related to the fishery closure in 
the region (1 April to 30 June), which occurs when G1 
presents its reproductive peak; G2 is vulnerable to fishing 
during its maximum reproductive event in the fall.

No white mullets over 9 years old have been reported; 
however, A95% estimates greater than 10 years have been 
reported (Espino-Barr et al., 2013; Gallardo-Cabello et al., 
2005; Ibáñez-Aguirre & Gallardo-Cabello, 1996; Ramos-

Cruz, 1985). This could be an effect of fisheries, as was 
pointed out by Lagler et al. (1977), who indicated that 
the low abundance of organisms of advanced age in the 
age structure was due to a greater accumulated mortality 
compared with younger organisms, because the fishery 
was the main factor that decreased the abundance of larger 
organisms, as indicated by Cabral-Solís et al. (2007), who 
report 75% of the total mortality of organisms between 2 
and 5 years of Mugil curema, as a result of fishing.

Both M. curema groups displayed fast individual 
growth during the first years of life (G1: 73% of L∞, 
G2: 75% of L∞) before reaching the average size/age at 
sexual maturity (G1: 325 mm TL, G2: 330 mm , 5 years 
in both cases). After the first reproductive event, the 
growth rate decreased gradually as the asymptotic length 
was reached, a growth pattern that is common in tropical 
species of the Mugil genus (Cabral-Solís, 1999; Gallardo-
Cabello et al., 2005). Of the models evaluated to describe 
individual growth in the white mullet, the von Bertalanffy 
model resulted in the lowest AIC value for both groups. 
Moreover, it showed the highest statistical support, and 
was the most adequate to describe variations in age-size 
data. This model assumes that environmental conditions are 
constant and that fish growth is conditioned by metabolic 
physiological processes (Araya & Cubillos, 2006). The 
multi-model approach indicated that the Richard model 
was also statistically valid (G1: ∆i < 2, G2: 4 < ∆i < 7) to 
describe white mullet growth. This model has also been 
successful for the description of growth in sharks, cattle, 
and buffalos (Katsanevakis, 2006; Peroto et al., 1992).

The parameters obtained based on the von Bertalanffy 
model indicated that G1 reached greater lengths and ages 
than G2; however, L50% was greater for G2 than G1. The 
L50 % is an important parameter because it defines the 
moment in which the organism experiences a series of 
physical, metabolic, and behavioral changes. In the case 
of species under intense exploitation, it could function 
as a reference to establish minimum catch sizes (Ruiz-
Ramírez et al., 2017). The difference between G1 and G2 
in L50% estimates was not statistically significant, which 
suggests that the 2 groups matured at the same average 
size/age; these estimates were higher than those reported 
for this species in other areas of Mexico (Table 3). The 
large L50% estimate obtained with the analyzed specimens 
could point to some survival advantages because fecundity 
is related to the size of the female (Ibáñez & Colín, 2014). 
Therefore, if the size at sexual maturity is large in this 
area, it is probable that there is also greater fecundity 
and greater quality of oocytes (Lowerre-Barbieri et al., 
2011). These differences could be associated mainly with 
environmental conditions and with the type of net used for 
this species’ capture (Vazzoler, 1996). Cabral-Solís et al. 
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(2007) recommended the use of gill nets with mesh sizes 
between 6.98 and 7.62 cm to capture individuals measuring 
between 321 and 350 cm TL for the artisanal fishery of 
Cuyutlán Lagoon, Colima. At that size, fish would be 
between 4 and 5 years old and would have reproduced. 
McDonough et al. (2005) argued that the size at first 
maturity is conditioned by the particular characteristics of 
each species and perhaps of each population. Therefore, 
in the case of large detritivorouse fish with relatively long 
lives such as the white mullet, maturity is reached at a 
larger size and older age.

Previous studies on the white mullet M. curema that 
have focused on reproduction (Albieri, Araújo, & Ribeiro, 
2010; Albieri, Araújo, & Uehara, 2010; Fernández & Dias, 
2013; Ibáñez & Colín, 2014; Ibáñez & Gallardo-Cabello, 
2004; Ruiz-Ramírez et al., 2017) and growth (Espino-Barr 
et al., 2005; Gallardo-Cabello et al., 2005; Ibáñez-Aguirre 
& Gallardo-Cabello, 1996; Ibáñez et al. 1999; Quiñonez-
Velázquez & López-Olmos, 2011) aspects have interpreted 
the information obtained by supposing that the population 
was not structured in population units. However, results 
from the present study differ in this regard and indicate 
that the white mullet in LPB is structured by stocks. In 
consequence, it is necessary to consider results from 
the present study to perfect a management scheme that 
guarantees the sustainability of the white mullet resource. 
Cadrin et al. (2005) commented that the identification 
and delimitation of stocks should be considered as a 
prerequisite to the evaluation of populations and their 
fishery, especially for species that are exposed to constant 
pressure from fishing, such as the white mullet (Gómez-
Ortiz et al., 2006). Results from this study, supported by 
otolith shape, reproductive aspects, and individual growth, 
suggest the presence of 2 stocks in LPB and therefore a 

potential adjustment in the fishery closure date for this 
species should be considered for this region. 

Finally, we conclude that the unimodal pattern in the 
radius of the first GM, the precision in the readings between 
readers, and the high correspondence between Rt and TL 
observed in the present study, validated the use of otoliths 
to estimate age in the 2 white mullet groups in LPB, which 
presented different characteristics of average size and 
weight, and individual growth. Results coincided with the 
exploratory analysis with geometric morphometrics, the 
reproductive pattern, and the periodicity in the formation 
of growth marks. Evidence from this study supports the 
potential existence of 2 white mullet M. curema population 
units in the study area. The following step should consist of 
a detailed analysis gonadal development from histological 
methods, in addition to the variation in body shape and 
otoliths through ontogeny for the 2 population units in 
LPB. 
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Table 3
Values of the length of first sexual maturity L50% of the white mullet Mugil curema estimated by several authors.

Author Study area L50% (mm)
Both genders Females Males

Cabral-Solís (1999) Colima 271-280 - -
Meléndez-Galicia & Romero-Acosta 
(2010)

Michoacán 245 - -

Cabral-Solís et al. (2010) Colima - 270 255
Fernández & Díaz (2013) Brasil 249 - -
Ruiz-Ramírez et al. (2017) Jalisco - 245 217
Present study La Paz Bay, BCS (G1) 325 - -
Present study La Paz Bay, BCS (G2) 330 - -
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