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ABSTRACT

The lion-paw scallop Nodipecten subnodosus is a commercially important resource in the northwest of Mexico; however
few studies evaluate its growth. Length of shell was used to estimate individual growth parameters of the lion-paw scallop
from a wild population. Monthly samplings were performed from January to December 2006 in Bahia de Los Angeles on
the western coast of the Gulf of California, Mexico. Morphometric relationships between total length, height, total weight,
and mass weight were estimated. The number of cohorts was determined monthly using the multinomial technique based
on a likelihood function. The cohort that was best represented over time was used to fit the stationary growth model of
von Bertalanffy. The results indicated that this species presents negative allometric growth and showed high correlation
among different morphometric measures (R? > 0.88). Length frequency distributions showed two cohorts in each sample,
except from August to November when there were up to three cohorts, with greater variance in those of intermediate
sizes. The growth parameters were: L = 19.06 cm, k = 0.47 year', z, = -0.19 years, C = 0.38, #s = 0.37. Due to fluctua-
tions in the growth of the species, assessments should be performed based on age-structured models to support fishery
management measures for this species.
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RESUMEN

La almeja mano de ledn Nodipecten subnodosus es un importante recurso comercial en el noroeste de México; sin em-
bargo, son escasos los estudios que evaltian su crecimiento. Se utilizd la longitud de la concha para estimar los parame-
tros de crecimiento individual de una poblacidn silvestre de la almeja mano de ledn. Se realizaron muestreos mensuales
de enero a diciembre de 2006 en Bahia de Los Angeles en la costa oeste del Golfo de California, México. Se estimaron
diferentes relaciones morfométricas entre ellas la longitud total, altura, peso total y peso sin concha. Se determing el nd-
mero de cohortes utilizando la técnica estadistica multinomial basada en una funcion de verosimilitud. Se us6 la cohorte
que estuvo mejor representada en el tiempo para realizar las estimaciones de los parametros de crecimiento a través
del modelo estacionalizado de von Bertalanffy. Los resultados sefialan que esta especie presenta un crecimiento de tipo
alométrico negativo y mostrd una alta relacion entre las diferentes medidas morfométricas (R? > 0.88). Las longitudes
mostraron dos cohortes en cada muestra, excepto desde agosto hasta noviembre donde se obtuvieron tres cohortes
con una elevada varianza en las cohortes de longitudes intermedias. Los pardmetros de crecimiento fueron: L = 19.06
cm, k = 0.47 afio”, £, = -0.19 aiios, C = 0.38, «s = 0.37. Debido a las oscilaciones en el crecimiento de la especie, se
recomienda realizar evaluaciones basadas en modelos estructurados por edades para sustentar las medidas de manejo
pesquero de esta especie.

Palabras clave: Bivalvo, longitud, modelo estacionalizado de von Bertalanffy, poblacion silvestre, verosimilitud.
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INTRODUCTION

Growth estimations are important for assessing the population’s dyna-
mics and for analyzing fisheries through age structured models in order
to obtain accurate models, natural and fishing mortality, exploitation rates
and catchability. (Velazquez-Abunader et al., 2013). The growth parame-
ters need to be calculated from the data obtained from the same popula-
tions as those where the organisms are being caught (Sparre & Venema,
1997). However, the increase in exploitation of fishery resources and the
need to establish management schemes for the different fisheries requi-
res the use of simple and practical methods which in the short-term allow
growth parameters to be estimated (Chuenpagdee et al., 2011).

In bivalves age can be determined through of: a) direct counting of
growth lines in the shell (Calderdn-Aguilera et al., 2010); and b) modal
progression analysis (Herrmann et al., 2009). In order to use the first
method, it is necessary to validate the periodicity of the growth incre-
ments using organisms of a known age, bred in captivity, whereas the
second technique provides a quick estimate of the growth parameters
but requires progressive monitoring of size structure over time (Sparre
& Venema, 1997). For selected species, age validation has been possi-
ble when the organisms have been cultured in several environments,
thus providing a basis for the validation of growth parameters. The
lion-paw scallop Nodipecten subnodosus (Sowerby, 1835), is a good
example, since it has been extensively cultivated across its geographi-
cal distribution range.

The lion-paw scallop is a pectinid distributed from Ojo de Liebre
lagoon in Baja California Sur, Mexico, including the Gulf of California, to
the northeastern coast of Peru (Keen, 1971). In the northeast of Mexico
this scallop is considered an important resource due to its attractive
flavor, size of the abductor muscle, and the fact that it can reach large
sizes in comparison with other bivalves (up to 21.8 cm in length) (Ra-
cotta et al., 2003). According to Chavez-Villalba and Caceres-Martinez
(1992), during the 1970s an important decrease in catch led Mexican
authorities to close the fishery for 20 years, reopening once the stock
size apparently reached levels suitable for exploitation. Although levels
of catch have varied, the volume of production of “scallop” has shown
a tendency to increase since 1994, from ~25 t to a maximum of 321 t
in 2008 (DOF, 2012).

Despite the fact that the lion-paw scallop is an economically impor-
tant resource for fishermen of northwestern Mexico, there are virtually
no studies that estimate growth parameters for wild populations of this
species. In contrast, several studies have been carried out along this
region to evaluate their growth under farming (Barrios-Ruiz et al., 2003;
Racotta et al., 2003; Villalejo-Fuerte et al., 2004; Cerdn-Ortiz et al.,
2006; Taylor et al., 2006; Osuna-Garcia et al., 2008; Arellano-Martinez
et al., 2011; Koch et al., 2015). Authors such as Gutiérrez-Villasefior
and Chi-Barragan (1997), Villalejo-Fuerte et al. (2004) and Arellano-
Martinez et al. (2011) have found that this species presents accelera-
ted growth during its first year of life (reaching a size of up to 4.5 cm
in length). As expected, growth rates change with study sites, as well
as with density, temperature and food availability (Arellano-Martinez et
al., 2011). This species shows allometric growth (8<3) and spawns at
2 years of age (Villalejo-Fuerte et al., 2004).

The use of length frequencies to estimate growth parameters is
appropriate when there is no information available on age using direct
methods or when growth patterns in cultured organisms have not pre-
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viously been studied. Hence the objective of this study was to determine
the growth parameters based on size frequency distribution analysis
and estimate the length-height and length-total weight ratios of the
lion-paw scallop along the western coast of Baja California to provide
useful elements for fishery management.

MATERIAL AND METHODS

Field work. The organisms were collected in a subtropical region of the
Gulf of California, Mexico (28°53’07” — 29°03'03” N and 113°31°46” —
113°31°18” W) where there is no established fishery. From January to
December 2006, specimens of lion-paw scallop were caught monthly
by semi-autonomous Hooka diving at depths of between 5 and 10 m.
The total weight (TWW) and mass weight (MWW) were measured for each
specimen using one electronic scale (precision = 0.1 g), and the length
(L) and height (H) of the shell were measured with a Vernier (precision
+0.1 cm).

Morphometric relationships. The morphometric relationships L-H
and TW-MW were estimated by linear regression, whereas the [—TW
relationship was fitted to the power model, TW = aL® using a non-linear
least squares, where a is the mean condition of the écallop and g is the
allometric coefficient (Esmaeili & Ebrahimi, 2006). The estimated value
of p was analyzed using a Student’s ttest in order to determine whether
growth is isometric (Ho: # = 3) or allometric (Ha: § = 3) (Zar, 1999) using
the following equation:

s.d. -
jo S 1B=31 [, > 0
S.d.(TW) 1/1—R2

where f is the Student’s tvalue, s.d. “ is the standard deviation of
length, s.d. w is the standard deviation of total weight, R? is the deter-
mination coefficient and nis the number of observations (Pauly, 1984).

Modal progression analysis. The distribution of the lion-paw scallop
shell lengths (L) was represented graphically by histograms of monthly
frequencies; initially the data were grouped into different size-intervals
(1,2 and 3 cm L). We present the analysis using a size-interval of 1 cm
L, since it allows the modes to be followed over time better. Thus, the
observed modal groups were fitted to a multinomial model defined by:

k X
b
P{xin,pl,pz, ..... ,pk}=n!H_' )

where x, is the number of times that a i event occurs in » samples,
n is the sample size and p, are the separate probabilities of each possi-
ble event £ (Haddon, 2001). In order to estimate the parameters of the
model, it was necessary to transform equation (2) into an expression of
likelihood, resulting in the following equation:

The main assumption for estimating the parameters of the model
is that the size distribution for each mean or modal length is described
by a Gaussian distribution, where each mode corresponds to a different
size group or cohort of the scallop population (Haddon, 2001). Under
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this condition, estimates of the relative proportions expected for each
length interval were described using the following density function:

-(- un)
2

o 1/_ ()

where 4, and o, are the mean and standard deviation of the length
of each modal group. The expected frequencies were estimated using
the logarithmic function of the multinomial distribution (equation 3) and
the final values of the model parameters were assigned by comparing
the observed and expected frequencies (Haddon, 2001; Garcia-Lizarra-
ga et al., 2011). The objective function for estimating the parameters
was defined as:

—lnL{L|Mi=Ui}= _il’f In(p,) = —ﬁLi ln( EI:ILA ) (5)
=1 i=1 i

The seed values for estimating the parameters of equation 5 were
assigned using criteria from a previous visual inspection of the length
frequency distribution (Montgomery et al., 2010). The model parameters
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were estimated when the negative log — likelihood function was minimized
(equation 5), using a non-linear Newton algorithm (Neter et al., 1996).

When the sample had more than one modal group, the Separation
Index (Sl) was used (Sparre & Venema, 1997):

s1-— b sy
=TT ©)
S?+S;
2

where L and L, are the average lengths of the modal groups ; and
i, S2 and S’ are the standard deviations for the modal groups ; and i.
When Sl was < 2 it was not feasible to separate the normal compo-
nents from the observed frequencies (Sparre & Venema, 1997).

Growth function. Once the monthly modes had been obtained, the best
represented was followed throughout time, fitting it to the seasonal von
Bertalanffy growth equation (Pitcher & McDonald, 1973) defined by:

[—k(t—t0+(%] sin 2n(t—t5 )—(é—i] sin 2n(t0—ts )}
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Figures 1a-c. Morphometric relationships of the lion-paw scallop (Nodipecten subnodosus) in Bahia de Los Angeles, Mexico. a) is the total weight — weight without
shell relationship, b) is the shell length — height relationship and c) is the shell length — total weight relationship
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where L, is the length at time ¢, _ is the maximum allowable as-
ymptotic length, & is the growth coefficient, z,is the theoretical age
when the length is equal to zero, C is the constant that defines the
degree of seasonal oscillation (varies between 0 and 1), and ¢ is the

starting point of the oscillation.

Studies carried out for the culture of the lion-paw scallop in the Gulf
of California indicated that this species reaches up to 4.5 cm L in the
first year of its life with a growth rate of 0.017 cm day ' (Ramirez-Arce,
2009). Based on this, the relative age of 12 months was assigned to the
first mode (4.5 cm L) located within the lower interval of sizes from the
August distribution because individuals shorter than 4.5 L were not found.

A multiplicative error was assumed in the estimation of L, accord-
ing to the expression Lt = Lt e” where € ~ (0, o (Cerdenares-
Ladrén de Guevara et al., 2011). In order to estimate the parameters of
the model (), the negative log-likelihood value was minimized using
the Newton algorithm:

~-InL(O @8

data) =y, [—%ln(Zn)] - [;ln(gz) _ (mLz-lanz)
- (0}
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The standard deviation value was obtained by:

o= \/l (InL, —lnLAt)2 ©®)

n &

where n is the number of observations (Hilborn & Walters, 1992).

Confidence intervals. The confidence intervals were estimated at 95%
(C1) for the growth model parameters £, C and ¢ _(equation 7) using the
profile likelihood method (Hilborn & Mangel, 1997; Cerdenares-Ladron
de Guevara et al., 2011). This is based on a 2 distribution with m de-
grees of freedom (Zar, 1999), accepting all the values that satisfy the
following condition:

2[LGY(0) - L(Y[6,.,)] <\ (10

where L(Y|0) is the log — likelihood value of the parameters and
L(Y10,,,) s the likelihood value of the adjusted parameter, ¥ ., is the
value of the 2 distribution at a confidence level of 1 — o and one degree
of freedom (xzmﬂz 3.84) (Haddon, 2001).

Table 1. Number of cohorts estimated based on length frequency distributions for Bahia de Los Angeles, Gulf of California, Mexico.

Month Number of modal n

Confidence Interval ~ Separation Index

Mean (cm)

group (cm) S
. 1 14 9.26 8.69—9.84 i
y 2 11 1335 12.88—13.83 :
1 14 8.59 8.45-8.73
February 2 32 13.30 12.70-13.94 448
1 10 7.5 7.06-7.98
March 2 32 13.78 13.32-14.25 535
. 1 27 9.80 9.06 — 10.54
April 2 32 1433 13.95 - 14.70 3.09
1 2 1277 11.97 - 1357
May 2 25 15.72 15.50 - 15.95 221
1 17 9.61 8.45-10.78
June 2 14 14.61 14.28 —14.94 245
1 14 1145 10711219
July 2 8 14.44 14.28 — 14.61 2.93
1 13 457 4.28-569 (12)=5.16
August 2 17 11.09 10.23—11.94
3 8 15.14 14.93 - 15.35 (2,3)=294
1 5 6.69 6.17 - 6.84 (12)= 351
September 2 21 11.32 10.49-12.15
3 4 15.89 15.86 — 15.92 (2,3)=3.94
1 13 6.70 5.70 - 6.99 (12)=2.27
October 2 7 9.43 8.79—10.07
3 8 13.80 13.46 - 14.14 (2,3)=3.47
1 9 7.86 6.12-8.29 (12)=3.94
November 2 1 11.65 11.33-11.96
3 5 14.45 14.32 - 14.58 (2,3)=4.89
1 12 7.51 6.98 - 7.65
December 2 15 11.19 10.37 - 12.00 3.04

nis the number of organism corresponding to each cohort, mean is the average length each cohort. The Separation Index (Sl) is shown when more than one cohort

was estimated.
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Figures 2a-1. Size frequency distribution (bars) and modal groups (lines) estimated monthly for the lion-paw scallop Nodipecten subnodosus in Bahia de Los Angeles,

Mexico. Numbers indicate the modal progression used for growth analysis.

Often, when more than two parameters are considered in the
likelihood profile, the confidence interval tends to be broader (Cerde-
nares-Ladron de Guevara et al., 2011) and this occurs when there is
a correlation between the model parameters. For the case of the von
Bertalanffy model, it is known that the parameters k and L _ present a
high correlation (Welch & McFarlane, 1990). To solve this problem, the
confidence intervals of these parameters were estimated using a con-
tour plot, accepting all the values that satisfy equation (10) but with two
degrees of freedom, which corresponded to 5.99 (Zar, 1999).
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RESULTS

Population features. A total of 424 organisms were collected during
the sampling period. The smallest scallop was caught in August (4.9 cm
L), whereas the largest was caught in May (17.6 cm L). The total weight
varied from 29 g (August) to 1 392 g corresponding to a specimen
caught in April.

Morphometric relationships. The TW — MW and L — H relationships
were linear, with elevated coefficients of determination (R*> = 0.89 and
R? = 0.98, respectively). The relationship TW— MW presented the grea-
test variability, however despite this the fit of the linear model was sig-
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Figure 3. Relationship between the relative age and standard deviation of the
modal groups, estimated monthly for the lion-paw scallop Nodipecten subnodo-
sus in Bahia de Los Angeles, Mexico.

nificant (Fm2 = 2 649, p<0.0001) (Fig. 1a). The value of the slope in
the L — H relationship was significantly different from 1 and suggested
a greater proportional gain in length than height (b = 0.93, t = 9.79,
p<0.05) (Fig. 1b). The potential model that explained the L — TW re-
lationship was significant (R* = 0.96, F, ,,, = 8034, p<0.0001). The
value estimated for 4 was 2.91 and was significantly different from the

theoretical value of 3 (t = 2.47, p<0.05) (Fig. 1c).

Modal progression analysis. The multinomial technique detected
distributions with two and three modal groups. The distributions with

12 15 18 21

1 1 1
24 27 30
Month
Figure 4. Growth pattern of the lion-paw scallop Nodipecten subnodosus in Ba-

hia de Los Angeles, Mexico. The black line represents the fitted model to the
observed data (gray) + confidence intervals.

T T
33 36
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three modes were presented from August to November. The mode co-
rresponding to the smallest size was found in August (4.5 cm L; Cl =
4.28 — 4.69 cm L), whereas the largest was detected in September
(15.89 cm de L; Cl = 15.96 — 15.92 c¢m de L). The mode that could
be tracked through time corresponded to the month of August (4.5 cm
L), providing continuity for three age groups or modal groups to finish
the modal progression in September (15.89 cm L) (Table 1 and Fig. 2).
The values of the relative ages estimated for the mean lengths of the
calculated modes and their respective standard deviations were fitted
to a Gaussian curve (R? = 0.74), with the model:

—(1.45-relative age)2
LSD=2.0le %)

where LSD is the standard deviation of the estimated modes (in
cm); the greatest variability was presented around 1.46 years old (LSD
= 0.52 years) (Fig. 3).

Growth function: Comparing the fitted model with the observed data,
the greatest variability occurred between 20 and 25 months, which is
possibly due to the high variability in the modal groups estimated in
the intermediate sizes as mentioned in Figure 4. For 12 to 18 as well
as for 30 to 37 months of age, the model fitted reasonably well to the
observed data. The growth parameters were: L = 19.06 cm L, k =
0.47 years™, r, = -0.19 years, C = 0.38, s = 0.37 (Fig. 4).

(11)

The confidence intervals obtained from the log-likelihood values for
L, kt,Candtswere:L =17.8-20.4cm; k=0.44-0.55years™; 7,
=-0.26 to -0.13 years; C = 0.27 — 0.51; and zs = 0.21 — 0.53 (Figs. 5,
6). As expected, the confidence intervals calculated suggest low varia-
bility in growth of the youngest individuals and high variability in growth
for the oldest.

DISCUSSION

The results shown here are considered important for estimating the
population parameters of the lion-paw scallop using information ob-
tained from a wild population in a subtropical due to its high economic
and commercial importance (DOF, 2012). The advantage of estimating
growth using wild organisms is that larger and older organisms can
be collected. This is not the case in culture where their life cycle is
shortened by the harvest periods and high densities in cultures might
alter the growth rate. This advantage can be seen when the sample
represents a wide range of lengths and is representative of the length
structure of the population (Gosling, 2015). In our study this advantage
was observed, a wide length interval was obtained however individuals
under 4.5 cm L were not caught. Thus, the growth model is represen-
tative from 4.5 cm L.

In the present study, this scallop exhibited disproportionate growth
between different parts of its body (greater proportional increase in size
than weight, but with a smaller proportional gain in length than height)
which suggests a negative allometric growth (3<3). The TW — L rela-
tionship showed higher variability in the sizes greater than 13 cm L,
where the organisms with the same length have different weights. Se-
veral authors have indicated that this allometry in growth can be equally
influenced by environmental factors including, temperature, (Lodeiros &
Himmelman, 2000; Villalejo-Fuerte et al., 2004; Sumer et al., 2013),
quantity and quality of food, density and physiological condition of the
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species (Acosta et al., 2000; Herrmann et al., 2009), high intraspecific
competition for space and food (Acosta ef al., 2000), as well as the
maintenance of physiological favorable surface area-to-volume ratio
for pectinid species (Gosling, 2015). Authors as Moragat et al. ( 2001)
and Pefia (2001) also found a disproportionality in growth of height and
width for pectinid species and they suggest this effect can be due to
genetic differences among populations because to low flux genetic
among them. The irregular shape of the shell for pectinids also facilita-
te their movement and swim (Gosling, 2015). The relationship between
the disproportionality in growth among populations and environmental
factors should be analyzed in future studie. The results suggest that the
lion-paw scallop from Bahia de Los Angeles consists of two cohorts,
except for August to November when there are three, which implies
that there is a recruitment period of young organisms in the study area
during summer and autumn. On the other hand, the modal groups of
intermediate sizes presented the greatest variability, probably due to
differences in the growth rate of organisms of the same age. This high
variability is characteristic of this species and is particularly noticeable
when records are obtained for cultured organisms. Barrios-Ruiz et al.
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(2003) found that after the third month of culture there is high variability
in sizes for organisms of the same age. This suggests that an overlap
of organisms of different ages at intermediate sizes is unlikely, or may
be a side effect of the analysis of the information in the present study.

The importance to determining the number of modal groups or
cohorts through analysis of length-frequencies, is to understand the
population dynamics of the species studied (Velazquez-Abunader et al.,
2012). The multinomial method used here, helped to achieve this objec-
tive, in addition, this technique allows to detect a modal progression for
determining growth rate and recruitment periods through time (Mons-
real-Vela et al., 2016). In fisheries, recruitment is usually defined as first
age which specimens are caught (Hilborn & Walters, 1992; Quinn & De-
risso, 1999; Haddon, 2001; Veldzquez-Abunader et al., 2012), therefore,
the youngest age was assigned to smallest cohort (August) (Fig. 2). In
the present study, each cohort was determinate taking into account the
following criteria: 1) a visual inspection of the length frequency distribu-
tion, 2) growth rate registered in previous studies and 3) knowledge of
the biology this species (Velazquez-Abunader et al., 2012).
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Figure 6. Contour plot for estimating the confidence intervals at 95% for the
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The high size variability at intermediate ages coincides with re-
productive periods detected for this species in different locations of
the peninsula of Baja California (September to November) (Reinecke-
Reyes, 1996; Racotta et al., 2003; Arellano-Martinez et al., 2004; Vi-
llalejo-Fuerte et al., 2004). This may be due to a greater investment of
energy into reproduction than growth during this period. These possible
changes in energy investment for reproductive processes may be res-
ponsible for the seasonality found in the growth of this species, where
the first oscillation was estimated at 1.5 years old and the second at
2.25 years.

At present, the management measures recommended by the Mexi-
can authorities for the exploitation of the lion-paw scallop are the es-
tablishment of a closed season (September to December) and a daily
catch limit of 300 to 400 specimens per boat (DOF, 2012). The use of
shell length (i.e. minimum size restriction) as a management measure
could present problems. This is due to the oscillations in the growth of
this species, since individuals of the same size could be different ages.

Since Bahia de Los Angeles is a Natural Protected Area within the
Biosphere Reserve category (DOF, 2007), and is considered a Center of
Biological Activity (Lluch-Cota & Arias-Aréchiga, 2000), it is of utmost
importance that scientifically validated information to give support to
management of fisheries resources in the region. Historically, the target
species of the scallop fishery in Bahia de Los Angeles was Argopecten
ventricosus, however the catch of this species has decreased drastica-
lly (Valdez-Ornelas et al., 2007) to the point that it can be considered a
collapsed fishery. Similarly, the lion-paw scallop has been considered
overexploited in several zones of the peninsula of Baja California (Taylor
etal., 2006). Age-structured models must be considered in future stock
assessment for the lion-paw scallop in order to facilitate the manage-
ment of the fishery.
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