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ABSTRACT. This study aimed to determine weight-size relationships and to fit the best growth model of the
Cortez oyster Crassostrea corteziensis from early juvenile to adult during one single culture cycle. The
morphometric data (n = 50 oysters sampled each two weeks during January 2010 to March 2011) of shell height-
shell length [SH-SL], shell height-shell width [SH-SW], shell width-shell length [SW-SL], body weight-shell
length [BW-SL], body weight-shell height [BW-SH] and body weight-shell-width [BW-SW] (log-transformed)
were determined by regression analysis. The SL and SH measurements (R? = 0.98) were consistently
proportional to the BW, being the BW-SL and BW-SH morphometric relationships the more suitable for growth
evaluation of C. corteziensis in culture. Four different equations of the Schnute model, as well as Special cases
1 and 2 (equivalent to the Von Bertalanffy growth model, VBGM, and Logistic models, respectively), were
evaluated utilizing length-at-age data to estimate individual growth parameters. The parameters were obtained
using the maximum likelihood algorithm and the Akaike information criterion was applied to rank the models
examined. The growth curve displayed a rapid increase until the size of 41.68 + 16.18 mm in length. In the
present study, the symmetrical sigmoid curve was the best hypothesis that fit the data; however, it is assumed
that the age data are sufficiently informative to describe the growth pattern of C. corteziensis, with either Schnute
model Special case 2. Results from morphometry and growth model in this study represent useful tools to
analyze growth performance of the Cortez oyster in culture better.
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INTRODUCTION

The world oyster industry produces around 16% of the
total aquaculture production (FAO, 2015) and is
represented by several Saccostrea, Ostrea and
Crassostrea species. The Cortez oyster Crassostrea
corteziensis (Hertlein, 1951) is distributed along the
Pacific coast from the Gulf of California to Peru (Fisher
et al., 1995). Mainly due to overexploitation, its natural
populations are remarkably reduced in northwestern
Mexico, and since a few decades ago, the oyster
industry was supported with the introduction of the
exotic oyster Crassostrea gigas (Chavez-Villalba et al.,
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2005). However, drastic mortality in juveniles and
adults of farmed C. gigas caused by high temperatures
in summer, massive die-offs in winter and the presence
of pathogens, have been reported since 1997 (Caceres-
Martinez et al., 2004).

After many attempts (Caceres-Puig et al., 2007;
Pérez-Enriquez et al., 2008; Hurtado et al., 2009),
production of larvae and spat of C. corteziensis
improved and is now produced commercially. Thus,
the culture of this oyster species is considered as an
alternative to compensate the massive losses of C.
gigas. Although some information on its growth
performance is available (Chavez-Villalba et al., 2005,
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2008, 2010; Castillo-Durén et al., 2010), an analysis of
the accuracy between growth parameters and models of
this oyster is necessary to evaluate management and
production under culture conditions better. The weight-
length relationship is widely used in the analysis of
fishery data since it enables the evaluation of wild and
cultivated fish and shellfish populations when only
length measurements exist (Froese, 2006; Grizzle et al.,
2017), delineate growth of stocks (Peixoto et al., 2004)
and allows life history and morphological comparisons
of populations from different regions (Karakulak et al.,
2006). In aquaculture, morphometric relationships
represent a simple alternative to estimate weight from
length measurements by more exact and complete
mathematical models (Hopkins, 1992), these precise
growth-time measurements help to analyze growth
models (Kovitvadhi et al., 2008).

Among the range of individual growth models used
in fisheries, the Von Bertalanffy model (VBGM) is the
most popular and commonly applied growth estima-
tion. Nevertheless, Katsanevakis & Maravelias (2008)
have demonstrated that the use of multi-model
inference (MMI) is a better alternative than the a priori
use of VBGM, and many authors have adopted this
approach (Zhu et al., 2009; Alp et al., 2011; Baer et al.,
2011; Mercier et al., 2011). The literature provides
alternatives to the VBGM, such as the Gompertz
growth model, Logistic model (Ricker, 1975) and
Schnute model (Schnute, 1981). When more than one
model is used, its selection is usually based on the shape
of the anticipated curve, biological assumptions, and fit
of the data. Parametric inference and estimation, as well
as the precision of these estimates, are based solely on
the fitted model. Another approach is to fit more than
one model and select the best one based on information
theory. This approach has been recommended as a more
robust alternative when compared with other traditional
ones (Katsanevakis, 2006). The most common
information-theory approach is to use the Akaike
information criterion (AIC) (Katsanevakis, 2006;
Wang & Liu, 2006; Katsanevakis & Maravelias, 2008;
Zhu et al., 2009; Cerdenares-Ladrén de Guevara et al.,
2011; Cruz-Véasquez et al., 2012).

Therefore, the aim of this work is threefold: first, to
analyze the weight-shell biometrics (height, length and
width) relationships; second, to determine the growth
parameters using a multi-model approach; and finally,
to figure out which model fits best the length-at-age raw
data for the Cortez oyster, C. corteziensis, cultivated in
a subtropical coastal lagoon from southeastern Gulf of
California, Mexico.

MATERIALS AND METHODS

A total of 7,000 oyster seeds were obtained from the
Centro de Reproduccion de Especies Marinas del

Estado de Sonora (CREMES), O.P.D., Kino Bay,
Sonora, Mexico. C. corteziensis was cultured at the
Macapule Bay, Guasave, Sinaloa, Mexico (25°20’-
25°35’°N, 109°00°-108°40°W), using racks suspended
from a long-line system 0.15 m beneath the water
surface.

Initial shell height and body weight were 4.31 + 0.75
mm and 0.018 + 0.009 g, respectively. Little oysters
were acclimated as mentioned by Gallo-Garcia et al.
(2001), placed in plastic mesh bags (2 mm diameter)
which were laid inside plastic trays. Then, five trays
were overlapped to form a culture unit and finally, the
culture units were tied to a long-line system (n = 500
oysters/bag in each tray).

When oysters reached 30 mm shell height, they
were placed directly into the trays until reaching >65
mm. That is, cultivation operations consisted in
reducing the density of oyster within the trays in the
three first months (January to March 2010), from 500
at the beginning to 42 oysters at the end of the
cultivation period. The study started in January 2010
and lasted until March 2011. Monthly, epibiotic
organisms and mud accumulated in the ropes and trays
of the suspended cultivation system were cleaned off
with a soft brush and spatula.

Morphometric relationships

Shell measurements and body weight of 50 oysters
were respectively obtained with a stainless steel caliper
(0.01 mm) and a digital balance (0.01 g) every 15 days.
Biometrics included: Shell height (SH, the maximum
distance between the hinge to the furthermost edge),
length (SL, the maximum distance between the anterior
and posterior margins) and width (SW, the maximum
distance at the thickest part of the two shell valves).
Oysters were blotted dry in an absorbent paper before
weighing to obtain the total body weight (BW). Growth
relationship of BW and SH of the total oyster
population sampled (n = 1,400) was estimated using the
potential regression W = aLP?, where W is the BW (g),
L is the SH (mm), a is the intercept and b is the slope.
The goodness of fit was described using the correlation
coefficient (Sokal & Rohlf, 1981). The coefficient of
variation (CV) was calculated for all shell biometrics
and weight.

The equation determined the morphometric
relationships between variables (SH, SL, SW, and
BW): log Y =log a + b log X, where log Y and log X
are the log shell size (SH and SW) or total body weight
(BW) and Log shell size (SL, SH, and SW),
respectively, while Log a is the intercept and b is the
slope. The determination coefficient (R?) was
calculated to obtain the association degree between
variables. The values of b obtained in a linear regre-
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ssion were significantly different from the isometric
value (b = 1) or allometric range (negative allometry: b
< 1 or positive allometry b > 1) when a t-test (Ho: b =
1) with a confidence level of 95% was applied,
expressed by the following equation (Lleonart et al.,
2000): t = (b-1)/Sh, where t is the t-test value, b is the
slope and Sb is the standard error of the slope b.

Regression analysis determined the morphometric
data for SH-SL, SH-SW, SW-SL, BW-SL, BW-SH,
and BW-SW (log-transformed). Scatter diagrams with
the linear model (Dobson, 2008) was used to analyze
the SH and BW relationship.

Growth model selection and parameter inference

Multimodel approach allows testing each model as a
different hypothesis of growth pattern, thus, six
different equations of Schnute model were evaluated
utilizing length-at-age data to determine which growth
pattern best represent the data, as well as to estimate
individual growth parameters (Schnute & Groot, 1992;
Katsanevakis, 2006; Katsanevakis & Maravelias,
2008). As stated by Aragon-Noriega (2016) the theory
behind this statement is that the Schnute model has four
solution cases, but it is only one model (Schnute, 1981).
Special cases 1 and 2 of the Schnute model were the
same as the VBGM and Logistic models, respectively.
Actually, case 2 represents Gompertz, where a > 0 and
b=0.

The Schnute growth model (Schnute, 1981) is a
general four-parameter growth model that takes four
mathematical forms depending on the values of a and b
about 0. In this study, we will describe Schnute case 1
whena #0, b #£0, as follows:

1
b b b 1-— e—a(t—ﬁ) b
Le= {Yl + (YZ Rt ) [1 _ e—a(rz—n)]}

Schnute case 2 whena #0, b = 0, as follows:
Y\ 1 — e (-7
L, =Yiexp [ln (71) m]
Schnute case 3whena =0, b £0, as follows:
1

t _Tl E
b=+ 02 =) =)
2 1

Schnute case 4 whena =0, b =0, as follows:

b= e [in 5) =]
t = hhexp(in Y,) 7, -1,

Special Case 1 is the same equation than Schnute
case 1 but with a > 0 and b = 1; Special Case 2 is the
same equation than Schnute case 1 but with a > 0 and
b = -1. In these two special cases, parameter b is fixed,
and no search is necessary because these two cases

become one three-parameter model. The following
parameters are used in these models:

71: is the lowest age in the data set.
72: is the highest age in the data set.
a: is the relative growth rate parameter.

b: is the incremental relative growth rate (incremental
time constant).
Y1: is the size at age z1.
Y. is the size at age 2.
To compute L., using the Schnute model in the four
cases and the two Special cases (for cases 3 and 4 it was

not possible to calculate this parameter), the following
equations were used:

whena=0,b=0

1
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The models were fitted using maximum likelihood.
A multiplicative error structure was considered. The

maximum likelihood fitting algorithm was based on the
equation:

(®|data) = — (;) (In(27) + 2 * In(o) + 1)

t*=t1+t2—al7’l

where @ represents the parameters of the models and o
represents the standard deviations of the errors
calculated using the following equation:

1
0= \/Ezanl‘tobserved - lnLtestimated)z

The model selection approach was used to select the
best candidate growth model (Katsanevakis, 2006)
based on the AIC approach, defined as AIC = -2LL +
26;, where LL is the maximum log-likelihood and & is
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the number of parameters in each model tested. The
AIC is a goodness of fit test that provides a quantitative
value for each equation to select the hypothesis that best
fit the data. Differences in AIC (Ai = AICi - AlCmin)
values were estimated among all the models used in this
study. The model with the lowest AIC value was
chosen as the best model. A criterion proposed by
Burnham & Anderson (2002To statistically decide the
model fitness of the data,) was evaluated, in which A; <
2 is evidence of substantial support, 4 < Aj < 7 has some
support, and Ai >10 shows essentially no support from
data.

The plausibility of each model was estimated using
the following formula for the Akaike weight:
exp(-0.5D,)

| iexp(—O.SDi)

Following the multi-model inference approach, the
model-averaged asymptotic length L., was estimated
as a weighted average using the six models, with the
prediction of each model weighed by W; Thus, the
model-averaged asymptotic length was estimated as

follows:
6
Zoo = Z VVizoo,j
i=1

The 95% confidence interval of growth model
parameters (¢) were estimated after Venzon &
Moolgavkar (1988) using the likelihood profile
method. These estimations are based on a chi-square
distribution with d degrees of freedom. The confidence
interval was defined as all values of (¢) that satisfy the
inequality:

207 | )-(Y | Bvest)) < Y2110

where L(Y| O vest) is the negative log-likelihood of the

fitted value of @ and 211« are the values of the chi-
square distribution with d = 1 (3.84).

RESULTS

The scatter diagram of BW-SH for all oyster sampled
(Fig. 1) exhibited a curvilinear relationship with the
equation y = 0.0002(x>%*") (R? = 0.97).

The CV obtained for all biometric parameters
displayed high dispersion of C. corteziensis (Table 1)
and varied from 0.38 (SL) to 0.75 (BW). The
coefficient of determination (R?) for all morphometric
relationships fluctuated from 0.95 for the SH-SW
relationship, to 0.98 found for the SH-SL, BW-SL and
BW-SH relationships (Table 2). Except for the SH-SW
interaction, the rest of the biometric relationships sho-

200 y= 0.0002x2-9447
R?=0.9717

160
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Figure 1. Morphometric relationship between shell height
(SH) and body weight (BW) of the Cortez oyster
(Crassostrea corteziensis) for all culture dataset (during
January 2010 to March 2011). The best-fit power regre-
ssion model is shown.

Table 1. Descriptive statistic parameters for Crassostrea
corteziensis cultivated for 420 days. SD: standard
deviation, CV: coefficient of variation.

Suspended culture

Parameter (420 days of cultivation)

Number of oysters 1400

Shell length (mm) Mean + SD 41.68 +16.18
Min-Max 3.13-73.17
cVv 0.38

Shell height (mm) Mean + SD 54,29 +22.31
Min-Max 4.31-105.06
cVv 0.41

Shell width (mm) Mean + SD 16.90 + 8.05
Min-Max 0.52-43.08
cVv 0.47

Body weight (g) Mean + SD 32.50 £ 24.55
Min-Max 0.01-129.80
CV 0.75

wed b values above 1 (positive allometry), ranging
from 1.07 found for SH-SL, to 3.2 obtained for BW-SL
(Table 2).

The growth parameters for C. corteziensis from
each of the equations tested are shown in (Fig. 2, Table
3). The higher values of LL maximization determine
the order of the models. For each particular model
(hypotheses of growth pattern), Table 4 shows the
corresponding AIC, Ai, Wi, L., and the averaged L.

The special case 2 (equivalent to the Logistic model,
Fig. 2c) showed the lowest AIC value in the dataset.
Another significant result shown in Table 4 is the Delta
value (Ai) for each model; the Ai values were higher
than 10 for the Case 2 (equivalent to Gompertz model)
and special case 1 (equivalent to VBGM model)
models, that is, there were not supported by the data.
Special case 1 had the highest asymptotic length value
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Table 2. Morphometric relationship of the Cortez oyster Crassostrea corteziensis cultured during 420 days. R?:
Determination coefficient, SH: shell height (mm), SL: shell length (mm), SW: shell width (mm), BW: body weight (g), SE:

standard error, CI: confidence intervals; *P < 0.05.

Parameters Allometric equation

SE of b
(95% ClI of b)

Relationship

2
R (t-test)

SH-SL
SH-SW
SW-SL
BW-SL
BW-SH
BW-SW

log SH =-0.0067+1.0720 log SL
log SH = 0.6539+0.8855 log SW
log SW = -0.6262+1.1332 log SL
log BW = -3.8585+3.2023 log SL
log BW = -3.7686+2.9456 log SH
log BW = -1.9331+2.6888 log SW

0.98*
0.95*
0.96*
0.98*
0.98*
0.97*

0.0049 (0.0047-0.0145)
0.0070 (0.0067-0.0207)
0.0084 (0.008-0.0248)

0.1476 (0.1416-0.4368)
0.0134 (0.0128-0.0396)
0.0168 (0.0161-0.0497)

+ allometry
- allometry
+ allometry
+ allometry
+ allometry
+ allometry
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Figure 2. a) Observed data + standard deviation and b)
growth curves generated for Crassostrea corteziensis by
Schnute cases model, and c) best models after AIC and W
(%).

with L.= 104.4 mm, which seems an overestimation of
the total length.

The anticipated growth curves should be different
for each model (Fig. 2b), however the two growth
curves displayed in Fig. 2c have very similar
trajectories that in fact is the expected growth curves of
the symmetric sigmoid curve. This figure includes the
growth model fitted to the data, but the likelihood
parameters are in Table 3.

DISCUSSION

Size-weight relationships are used for growth
assessment (Andreu-Soler et al., 2006), estimation of
stock biomass (Gaspar et al., 2012), and help to indicate
fish condition (Karakulak et al., 2006) of wild
populations, among others applications. A complete
growth assessment of cultivated bivalves includes shell
size (length, height, and width) and body weight
throughout the study of morphometric relationships
(Syda-Rao, 2007; Grizzle et al., 2017). The b (2.9447)
and R? (0.97) values given by the potential regression
for all sampled population of C. corteziensis were
different in this study to those respectively obtained by
Chavez-Villalba et al. (2005: b = 2.8389, R? = 0.98 and
2008: b = 3.0953, R? = 0.84) for the same oyster species
cultured at around 450 km north of our cultivation
location. The differences in these results can be
explained by variations in some factors such as
environmental conditions, the number of oyster
sampled, density, final BW, survival, and culture time.
Grizzle et al. (2017) found that water temperature,
chlorophyll-a concentration, deployment and culture
methods of the eastern oyster C. virginica influenced
SH-BW relationship.

In the present study, the b value of the SH-SL, SH-
SW and SW-SL relationships (log-transformed data)
were between 0.8855 and 1.1332, similarly to that
reported by Syda-Rao (2007) for the Indian oyster
Pearl, after three culture years (0.13 to 1.61). However,
it differs with Hanson et al. (1988) working with the
clam Anodonta grandis simpsoniana, and Kovitvadhi



740

Latin American Journal of Aquatic Research

Table 3. Estimated growth parameters of cultivated Crassostrea corteziensis for each model. Parameter a is similar to k in

the specialized models. *Fixed value (no search was necessary).

Model Y1 Y2 a B LL

Special case 2 3.69 67.57 12.23 -1* 19.580
Special case 1 3.60 83.30 1.33 1* 2.918
Schnute case 1 3.76 66.94 14.20 -1.26 19.711
Schnute case 2 3.38 72.57 5.61 0* 14.367
Schnute case 3 3.80 94.49 0* 1.30 -0.462
Schnute case 4 15.75  138.29 0* 0* -19.867

Table 4. Akaike information criterion (AIC), Akaike differences (Aj), Akaike weights (W), estimated asymptotic length
(L) and 95% conditional confidence limits (CL) for each candidate model for Crassostrea corteziensis.

Asymptotic length (mm)

Model 0 AIC A Wi (%) I?oin'g 95%CL 95% CL
estimation  lower upper
Special case2 3 -32.12 0.00 7751 67.6 65.0 70.5
Schnute 2 3 -21.69 1043 0.42 72.9 69.0 77.0
Special case 1 3 121 33.32 0.00 104.4 96.0 113.5
Schnute 1 4 -2960 251 2207 66.9 63.5 70.5
L., averaged 67.5 65.4 69.5

et al. (2008) culturing the freshwater mussel Hyriopsis
myersiana, who obtained b values above 2.649 for the
shell size morphometric equations. The different b
values among the works can be attributed to factors
such as species, shell shape (SH, SL, SW), and
production conditions (Alunno-Bruscia et al., 2001;
Lajtner et al., 2004; Diaz & Campos, 2014).

The allometric growth values obtained in this work
indicate a higher dispersion of shell data within the
cultivated oyster population, as confirmed with the
estimated CV values. It suggests that internal and
external factors such as genetic of seed and stocking
density could partially explain the results. Haley &
Newkirk (1977) concluded that the largest oysters from
a specific genetic class continued to be faster growing
and their shell biometrics were highly correlated to
each other, meanwhile, Cigarria & Fernandez (1998)
tested different stocking densities culturing Manila
clam Ruditapes philippinarum in oyster bags and
concluded that shell biometric relationships of clam
were affected by density.

On another hand, most of the b values of the shell
biometrics-BW relationships of C. corteziensis were
higher than 1 (P < 0.05). The b values of the BW with
the three shell biometrics were above 2.13 coinciding
with findings of Kovitvadhi et al. (2008) with the
mussel H. myersiana cultured at different conditions.
As well as oyster density (Cigarria & Fernandez, 1998)
and culture method (Roncarati et al., 2010), the
differences in morphometrics among culture phases

may reflect the effect of reproductive activity. Chavez-
Villalba et al. (2008) reported all reproductive phases
of the Cortez oyster within one culture year period,
which could partially explain the fluctuation in the
obtained b values among the relationships. Gaspar et al.
(2012) concluded that shell-BW relationships change
with maturity, coinciding with the high variation we
found in the CV and b values.

Model selection was performed using the AIC. The
advantage of this approach is that the models are
hierarchically ordered based on their fit to the data, and
the parameters of the candidate models can be
averaged. For this procedure, it is necessary to estimate
the Akaike weight (Burnham & Anderson, 2002). In the
present study, the W; value, in favor of special case 2
(Logistic like model) was 77.5%, and the W; value, in
favor of Schnute case 1 model was 22.07%. The
observation of Burnham & Anderson (2002), which
stated that it is better to declare the best model only if
the Wi value is higher than 80%, must be considered.

The advantage of the Schnute model is that shows a
differential equation forming six different curve
patterns depending on the parameter values. The
Schnute model is a general four-parameter growth
model with possible sub-models that includes not only
asymptotic growth (such as VVon Bertalanffy, Richards,
Gompertz or logistic growth) but also linear, quadratic
or exponential growth. Rather than modeling the
instantaneous rate of change, Schnute model concen-
trates on the relative rate of change. Additionally,
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Schnute model shows a parameterization approach that
is statistically stable (Schnute, 1981).

In the present study, the symmetrical sigmoid curve
was the best hypothesis that fit the data; however, it is
assumed that the age data are sufficiently informative
to describe the growth pattern of C. corteziensis, with
either Schnute model Special case 2.

The -LL were 19.580 and 19.711 for Special case 2
and Schnute case 1, respectively, but the AIC penalize
the latter with more parameter resulting in AIC of -
32.12 and -29.6 and consequently, and A; value of 0 and
2.51. Thus, Special case 2 (Logistic like) become in the
model best fit the data with the Akaike weight of
77.51%.

All  shell measurements were consistently
proportional to the BW during the culture. Therefore,
BW-SL, BW-SH, and BW-SW morphometric
relationships were suitable for growth evaluation of C.
corteziensis cultivated in the Macapule Bay, Sinaloa.
As clearly shown by Aragon-Noriega (2016), the best
growth model should be applied to describe the growth
performance of any specific species. Thus, the multi-
model approach should replace the default use of a
single model, and when possible, only the raw data
should be used for modeling the individual growth of
cultivated C. corteziensis. The advantage of this
approach is that it allows contrasting different
hypothesis of oyster growth providing a robust tool to
define growth trajectory of the lifespan of C.
corteziensis. Results from both evaluation techniques
(morphometric and growth model) represent useful
tools to analyze better the growth performance of the
Cortez oyster in culture.

ACKNOWLEDGMENTS

The authors thank the logistic and financial support
from the Instituto Politécnico Nacional (IPN) through
the Secretaria de Investigacion y Posgrado (IPN-SIP)
and the Comision de Operaciones y Fomento de
Actividades Académicas (IPN-COFAA) to the project
IPNSIP-20113719 and 2011626.

REFERENCES

Alp, A, C. Kara, F. Uckardes, J. Carol & E. Garcia-
Berthou. 2011. Age and growth of the European
catfish (Silurus glanis) in a Turkish reservoir and
comparison with introduced populations. Rev. Fish
Biol. Fish., 21: 283-294.

Alunno-Bruscia, M., E. Bourguet & M. Frechette. 2001.
Shell allometry and length-mass-density relationship

for Mytilus edulis in an experimental food-regulated
situation. Mar. Ecol. Prog. Ser., 219: 177-188.

Andreu-Soler, A., F.J. Oliva-Paterna & M. Torralva.
2006. A review of length-weight relationships of fish
from the Segura River basin (SE Iberian Peninsula). J.
Appl. Ichthyol., 22: 295-296.

Aragén-Noriega, E.A. 2016. Crecimiento individual de
camaron blanco Litopenaeus vannamei (Boone, 1931)
y camardn azul Litopenaeus stylirostris (Stimpson,
1874) (Decapoda: Penaeidae) con un enfoque multi-
modelo. Lat. Am. J. Aquat. Res., 44(3): 480-486.

Baer, A., C. Schulz, I. Traulsen & J. Krieter. 2011.
Analyzing the growth of turbot (Psetta maxima) in a
commercial recirculation system with the use of three
different growth models. Aquacult. Int., 19: 497-511.

Burnham, K.P. & D.R. Anderson. 2002. Model selection
and multimodel inference: a practical information-
theoretic approach. Springer, New York, 488 pp.

Céceres-Martinez, J., S. Ramirez-Gutiérrez, R. Vazquez-
Yeomans & P. Macias-Montes de Oca. 2004.
Reproductive cycle and mortality of the Japanese
oyster Crassostrea gigas cultured in Bahia Falsa, Baja
California, Mexico. J. Shellfish Res., 23: 795-801.

Castillo-Durén, A., J. Chavez-Villalba, A. Arreola-
Lizarraga & R. Barraza-Guardado. 2010. Comparative
growth, condition and survival of juvenile oysters
Crassostrea gigas and C. corteziensis cultivated in
summer and winter. Cienc. Mar., 36: 29-39.

Cécerez-Puig, J.l., F. Abasolo-Pacheco, J.M. Mazén-
Suéstegui, A.N. Maeda-Martinez & P.E. Saucedo.
2007. Effect of temperature on growth and survival of
Crassostrea corteziensis spat during late-nursery
culturing at the hatchery. Aquaculture, 272: 417-422.

Cerdenares-Ladron de Guevara, G., E. Morales-
Bojorquez & R. Rodriguez-Sanchez. 2011. Age and
growth of the sailfish Istiophorus platyoterus
(Istiophoridae) in the Gulf of Tehuantepec, Mexico.
Mar. Biol. Res., 7: 488-499.

Chavez-Villalba, J., A. Arreola-Lizérraga, S. Burrola-
Sanchez & F. Hoyos-Chairez. 2010. Growth, condi-
tion, and survival of the Pacific oyster Crassostrea
gigas cultivated within and outside a subtropical
lagoon. Aquaculture, 300: 128-136.

Chévez-Villalba, J., A. Herndndez-Ibarra, M.R. L&pez-
Tapia & J. Mazon-Suéstegui. 2008. Prospective
culture of the Cortez oyster Crassostrea corteziensis
from northwestern Mexico: growth, gametogenic
activity, and condition index. J. Shellfish Res., 27:
711-720.

Chéavez-Villalba, J., M. L6pez-Tapia, J. Maz6n-Suéstegui
& M. Robles-Mungaray. 2005. Growth of the oyster
Crassostrea corteziensis (Hertlein, 1951) in Sonora,
Mexico. Aquacult. Res., 36: 1337-1344.



742 Latin American Journal of Aquatic Research

Cigarria, J. & J. Fernandez. 1998. Manila clam (Ruditapes
philippinarum) culture in oyster bags: influence of
density on survival, growth and biometric relation-
ships. J. Mar. Biol. Assoc. U.K., 78: 551-560.

Cruz-Vasquez, R., G. Rodriguez-Dominguez, E. Alcantara-
Razo & E.A. Aragon-Noriega. 2012. Estimation of
individual growth parameters of the Cortéz Geoduck
Panopea globosa from the central Gulf of California
using a multi-model approach. J. Shellfish Res., 31:
725-732.

Diaz, P. & B. Campos. 2014. Ontogenia de la concha
larval y postlarval de cuatro especies de bivalvos de la
costa del Pacifico sureste. Rev. Biol. Mar. Oceanogr.,
49: 175-191.

Dobson, A.J. 2008. An introduction to generalized linear
models. Chapman & Hall, New York, 320 pp.

Fisher, W., F. Krupp, W. Scheider, C. Sommer, K.E.
Carpenter & V.H. Niem. 1995. Guia FAO para la
identificacion de especies para los fines de pesca.
Pacifico Centro-Oriental. Plantas e Invertebrados.
FAO, Rome, 1: 646 pp.

Food and Agriculture Organization of the United Nations
(FAO). 2015. Fisheries and Aquaculture Department.
Cultured Aquatic Species Information Programme.
Crassostrea gigas (Thunberg, 1793). Awvailable:
[http://mww.fao.org/fishery/culturedspecies/Crassos-
treagigas/en]. Reviewed: 18 January 2017.

Froese, R. 2006. Cube law, condition factor and weight-
length relationships: history, meta-analysis, and
recommendations. J. Appl. Ichthyol., 22: 241-253.

Gallo-Garcia, M.C., M. Garcia-Ulloa, D.E. Godinez-
Siordia & K. Rivera-Gémez. 2001. Estudio preliminar
sobre el crecimiento y sobrevivencia del ostion del
Pacifico Crassostrea gigas (Thunberg, 1873) en Barra
de Navidad, Jalisco, México. Univ. Cienc., 34: 83-91.

Gaspar, S., I. Tobes, R. Miranda, P.M. Leunda & M.
Peldez. 2012. Length-weight relationships of sixteen
freshwater fishes from the Hacha River and its
tributaries (Amazon Basin, Caquetd, Colombia). J.
Appl. Ichthyol., 28: 667-670.

Grizzle, R.E., K.M. Ward, Ch.R. Peter, M. Cantwell, D.
Katz & J. Sullivan. 2017. Growth, morphometrics and
nutrient content of farmed Eastern oysters,
Crassostrea virginica (Gmelin), in New Hampshire,
USA. Aguacult. Res., 48: 1525-1537.

Haley, L. & G.F. Newkirk. 1977. Selecting oysters for
faster growth. J. World Aquacult. Soc., 8: 557-565.

Hanson, J.M., W.C. Mackay & E.E. Prepas. 1988.
Population size, growth, and production of a unionid
clam, Anodonta grandis simpsoniana, in a small, Deep
Boreal Forest lake in central Alberta. Can. J. Zool., 66:
247-253.

Hopkins, K.D. 1992. Reporting fish growth: a review of
the basics. J. World Aquacult. Soc., 23: 173-179.

Hurtado, M.A., J.L. Ramirez, C. Rodriguez-Jaramillo, D.
Tovar, A.M. Ibarra, P. Soudant & E. Palacios. 2009.
Comparison of continuous and batch feeding systems
on maturation, biochemical composition and immune
variables of the oyster Crassostrea corteziensis
(Hertlein, 1951). Aquacult. Res., 40: 464-472.

Karakulak, F.S., H. Erk & B. Bilgin. 2006. Length-weight
relationships for 47 coastal fish species from the
northern Aegean Sea, Turkey. J. Appl. Ichthyol., 22:
274-278.

Katsanevakis, S. 2006. Modeling fish growth: model
selection, multi-model inference, and model selection
uncertainty. Fish. Res., 81: 229-235.

Katsanevakis, S. & D. Maravelias. 2008. Modeling fish
growth: multi-model inference as a better alternative
to a priori using von Bertalanffy equation. Fish Fish.,
9: 178-187.

Kovitvadhi, S., U. Kovitvadhi, P. Sawangwong, P.
Trisaranuwatana & J. Machado. 2008. Morphometric
relationship of weight and size of cultured freshwater
pearl mussel, Hyriopsis (Limnoscapha) myersiana,
under laboratory conditions and earthen pond phases.
Agquacult. Int., 17: 57-67.

Lajtner, J., Z. Marusic, G.1.V. Klobucar, I. Maguire & R.
Erben. 2004. Comparative shell morphology of the
zebra mussel, Dreissena polymorpha in the Drava
River (Croatia). Biologia, 59: 595-600.

Lleonart, J., J. Salat & G.J. Torres. 2000. Removing
allometric effects of body size in morphological
analysis. J. Theor. Biol., 205: 85-93.

Mercier, L., J. Panfili, C. Paillon, A. N’diaye, D. Mouillot
& A.M. Darnaude. 2011. Otolith reading and multi-
model inference for improved estimation of age and
growth in the gilthead seabream Sparus aurata (L.).
Estuar. Coast. Shelf Sci., 92: 534-545.

Peixoto, S., R. Soares, W. Wasielesky, R.O. Cavalli & L.
Jensen. 2004. Morphometric relationship of weight
and length of cultured Farfantepenaues paulensis
during nursery, grow, out, and broodstock production
phases. Aquaculture, 241: 291-299.

Pérez-Enriquez, R., S. Avila & A.M. Ibarra. 2008.
Population genetics of the oyster Crassostrea
corteziensis (Hertlein) juveniles. Aquaculture, 263:
199-210.

Ricker, W.E. 1975. Computation and interpretation of
biological statistics of fish populations. Bull. Fish.
Res. Bd. Can., 23: 519-529.

Roncarati, A., A. Felici, A. Dees, F. Leila & M. Paolo.
2010. Trial son Pacific oyster (Crassostrea gigas
Thunberg) rearing in the middle Adriatic Sea by means
of different trays. Aquacult. Int., 18: 35-43.

Schnute, J. 1981. A versatile growth model with
statistically stable parameters. Can. J. Fish. Aquat.
Sci., 47: 24-40.



Morphometric and growth models for cultivated oyster 743

Schnute, J. & K. Groot. 1992. Statistical analysis of
animal orientation data. Anim. Behav., 43: 15-33.
Sokal, R.R. & F.J. Rohlf. 1981. Biometry. W.H. Freeman,

New York, 859 pp.

Syda-Rao, G. 2007. Growth and biometric relationship of
the Indian pearl oyster Pinctada fucata (Gould) under
long-term onshore rearing system. J. Mar. Biol. Assoc.
India, 49: 51-57.

Received: 21 August 2017; Accepted: 3 March 2018

Venzon, D.J. & S.H. Moolgavkar. 1988. A method for
computing profile-likelinood-based confidence inter-
vals. Appl. Stat., 37: 87-94.

Wang, Y. & Q. Liu. 2006. Comparison of Akaike
information criterion (AIC) and Bayesian information
criterion (BIC) in selection of stock-recruitment
relationships. Fish. Res., 77: 220-225.

Zhu, L., L. Li & Z. Liang. 2009. Comparison of six
statistical approaches in the selection of appropriate
fish growth models. Chinese J. Oceanol. Limnol., 27:
457-467.



