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ABSTRACT

In aquaculture, knowledge growth patterns are essential for optimizing production. This study evaluated and
comparated the predictive capacity of five weight growth models to determine which best describes the
individual growth of Lithobates catesbeianus under two commercial stocking densities. The experiment was
conducted in triplicate in six commercial plastic ponds for 52 days (October to December 2024), using 4500
juveniles with an initial weight of 1.7 + 0.81 g. The models were fitted to estimate weight as a function of age,
and the optimal model was selected using the Akaike Information Criterion (AIC). The Ruiz-Velazco model
showed the lowest AIC and data support greater than 95% at both densities, being the most appropriate to
describe the growth of juvenile bullfrogs under commercial conditions. These results constitute a reference for
planning the grow-out phase, although caution is advised when extrapolating them to adult specimens. This
study highlights the relevance of a multi-model approach to reduce bias associated with single model selection,
improving the accuracy and reliability of bullfrog juvenile growth predictions under commercial farming
conditions.
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RESUMEN

En la acuicultura, el conocimiento del crecimiento es fundamental para optimizar la produccién. Este estudio
evalud y comparo la capacidad predictiva de cinco modelos de crecimiento en peso, para determinar el que
mejor describe el crecimiento individual de Lithobates catesbeianus bajo dos densidades de cultivo comercial. El
experimento se realizé por triplicado en seis estanques comerciales de plastico durante 52 dias (octubre-
diciembre de 2024) empleando 4500 juveniles con peso inicial de 1,7 * 0,81 g. Los modelos fueron ajustados
para estimar el peso en funcidn de la edad, y el mejor se determiné mediante el Criterio de Informacién de
Akaike. El modelo de Ruiz-Velazco present6 el menor AIC y un soporte en los datos superior al 95 % en ambas
densidades, siendo el mas adecuado para describir el crecimiento de juveniles de rana toro en condiciones
comerciales. Estos resultados constituyen una referencia para la planificacién de la etapa de engorda, aunque se
recomienda cautela al extrapolarlos a ejemplares adultos. Este estudio destaca la importancia de un enfoque
multimodelo para reducir el sesgo asociado a la seleccién unica de modelos, mejorando la precisiéon y
confiabilidad de las predicciones de crecimiento de juveniles de rana toro bajo condiciones comerciales de
cultivo.
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INTRODUCTION

Global aquaculture production of frogs increased
from 111,000 tonsin 2011 to 229,000 tons in 2022,
accounting for 51% of total aquatic organism
production in that year (FAO, 2024). The bullfrog, a
species native to North America, has been cultured
since the early 20th century in the United States
and Canada (Zhang et al., 2025) and has emerged
as a key species in aquaculture due to its high
economic value (FAO, 2025), particularly for its
hind legs, which are considered a gourmet product
(Dodd & Jennings, 2021; Ruiz-Haddad et al., 2022).
Over the past decade, the culture of this species has
expanded considerably, driven by its rapid growth
rate, adaptability to farming conditions, and strong
acceptance in high-value markets. In 2013, China
produced approximately 150,000 tons (Zhang et
al,, 2015), and substantial production has also been
reported in Taiwan, Brazil, Ecuador, Guatemala,
and Mexico (FAO, 2022).

In Mexico, the production of bullfrog has shown
sustained growth, reaching 228 tons in 2017,
which represents approximately 1% of national
aquaculture production (CONAPESCA, 2017).
Despite its relatively low contribution in terms of
total volume, frog farming is highly profitable on a
per-unit-area basis and constitutes a viable
strategy for diversifying small-scale aquaculture.
The main producing states include State of México,
Sinaloa, Nayarit, and Jalisco (Islas-Ojeda et al,
2021).

In aquaculture, growth is a key factor for profi-
tability (Jurado-Molina et al., 2023). However, the
implementation of models describing the growth of
bullfrog remains limited, with current studies
primarily based on absolute growth rate (AGR) and
specific growth rate (SGR) (Fonseca-Madrigal et al.,
2023). The development of modern aquaculture
requires biomass optimization (Jurado-Molina et
al,, 2023) through the integration of bioeconomic
analyses and production models that enable cost
estimation and efficiency improvement
(Hernandez-Llamas & Ratkowsky, 2004).

In this context, determining growth limits and
formulating a weight growth model for bullfrog are
essential for designing sustainable and profitable
strategies. This trend highlights the increasing
importance of growth modeling in research and its
application within the aquaculture sector.
Traditionally, the von Bertalanffy model has been
the most widely used to describe the growth of
aquatic organisms (Katsanevakis & Maravelias,
2008), followed by the Schnute and Richards
(1990), Gompertz (1825), and logistic models
(Ricker, 1975). However, their applicability may be
limited for certain species under culture conditions
(Castillo-Vargasmachuca et al,, 2016; McGuigan et
al., 2023), which has led to the exploration of
alternative approaches such as the Schnute model
(1981) and the model proposed by Ruiz-Velazco et
al. (2010). The model proposed by Schnute (1981)
encompasses, as special cases, the growth models
of von Bertalanffy, Schnute and Richards,
Gompertz, and logistic. In turn, the Ruiz-Velazco
model is an adaptation of the growth curve
described by Herndndez-Llamas and Ratkowsky
(2004), incorporating parameters related to initial
and final weight over the culture period.

Growth analysis of a species is typically based on
selecting and fitting a theoretical model to
observed data (Katsanevakis & Maravelias, 2008).
However, a more robust approach (Akaike, 1981)
involves fitting multiple candidate models and
applying information theory to identify the optimal
model using the Akaike Information Criterion
(AIC). This model selection procedure allows for
determining which model most accurately
describes the variation in weight of bullfrog under
commercial culture conditions.

The objective of this study was to compare the
predictive performance of the four cases of the
Schnute model and the Ruiz-Velazco model to
determine which best explains the observed weight
growth data of bullfrog under two culture densities
over a 52-day period.

METHODOLOGY

The study was conducted at a commercial bullfrog
farm located in southern Mazatlan, Sinaloa, Mexico,
as part of a study evaluating the effect of two
stocking densities on the growth of juvenile
bullfrogs reared under laboratory conditions and
pre-fattened for 52 days prior to their final growth
stage.

For the study, 4,500 juvenile bullfrogs (initial
weight: 1.7 g + 0.81 g; initial length: 2.54 cm * 0.72
cm) were distributed into six 16.5 m? tanks at
stocking densities of 500 frogs/m? (D500) and
1,000 frogs/m?> (D1000), each with three
replicates. The lower density was used as a
reference for the producer’s conventional
management practices, while the higher density
aimed to double production per m?.

The commercial tanks, made of plastic, were
installed within a greenhouse-type structure with
UV protection (white plastic, 800 gauge) and a

drainage system consisting of 2-inch diameter PVC
pipes. Daily cleaning was carried out in the
mornings. Frogs were fed twice daily (08:00 h and
16:00 h) with an extruded diet (45% crude protein,
16% crude lipids, 2 mm pellet) produced by High
Quality Food Pedregal Company. The daily ration
corresponded to 5% of the estimated biomass and
was adjusted after each sampling.

Biometric measurements were recorded every 7
days to evaluate survival, weight (g), and length
(cm). Frog samples were collected weekly (mean of
112 frogs per tank) from each tank using dip nets.
The first biometric measurement was conducted
10 days after stocking due to harvesting
constraints. A total of 982 weight-age data points
were obtained for D500 and 803 for D1000.

In particular, during the final month, a total of 130
frogs were sampled (80 for D500 and 50 for
D1000). Mean survival was estimated through
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daily collection and counting of dead frogs from
each tank. Due to the shallow depth of the flooded
area, the tank bottom was easily visible, facilitating
the identification and counting of dead frogs, which
sometimes floated and at other times settled at the
bottom.
Water quality was monitored daily in all tanks.
Water temperature (°C) was measured daily using
an oxygen meter (model YSI 85; YSI, Yellow
Springs, OH, USA) (Hernandez-Lépez et al., 2016),
pH was determined using a digital pH meter
(HANNA Instruments, Mexico City, Mexico).
Five candidate models were fitted to the age and
mean weight-at-age data: the Schnute model
(1981) in its four general cases and the model
proposed by Ruiz-Velazco et al. (2010). The four
cases of the Schnute model (1981) are as follows:
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Where W(t) is the individual weight atage t; W; and
W2 represent the initial and final weights,
respectively. Parameter a describes growth in units
of time (years), whereas parameter b is associated
with the inflection point of the growth curve.

The Ruiz-Velazco model is defined by the following
equation:

w.=w; + [wf - wz-) {i:—:i)a 5

Where Wi is the initial weight and Wr is the final
weight; parameter k represents the rate at which
weight changes from its initial to its final value, and
parameter ¢ corresponds to the duration of the
culture period in days (52). It was assumed that
weight-at-age data follows a log-normal distribu-
tion. Parameters were estimated by minimizing the
negative log-likelihood (-LL) (Haddon, 2001).
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Where WP is the observed weight-at-age, W;""**
is the predicted weight-at-age, and n is the number
of observations. For model selection, the Akaike
Information Criterion (AIC) (Akaike, 1973) was
used:

AIC = 2k — 2LL (7)
Where k is the number of estimated parameters
and -LL is the negative log-likelihood. The Akaike
weight was also used for model comparison:
- 0-sLAIC;
W, = ———
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Where j is an index representing each of the models
used in the analysis (Equations 1-5) and AAIC =
AIC; — AlCrpin.

RESULTS Y DISCUSSION

The estimated mean survival was high in both
treatments, reaching 90% for density D500 and
93% for density D1000, reflecting adequate culture
conditions. Regarding environmental parameters,
water temperature ranged between 24 and 29 °C,
with means of 27.2 + 1.24 °C (D500) and 27.4 + 1.48
°C (D1000), remaining within the optimal range for
bullfrog growth during the study period, according
to the Servicio Nacional de Sanidad, Inocuidad y
Calidad Agroalimentaria (SENASICA, 2019).
Statistical analysis comparing tank temperatures
using a t-test showed no significant differences
between treatments (P = 0.3797).

Similarly, pH ranged from 6.4 to 7.0, with mean
values of 6.6 + 0.25 (D500) and 6.7 £ 0.21 (D1000),
with no significant differences (P = 0.2193). These
conditions allow the observed differences in
growth to be attributed primarily to the effect of
stocking density rather than environmental
variation.

A total of 981 weight-at-age data points were
recorded for D500 and 802 for D1000, yielding a
total of 1,783 juveniles analyzed (Table 1). This
sample size is adequate for evaluating growth using
mathematical models, considering that most
studies rely on a single dataset (Jurado-Molina et
al.,, 2018).

For the final age class (52 days), density D1000
exhibited the highest weight values (76.18 + 8.78 g)
(Table 1 and Figure 1), suggesting better produc-
tion performance under this condition. The results
indicate that density D1000 promotes growth;
however, this requires a more formal analysis using
approaches such as those proposed by Jurado-
Molina et al. (2023) and Ramos-Torres et al. (2024).
The greater growth observed at the higher density
could be explained by a reduction in motor activity
due to limited space availability, which would
decrease energy expenditure and promote greater
feed utilization efficiency.

Table 1

Average weight-for-age and sample size data by culture
density used to model the growth of juvenile bullfrogs
grown in tanks

Age Average weight (g) Data number (n)
(days) D500 D1000 D500 D1000
10 3.55£2.13 3.09+1.86 150 150
17 5.62+3.06 4.21+285 150 150
24 7.63+4.47  632%2.21 150 102
31 15.60£6.18 14.79+4.31 151 150
38 28.86+2.80 37.57+9.61 150 100
45 45.17+499 55.17+7.60 150 100
52 61.95+5.40 76.18+8.78 80 50

Total 981 802
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Figure 1. Size frequency distribution for juvenile bullfrogs cultured at two stocking densities during 52 days. The vertical line represents the

average weight-at-age.

This finding is consistent with previous studies
indicating that at higher stocking densities, growth
can be maintained or even increased alongside
biomass (Badillo-Zapata et al,, 2022; Komal et al,,
2024). However, caution is warranted, as over-
crowding may lead to adverse effects on growth
(Costaetal, 2017).

In the present study, five candidate weight-growth
models were fitted (Equations 1-5). In general, all
models adequately described the observed data,
except at the final age class (52 days), where the
Schnute model (Case 1) was the only one that
achieved an adequate fit (Figures 2 and 3).
Estimates of the standard error (c) were consistent
across models and densities (Table 2), whereas

parameters a and b showed considerable variation,
with notably high values of @ and negative values of
b in the Schnute Case 1 model. Estimates of
parameter k in the Ruiz-Velazco model were
consistent between both densities, as were the
initial weights.

Regarding final weight (W2), values were higher in
D1000 and consistent across models, except for the
Schnute Case 1 model (Table 2). From a
methodological perspective, the selection of
models incorporating parameter W: represents an
advantage over traditional models such as von
Bertalanffy, logistic, or Gompertz, which rely on the
asymptotic weight (W).
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Figure 2. Fitting models to observed weight-at-age data for D500 density of pond-grown bullfrog juveniles. Ruiz-Velazco-Ruiz-Velazco model,
SC1 - Schnute model case 1, SC2 - Schnute model case 2. SC3 - Schnute model case 3, SC4 - Schnute model case 4.
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Figure 3. Fitting models to observed weight-at-age data for D1000 density of pond-grown bullfrog juveniles. Ruiz-Velazco-Ruiz-Velazco
model, SC1 - Schnute model case 1, SC2 - Schnute model case 2. SC3 - Schnute model case 3, SC4 - Schnute model case 4.

Table 2
Estimated parameters for each candidate model assuming log-normal error for weight-at-age data at each density for tank-grown bullfrog
juveniles
Density 500/m?2
Model w1 w2 k a b Sigma
RV 2.7+0.1 709+2.8 1.007 £0.002 = = 0.492£0.011
Case 1 2.6+0.1 61.9+3.4 = 0.5+0.3 -6.2£3.6 0.496 +0.011
Case 2 2.7+0.1 72.7+23 - 8.2E-8 £ 9.3E-7 - 0.499+0.011
Case 3 2.70+0.08 72.7£2.3 o = 1.5E-4 +£0.003 0.499£0.011
Case 4 2.70+0.08 72.7£2.3 = = = 0.499£0.011
Density 1000/m?
RV 22+0.1 97.1+4.2 1.015+0.001 o o 0.450+£0.011
Case 1 21+0.1 75.8£4.90 - 0.63+0.56 -6.67 £6.02 0.464+0.012
Case 2 22+0.1 96.3+3.4 - 2.6E-8 £ 3.6E-7 0.469 +0.012
Case 3 22+0.1 96.3+3.4 o = 2.3E-5+6.3E-4 0.469+0.012
Case 4 22+0.1 96.3+3.4 = = = 0.469 £0.012

The parameter W: allows growth to be interpreted
at a specific point in the culture period, such as the
end of the experimental period (Schnute, 1981),
which is more useful in aquaculture contexts. In
this regard, understanding growth constitutes a
key element for the success of aquaculture (Jurado-
Molina et al., 2023).

Regarding model selection, the Ruiz-Velazco model
provided the best fit at both stocking densities
according to the Akaike Information Criterion
(AIC). For D500, it yielded the lowest AIC value
(1402.34), with 4i = 0 and an Akaike weight (wi) of
0.99, whereas the Schnute models showed 4i > 15
and wi < 0.001, indicating virtually no support.

For D1000, the Ruiz-Velazco model was also the
most parsimonious (AIC = 1002.95, wi = 1), with Ai

Table 3

> 50 for the alternative models (Table 3). These
results confirm that the Ruiz-Velazco model more
adequately describes the weight-growth rela-
tionship under both stocking density conditions.
However, although the Ruiz-Velazco model showed
the best overall performance, it did not adequately
reproduce the data for the final age class, in
contrast to the Schnute Case 1 model. This
highlights the importance of considering the
objective of the analysis: while the Ruiz-Velazco
model optimizes overall fit, the Schnute model may
be more suitable for point predictions at the end of
the culture period. Farm managers should take this
distinction into account when making production
decisions.

Model selection using the Akaike criterion, A;, and w; for the growth of tank-cultured bullfrogs at two different densities

Density Model AIC Ai Wi
Ruiz Velazco 1402.342 0 0.999
Schnute Case 1 1417.9643 15.6223 0.0004
D500 Schnute Case 2 1428.3981 26.0561 2.19E-06
Schnute Case 3 1428.404 26.062 2.19E-06
Schnute Case 4 1426.398 24.056 5.97E-06
Ruiz Velazco 1002.945 0 1
Schnute Case 1 1055.2891 52.3441 4.30153E-12
D1000 Schnute Case 2 1071.699 68.754 1.1756E-15
Schnute Case 3 1071.701 68.756 1.17442E-15
Schnute Case 4 1069.6985 66.7535 3.1964E-15
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The Ruiz-Velazco model has previously been
applied to juvenile bullfrogs (Hernandez-Lépez et
al,, 2024), where it did not always provide the best
statistical fit, although its curve was similar to that
of the optimal model. It has also demonstrated
robust performance under commercial high-
density ~ conditions (Hernandez-Lopez &
Hernandez-Yau, 2023). This suggests that,
although it is not always the optimal model, it
adequately represents the general dynamics of
growth.

The use of multiple models allows for the
incorporation of model error, which arises when
model structure or underlying assumptions
represent a simplified version of reality and fail to
capture its full complexity (Sun & Wang, 2024).
Unlike the traditional approach in aquaculture,
which is based on a single model (often the von
Bertalanffy model), this study adopts a multimodel
approach that reduces uncertainty and improves
inference. This is particularly relevant given that
the von Bertalanffy model may exhibit bias in
parameter estimation and extrapolation (Flinn &
Midway, 2021), despite its widespread use
(Aragén-Noriega et al., 2025).

Several studies have shown that no single model is
universally superior. For example, McGuigan et al.
(2023) reported estimates using the von
Bertalanffy model for Lutjanus campechanus,
whereas Jurado-Molina et al. (2023) recommended
the logistic model for Lutjanus guttatus. Other

models, such as the triple logistic (Ramos-Torres et
al, 2025) and the Weibull model (Zarzar et al,
2023), have also demonstrated good performance
across different species. This reinforces the need to
apply comparative approaches in growth analysis.
The present study represents a relevant
contribution by incorporating model uncertainty
into the analysis of bullfrog growth under
commercial conditions. Additionally, the use of two
stocking densities allows for a robust evaluation of
model performance across different production
scenarios.

From an applied perspective, the results indicate
that the Ruiz-Velazco model provides useful
estimates for planning the pre-grow-out stage.
However, these estimates should be interpreted
with caution, as they may change when
incorporating data from larger individuals or
complete production cycles. In this regard, future
studies could integrate Bayesian approaches to
improve parameter estimation.

Overall, the results presented here aim to provide
useful information for producers and aquaculture
farm managers to optimize growth, improve
profitability, and enhance the technical viability of
production. This study represents a step forward in
understanding bullfrog growth under culture
conditions and highlights the importance of
accounting for model uncertainty through the
evaluation of multiple candidate models.

CONCLUSIONS

This study demonstrates that the Ruiz-Velazco
model is the most accurate and robust tool for
predicting weight growth in juvenile bullfrog
under commercial culture conditions in flow-
through  tank  systems, outperforming
traditional weight-growth models according to

the AIC criterion. The implementation of a
multimodel approach is essential to reduce bias
in aquaculture planning and to optimize the
grow-out stage under commercial and realistic
stocking densities.
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