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Abstract

Several authors have proposed models to describe fish growth taking the influence of temperature into
account, and one of most interesting is the “Thermal unit Growth Coefficient” (TGC). Recent research
has demonstrated that TGC varies throughout the growth cycle of fish, making it necessary to establish
different stanzas. In this work, the original TGC model using 1/3 as exponent was compared with a new
model considering 2/3. Likewise, two stages for the growth of gilthead sea bream under commercial
conditions in marine farms were detected by means of TGC seasonal models using the continuous
temperature curve. A critical value for weight around 117g was obtained, which could mark the
transition between two growth dynamics. To describe the weight evolution during a complete production
cycle, the two growth stages were described by two separate seasonal TGC models (1/3-TGC model and
2/3-TGC model), and with an integrated model named Mixed-TGC model, which presents interesting

properties of continuity and differentiability and could be an important tool for fish farm management.

Keywords: Seasonal growth, temperature curve, marine cages production

1.- Introduction

The importance of growth models in aquaculture has been demonstrated by the
publication of a large number of papers in recent years (Baer et al., 2011; Dumas et al.,
2007, 2010; Dumas and France, 2008; Libralato and Solidoro, 2008; Mayer et al. 2008,
2009; Moses et al., 2008; Seginer and Halachmi, 2008), most of which are based on the
metabolic growth model developed early last century (Putter, 1920; Bertalanffy, 1938,
1957; Parker and Larking, 1959; Ursin, 1967) to describe fish growth. Most of the

classic models were based on the assumption that growth depends on live weight
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affected by the exponent 2/3 (surface rule), and later models (Cho, 1992; Cho and
Bureau, 1998) have also used this value. Nevertheless, some authors have questioned
the general use of this exponent because Ursin (1968) estimated lower values than 2/3

in some fish, and Moses et al. (2008) cited values around 3/4 in some vertebrates.

An alternative is to use the “thermal unit growth coefficient (TGC)” model reported by
Iwama and Tautz (1981) in hatcheries, and developed by Cho (1992), Cho and Bureau
(1998) and Dumas et al. (2007) in growing trout, and Mayer et al. (2008, 2009) in
gilthead sea bream. This model is a particular version of the von Bertalanffy equation
that incorporates a cumulative water temperature, which allows an estimation of fish
growth in several temperature conditions, constituting an interesting tool for aquaculture
management. In the case of gilthead sea bream, growth patterns were considered as a
function of cumulative effective temperature ¥ (T; - 12), because growth is zero, or
negative, for water temperature below 12 °C (Mayer et al. 2008, 2009). Other models
have also considered the average temperature (Petridis and Rogdakis, 1996; Lupatsch

and Kissil, 1998; Lupatsch et al., 2003) but their practical application was difficult.

Ursin (1963), Akamine (1993), Moreau (1987) and Fontoura and Agostinho (1996)
studied the inclusion of sinusoidal temperature curve in the Bertalanffy growth model,
and recently Leon et al. (2006) used a temperature function applied to growth model
from Hernandez et al. (2003). Alternatively, Dumas and France (2008) proposed a
model to illustrate the seasonal TGC growth of ectotherms using a one year temperature
periodic function. Seginer and Halachmi (2008) also applied the sinusoidal temperature
curve to the exponential growth model from Lupatsch and Kissil (1998) to study

management aspects in intensive gilthead sea bream aquaculture.

Another advantage of the TGC model was the simplicity of application in aquaculture,
as it was possible to estimate the weight throughout the production cycle using a single
value of TGC (obtained in the same production conditions). However, Dumas et al.
(2007) suggested the need to use different TGC values for different trout stages during
the growth period (< 20 g, 20-500 g, > 500 g). This would indicate that new studies

revising the TGC model in other species are necessary.

In a previous paper Mayer et al. (2008) studied various growth models for the gilthead
sea bream considering the variability of water temperature. The evolution of a set of
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average weights calculated from different samples obtained in 20 batches where
analysed. One of the key findings of the paper was that the best models (including TGC
model) were those that considered the accumulated effective temperature as an
independent variable, instead the time. In a second work, Mayer et al. (2009) explored
full samples considering all the individual weights of sea bream from the batches
studied in Mayer et al. (2008) using a discriminant analysis and quantile regression
techniques, with reference to the classic TGC model. It was suggested that it was
possible to differentiate two groups of gilthead sea bream with homogeneous and
heterogeneous growth characterized by a different evolution of the weight dispersion.
The factors that influenced the dynamics and the diversity of growth were the seasonal
change of water temperature and the weight distribution of the fishes provided by the

hatchery.

The aim of this paper was to develop a new approach to the growth of gilthead sea
bream under commercial production conditions with great fluctuations in water
temperature, including the sinusoidal temperature curve in the TGC model, and
considering the different stages throughout the growth period, in order to improve the
estimation of growth on aquaculture farms. Our initial goal was to detect the existence
of significant changes in the dynamics of the evolution of the average weight of fish
over a complete cycle of production considering two-step TGC model that established
the existence of a “critical or transition” live weight, which indicates indicated a change

point in the dynamics of growth of the gilthead sea bream.

2.-Material and Methods
2.1. Mathematical Models

Considering a general model of growth given by the initial value problem,

dw
R @

W(to) :Wo'

where W is the weight and t is the time, a model can be achieved that takes into account

seasonal fluctuations in temperatures by replacing in (1) the time variable t, by a
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function ST (t,,t) (ST was used for simplicity) which represents the accumulated
temperature in the time interval [to,t] (Akamine, 1993). Indeed, assuming that at the

initial time to, the accumulated temperature is zero, ST (t,,t,) =0 we have

dw

ast IS @

W (0) =W,

Models (1) and (2) describe different temporal dynamics. The model (2) takes the sum
of temperature as an independent variable to describe the evolution of time and the
growth is described from the instantaneous rate of weight gain per unit of accumulated

temperature.

Taking into account the chain rule

dW dw dST
= . (3)
dt  dST dt
and that
t
dj—tT=T(t) ie. ST(t,t)=[T(x)dx (4)

f

where T(t) is the continuous function that provides the temperature at any moment t,

from the model (2) we obtain immediately a seasonal time-dependent model

dw

W(to) =W,

In the case of indeterminate allometric growth the basic model (Parker and Larkin,
1959, Gamito, 1998) is quite common,

dw 1b

—=kW 6

ot (6)
where k is a constant related with the metabolic loss of an individual unit weight and the
achievement of assimilated food for growth and b is a constant (0<b<1). The model
given by (6) assumes that the allometric growth rate decreases with time due to the
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decrease that occurs in metabolic rate with increasing fish size and that W increases
without limit (Gamito, 1998).

From (3), (4) and (6), we obtain the associated seasonal model

— =kW", (7

—— =kT(t)w*® (8)

In what follows, we assume that the time, t, is given in days (d), the units of the constant
rate k (>0) are g (°C-d)”!, T(t) is the function that provides the water temperature at
each time (°C), and the allometric exponent b (0<b<1) is dimensionless.

If we suppose initially that t=ty, ST(to to)=0 and W=W,, the solution of (7) is
WP(t) =W, +kb-ST(t,,t). (9)

An immediate discrete version of (9) can be obtained by considering for each day, i,

i=1,2,...,n, the mean of the daily temperature, T;. so we have the model

W, =W +k-b->'T, n=12... (10)

i=1

If b=1/3in (10), and denote k=TGC/b, we obtain the classic TGC-model (Cho, 1992)

Swie
W

=WZ +TGC-> T, (11)

i=1

w
which was developed from empirical results without any mathematical or dynamical
previous consideration (Dumas et al., 2007).

Equations (7) or (8) allow modelling the indeterminate seasonal growth. The function
T(t) can take different expressions depending on environmental conditions (Akamine,
1993).

The integral solution of equation (8) is given by the expression
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WP (t) =W, + k-b-.t[T(t) -dt (12)

f

W (t) = [Wob +k -b-jT(t) dt]b (13)

As mentioned above, the temperature function T(t) depends on the context. In the case
of marine farms in fixed locations, fish live in an environmental where the water
temperature evolves according to regular annual cycles. A simple one-year periodic
expression, which allows us to include the seasonal influence of temperature on growth

in the model, is based on the sinusoidal function (14) used in different studies
. (2r
T@t)=T +T,-sin| —-(t— 14
=T, +Tp sm[365 ( a)] (14)

where t > 0, and T _ is the average annual temperature, T, is the amplitude and « is a

tuning parameter- From (14), we obtain a compact expression for the cumulative

temperature function in the time interval [to, t],

K ey o 365( (2z(t-a)) Zﬁ(to—a)j 15
ST(t )= [TOdt=T, (t~1,)-To 7 [COS( j CO{ 365 o

T 365

t

In the case of gilthead sea bream, it is more appropriate to use the effective temperature,
T(t)-12, instead of T(t) (Mayer et al. 2008), which only involves replacing T, by Ty, -12
in (15).

ST(t,.1) = .l[(T (t)-12)dt = (T, -12)(t-t,)-T, 3%5 [cos( 2”3(;; a)j - cos(zggéga)jj (16)

fo

By substituting (16) in (13), and solving the integral, we obtain an expression for the

weight in the instant t (Dumas and France, 2008)

W(t) = [wob +k-b- [(Tm ~12)(t—t,)-T, % [cos( 2 (t - “)j - cos[z”(;gs‘“)mﬁ (17)

365
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W(t) = (Wob +TGC, -((Tm 12)-(t-t,)-T, 32—? [cos( 2t~ “)) - cos( 27 (t - “)m]ﬁ (18)

365 365

where TGCp=k b.

Dumas and France, (2008) obtained good results for describing the growth of different
species of ectotherms, using models analogous to that given by equation (18), assuming
different values of b for different species and contexts, but fixing different values for

different time periods under study.

From equation (18), three models were developed in order to simulate the seasonal
indeterminate growth of gilthead sea bream. Two of them were obtained by fitting the
data to equation (11), assuming the values b = 1/3 and b = 2/3, based on actual values of
accumulated temperature. The third model is built by aggregation of the two models
mentioned above, establishing two stages of growth.

2.2. Data description

Models have been developed considering data on weight and accumulated temperature
from 20 batches of farmed gilthead sea bream in real conditions of growth (Mayer et al.
2008).

To validate the models the weight data from 6 batches of gilthead sea bream (Table 1)
were used. The production conditions of these 6 batches were similar to those described
in Mayer et al. (2008) and corresponded to an initial production period between April
and October (Table 1).

TABLE 1
2.3 Statistical analysis and design of the models

A preliminary exploratory analysis of the data from the 20 batches was performed,
considering the discrete model

1
W, =W +TGC, -ST)o (19)

where parameters b and TGC,, were estimated from available actual data of accumulated

effective temperatures, by the Levenberg-Marquard iterative method available in
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Statgraphics® plus version 5.1. The exploratory analysis studying the model (19) with
both b=1/3 and b=2/3 was continued using a least squares fit after linearisation,

obtaining the values for the TGC, named TGCy/3 and TGCy3, respectively.

For integrating two models it was necessary to establish the transition point of change in
the dynamics of growth we consider the expression (7) with b=1/3 and b=2/3, and solve
the equation

k1/3'W2/3 = kz/s'Wu3 (20)

Note that in (7) we must distinguish two values of k which are different for the two
values of b, so ky=TGCy/b for b=1/3, b=2/3, respectively. The non-zero solution for W
in (20), W= 1/8 (TGCy3/ TGCys)° is a theoretical critical value of the weight for which
the instantaneous rate of change in terms of weight depending on accumulated
temperature is the same for both models (see Figure 1). We assumed the hypothesis
that the critical weight obtained indicates a smooth transition from the dynamics
described by the model given by equation (19) with b=1/3 to the dynamics described by
the model with b=2/3.

To estimate the final weight of gilthead sea bream, two simulation models were
developed from equation (18) with b=1/3 (TGC,=TGCy;3) and b=2/3 (TGC,=TGC,s3),
respectively, and from the temperature function, T(t), given in (14). These models were
designated the seasonal 1/3-TGC model and seasonal 2/3-TGC model, respectively. The
parameters T, Tq and ¢, of the temperature function T(t), (14) were adjusted for the
environmental conditions where the studied batches were located. This was done using
a large sample of daily temperatures of sea water for a period of three years (March
1998-March 2001) and the Levenberg-Marquardt algorithm available in MATLAB® v.
5.3 was used.

From the seasonal models1/3-TGC and 2/3-TGC, taking into account the transition
value of the weight obtained previously (W; ~117 g), a new simulation model was
designed which is a combination of both of the previous versions, named seasonal
Mixed-TGC model. To analyse and validate the seasonal models, 1/3-TGC, 2/3-TGC
and Mixed-TGC, various techniques were applied, using the statistical package
Statgraphics® plus 5.1.
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The three models were tested using the 6 batches described in Table 1, which were not
used in model development. We have considered jointly, the actual average weight data,
from different samples taken in the 6 batches obtaining a single large sample. Samples
in each batch were taken at different times of the production cycle. The estimated
weights for the three models, from the initial weight and for each batch, for the same
times in which samples were taken, were computed. Finally the actual and estimated
values were compared. On the one hand, we contrasted the equality of the means of the
absolute errors (absolute value of the difference between real values and estimated
values of weight) for the three models by means of an ANOVA, using the t-test. On the
other hand, the differences between actual weights and estimated weights were also
studied considering contrasts for paired values (using the t-test). It was thus verified
whether each model estimated suitably, overestimated or underestimated the final actual

weight.

Finally, by contrasting hypotheses about the equality of standard deviations of the
absolute errors, it was determined which model estimates more accurately the actual

weight.
3.-Results

Considering the data from the 20 batches and equation (19), the parameters b and TGC,
were estimated from real data of actual accumulated temperatures. A value for
b=0.6478 very close to 2/3 was obtained, with the 95%-asymptotic confidence interval
being for b, (0.5576, 0.7180), and a value for TGC,=0.014437, with the 95%-asymptotic
confidence interval being for TGCy, (0.007744, 0.021129) and R?*=97.8%. Asymptotic
confidence intervals showed that the parameters were significant and the coefficient of
determination indicated a strong model fit to the data. These results led us to propose
the viability of the TGC model with b=2/3.

The results for the value TGCy, obtained by least squares, after linearisation, for models
with b=1/3 and b=2/3, respectively, are shown in Table 2. Obviously, TGC values are
different in the two models, TGCy3 = 0.00164 and TGCy; = 0.01609, but remain highly
significant.

TABLE 2
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Figure 1 shows graphs corresponding to the instantaneous rates of growth, dW/dST,
depending on the weight, W, given in (6), for the cases b=1/3 (1/3-model) and b=2/3
(2/3-model), considering the values k=ky/3 and k=kz/3, showed in Table 2, respectively.
Both curves allow us to compare the dynamics of the evolution of weight for both
models. Instantaneous growth rates based on the cumulative effective temperature
(dW/dST, g °C™) are equal for the non-zero intercept point corresponding to the value of
weight W = 117 g (transition value of weight). From W=0 to W=117 g, instantaneous
growth rate of weight with respect to the cumulative effective temperature is higher and
grows faster for the 2/3-model. After W=117g, the instantaneous growth rate is higher
for 1/3-model. These results clearly suggest a pattern of gilthead sea bream growth in

two stages.
FIGURE 1

The fitted values for the parameters of the temperature function T(t), described in (14),
are Tn=18.8525, Tp=-6.6997 and «=-312.4609. Figure 2 shows the temperature
function T(t) and actual temperature data over a period of time established by the
available actual data (available time interval started at day 69, March 10). Note that by
periodicity, the first day of January would be day 1+365-j, where j is any integer value.
FIGURE 2

So, two seasonal models were established based on equation (18), in order to describe
the growth of gilthead sea bream; the seasonal 1/3-TGC model (b=1/3,
TGCy/3=0.001646) and the seasonal 2/3-TGC model (b=2/3, TGC,;3=0.016095). From
the former models, 1/3-TGC and 2/3-TGC, we constructed the seasonal Mixed-TGC
model, which is defined in (21) and (22).

1 3
W, (t) = [wos +TGC,,, - ST (to,t)] 1T Wi (1) < 117 (21)

2

3
W, (t) = [w; +TGC,,, - ST (t(,,t)J2 1 Wo ()= 117 (22)

To estimate final weights greater than 117 g from initial weight less than 117 g, first we

calculated the value t; for reaching 117 g using the 1/3-TGC model and the expression
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(23), and then we estimated the final weight using the 2/3-TGC model and expression
(24).

1 3
W, (t,) = (woa +TGC,,-ST(t, ,tl)] =117 (23)

W, (1) = (117i +TGC,,, - ST (tl,t)jz (24)

Therefore, until a final weight less than 117, the Mixed-TGC model coincides with the
1/3-TGC model. In the case of an initial weight greater than or equal to 117g, the
Mixed-TGC model coincides with the 2/3-TGC model. The Mixed-TGC model leads to
a continuous curve for representing the final weight of the gilthead sea bream.
Moreover, the curve is also differentiable at all time because the Mixed-TGC model is
constructed so that when the weight is exactly 117 g, the derivatives of the functions
that define the models 1/3-TGC and 2/3-TGC coincide. Thus, the transition from the
1/3-TGC model to the 2/3-TGC model occurs smoothly, without sharp points.

Figure 3 shows actual weight points together with estimated weight curves obtained
from the three models, 1/3-TGC, 2/3-TGC3 and Mixed-TGC, for the six new batches
reserved for validating the theoretical models.

FIGURE 3

Table 3 shows the results for the averages of absolute errors of estimation for the
complete cycle (long-term using data from all monthly samples), for the periods before
the critical weight (W;<117) and after the critical weight (Wy>117) and for final weight
at the end of the cycle. The estimated absolute error (absolute value of the difference
between real and estimated value), is a measure of the adjustment of the values
estimated by models to the real data. The results show a lower value of the average of
the absolute errors for the 1/3-TGC model than 2/3-TGC when W<117 g, and for the
2/3-TGC model than 1/3-TGC when W>117 g, but if the complete production cycle is
considered and the Mixed TGC model is compared with the 1/3-TGC model and the
2/3-TGC model, differences were not statistically significant. When final weight was

estimated from initial weight with three models, differences were not significant.
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TABLE 3

Finally, Table 4 shows the outcomes of the hypothesis tests considering the resulting
variable by subtracting the actual weight minus the estimated weight, D=W/ea-West.
When considering the sign of the difference between real and estimated weight, we can
determine if a model overestimates or underestimates real weight.  Analysis
distinguishes the case in which the real final weight is less than 117 g (first stage) from
that where the real initial weight is greater than or equal to 117 g (second stage). The
Mixed-TGC model does not appear in the analysis because for final weights less than
117g the Mixed-TGC model coincides with 1/3-TGC model, and if initial weight is
greater than or equal to 117, then Mixed-TGC model coincides with 2/3-TGC model.

TABLE 4

For a significance level o =0.05, on the one hand the results indicate that there are no
statistically significant differences between the real weight and the weight estimated by
the 1/3-TGC model for the first stage, and that the 1/3-TGC model tends to overestimate
the final weight in the second stage of growth. On the other hand, the 2/3-TGC model
overestimated the final weight in the first stage of growth while there were no
statistically significant differences between the real weight and weight estimated by the
2/3-TGC model in the second stage of growth.

4.-Discussion

Final weight of gilthead sea bream in real conditions of production, seems to be better
explained using the TGC model with b=2/3 than with b=1/3, because estimated value of
exponent was b=0.648, very close to 2/3. Lupatsch and Kissil (1998) developed a
growth model for gilthead sea bream and obtained a coefficient for weight similar to 2/3
(b= 0.613), although in a new model (Lupatsch et al., 2003) the coefficient was lower
(b=0.514).

When the two models, 1/3-TGC and 2/3-TGC were assayed, a change in the pattern of
growth for gilthead sea bream under commercial production conditions was noted, as
the presence of a transition weight value from around 117 grams was detected, which
indicates a turning point for the dynamics of growth in weight of fish. If we start with
an initial weight of 10 grams, this value can be matched with a value of the sum of
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effective temperatures ST =1670 °C. We cannot explain the hypothetical physiological
process of change that occurs at 117 grams. The results indicate the need to address a
more detailed study of allometric growth of gilthead sea bream under production
conditions. Nevertheless, the reasons for the change in the pattern of growth should be
related with aspects such as the compensatory growth, genetic potential, allometric
growth, nutrients or physiology of reproduction. Dumas et al. (2007) showed that to
describe the growth of rainbow trout over a full cycle of production, there are three
stanzas with different values for b. Growth changes associated with these stages are
explained by morphological changes due to muscle growth dynamics, nutrient
utilisation and reproduction investment. It seems clear that parameter b should not be
considered a priori as a constant for a TGC model intended to explain the growth of
gilthead sea bream in a full production cycle. Specifically, in the case of gilthead sea
bream, when considering a complete production cycle, the TGC-1/3 model tends to
overestimate the final weight (Mayer et al. 2008).

The 1/3-TGC model gives statistically significant better results for the estimated weight
of fish in early stages, to lower final weights of 117 g, while 2/3-TGC model gives
better results in estimating the final weight of fish with initial weights higher than 117
g. The result is consistent with the fact that thel/3-TGC model is based on the model
proposed by lwama and Tautz (1981) for fingerling growth in hatcheries. If we assume
that the temperature varies continuously over time, therefore the model assumes that the
growth rate is allometrically related to the weight, W, and the allometric constant of
proportionality is directly related to temperature that varies during the rearing period.

When we compare the real weight with the estimated weights along the complete
growth cycle, we cannot establish statistically significant differences, because the large
dispersion of the absolute errors corresponding to the 1/3-TGC model and 2/3-TGC
model (Figure 4). The three models seems to provide acceptable results for estimating
the long term weight, as evidenced by the analysis of absolute errors of estimation
(Table 3). If we consider only the weights at the end of the cycle, the absolute error
analysis does not allow statistically significant differences between the three models,
but the final error clearly seems to be lower with Mixed or 2/3-TGC models than 1/3-
TGC-model. In view of the graphs in Figure 3, it seems clear that both 2/3-TGC model
and further the 1/3-TGC model, tend to overestimate the weights at the final of the cycle
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of production. Notably, the absolute errors for models 1/3-TGC and 2/3-TGC show a
wide dispersion, which prevents us establishing significant discrepancies in absolute
errors considering the complete cycle in the three models. In Figures 4 and 5, the value
for the standard error reflects the variation within each sample, and we can observe that

the mean of absolute errors for the Mixed-TGC model is the lowest.
FIGURE 4 - FIGURE 5

It appears that the errors for the Mixed-TGC model have statistically significant lower
dispersion when estimating the average absolute errors. Indeed, to test if the differences
between standard deviations of the errors are statistically significant when considering
the whole cycle, hypothesis tests were performed comparing the standard deviations of
the long-term absolute errors of estimation for 1/3-TGC, 2/3-TGC and Mixed-TGC
models. First, we tested the null hypothesis that the standard deviation from the

absolute error for 1/3-TGC model is equal to that corresponding to the Mixed-TGC

model (Ho: 0,5 = 0, ), @gainst the alternative hypothesis that the standard deviation of

the absolute error for the 1/3-TGC model is greater (Hi: oy,; > 0, ), obtaining the p-
value=0.0073 which leads to rejection of Hyo. When the null hypothesis that the standard
deviations of the absolute errors for 2/3-TGC model and Mixed-TGC model are equal

(Ho: 0,5 =0y ) Was tested against the alternative hypothesis that the standard deviation

is greater for the model 2/3-TGC (Hi: 0,,53 > 0 ), it yielded a p-value=0.0009, which

also led to rejection of Hy. Statistically significant differences between the standard
deviations of the absolute errors cannot be set for the 1/3-TGC and 2/3-TGC models.
The results of these contrasts showed lower uncertainty in estimates from the Mixed-
TGC model and confirmed what Figure 4 seemed to show. Moreover, the 1/3-TGC
model and the 2/3-TGC model tended to overestimate the weight in the second stage of

growth and in the first stage of growth, respectively.

From the above considerations, the Mixed-TGC model clearly seems to be the most
appropriate for describing the growth over the complete production cycle.

5.-Conclusions

The family of TGC seasonal models obtained by considering different values for the b

parameter in the metabolic equation provides a framework for studying and explaining
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indeterminate growth patterns. In the case of gilthead sea bream, the use of 1/3-TGC
model is useful for estimating the weight in the initial period of growth (in this case the
1/3-TGC model matches with the Mixed-TGC model). In the case where the initial
weight exceeds 117 grams, it is advisable to use the 2/3-TGC model to estimate the
weight (which in this case also coincides with the Mixed-TGC model). The study of
TGC models has revealed a change in the growth pattern that occurs when the fish

reaches a weight around 117g.

A continuous growth curve including temperature function and integrating the two

models was developed to establish a practical tool for fish farmers.

The results indicate that the Mixed-TGC model is the most appropriate for long-term

and final weight estimations along the complete cycle of growth.

Acknowledgements
The English version of the manuscript was revised by Neil Macowan.

V.D. Estruch and M. Jover were partially supported by the Universitat Politecnica de
Valéncia, PAID 2009-2010

References

Akamine, T., 1993. A new standard formula for seasonal growth of fish in population
dynamics. Nippon Suisan Gakkaishi, 59 (11), pp. 1857-1863

Baer, A., Schultz, C., Traulsen, I., Krieter, J., 2011. Analising the growth of turbot
(Psetta maxima) in a commercial recirculation system with the use of three differente
growth models. Aquacult. Int. 19, pp. 497-511.

Bertalanffy, L. von, 1938. A quantitative theory of organic growth (Inquiries on Growth
Laws. 11.). Human Biology. 10(2), pp. 181-213.

Bertalanffy, L. von, 1957. Quantitative laws in metabolism and growth. The Quarterly
Review of Biology. 32(3), pp. 217-231.

Cho, C.Y., 1992. Feeding systems for rainbow trout and other salmonids with reference
to current estimates of energy and protein requirements. Aquaculture, 100, pp. 107-123.

Cho Y., Bureau D. 1998. Developments of bioenergetics models and the Fish-PrFEQ
software to estimate production, feeding ration and waste output in aquaculture. Aquatic
Living Resources, 11, pp. 199-210.



422
423
424

425
426

427
428
429

430
431
432

433
434

435
436

437
438

439
440

441
442

443
444
445

446
447
448

449
450
451

452
453
454

455
456
457

Dumas A., France, J. and Bureau, D., 2007. Evidence of three growth stanzas in
rainbow trout (Oncorhinchus mykiss) across life stages and adaptation of the thermal-
unit growth coefficient. Aquaculture, 267, pp. 139-246

Dumas A., France J., 2008. Modelling the ontogeny of ectotherms exhibiting
indeterminate growth. Journal of Theoretical Biology, 254, pp. 76-81.

Dumas A., France, J. and Bureau, D., 2010. Modelling growth and body composition in
fish nutrition: where have we been and where are we going? Review Article Aquaculture
Research, 41, pp. 161-181

Fontoura, N.F. and Agostinho, A.A., 1996. Growth with seasonally varying
temperatures: an expansion of the von Bertalanffy growth model. Journal of Fish
Biology, 48(4), pp. 569-584.

Gamito, S., 1998. Growth models and their use in ecological modelling: an application
to a fish population. Ecological Modelling 113(1-3), pp. 83-94.

Hernandez, J; Gasca-Leyva E; Ledn, CJ; Vergara, JM., 2003. A growth model for
gilthead sea bream (Sparus aurata). Ecological Modelling 165(2-3), pp. 265-283.

Iwama G.K. and Tautz, A.F., 1981. A simple growth model for salmonids in Hatcheries.
Can. J. Fish. Aquat. Sci, vol 38, pp. 649-656

Ledn, Carmelo J., Herndndez Juan M., and Ledn-Santana M., 2006. The effects of water
temperature in aquaculture management. Applied Economics 38(18), pp. 2159-2168.

Libralato, S., and Solidoro, C., 2008. A bioenergetic growth model for comparing
Sparus aurata’s feeding experiments. Ecological Modelling, 214(2-4), pp. 325-337.

Lupatsch 1., Kissil G., 1998. Predicting aquaculture waste from gilthead sea bream
(Sparus aurata) culture using a nutritional approach. Aquatic Living Resources, 11, pp.
265-268.

Lupatsch 1, Kissil G., Sklan D., 2003. Defining energy and protein requirements of
gilthead seabream (Sparus aurata) to optimize feeds and feeding regimes. The Israeli
Journal of Aquaculture — Bamidgeh, 55, pp. 243-257.

Mayer, P., Estruch, V.D., Blasco, J., Jover M. 2008. Predicting growth of gilthead sea
bream (Sparus aurata) in marine farms under real productions conditions using
temperature and time-dependent models. Aquaculture Research, 39, pp. 1046-1052

Mayer, P., Estruch, V.D., Marti, P., Jover M., 2009. Use of quantile regression and
discriminant analysis to describe growth patterns in farmed gilthead sea bream (Sparus
aurata). Aquaculture 292, pp. 30-36.

Moreau, J., 1987. Mathematical and biological expression of growth in fishes: Recent
trends and further developments. The Age and Growth of Fish, edited by Robert C.
Summerfelt and Gordon E. Hall. The lowa State University Press, pp. 81-113.



458
459
460

461
462

463
464

465
466
467

468
469
470

471
472

473

Moses, M. E., Hou, C., Woodruff, W. H., West, G. B., Nekola, J. C., Zuo, W. et al.,
2008. Revisiting a model of ontogenetic growth: estimating model parameters from
theory and data. The American naturalist, 171(5), pp. 632-45.

Parker, R.R. and Larkin, P.A., 1959. A concept of growth in fishes. J. Fish. Res. Bd.
16(5), pp. 721-745.

Petridis, D., Rogdakis, 1., 1996. The development of growth and feeding equations for
sea bream, Sparus aurata L., culture. Aquaculture Research, 27, pp. 413-4109.

Pitter, A., 1920. Studien tber physiologische Ahnlichkeit VI. Wachstumséhnlichkeiten.
Pfligersarchiv fir die gesamte physiologie des menschen und der tiere, 180 (1), pp.
298-340.

Seginer, |, and Halachmi, 1., 2008. Optimal stocking in intensive aquaculture under
sinusoidal temperature, price and marketing conditions. Aquacultural Engineering 39(2-
3), pp. 103-112.

Ursin, E., 1967. A mathematical model of some aspects of fish growth, respiration and
mortality. J. Fish Res. Board Can. 24. pp. 2355-2390



474

475
476

477

478
479

480
481

482

— 1/3 Model

- - — 203 Model

1] a0 00 180 200 2&0 300 350 400 450 SO0

Figure 1. Curves representing instantaneous growth rate dw/dST
for two models (1/3-TGC and 2/3-TGC)
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Figure 3. Growth curves generated with three models (1/3-TGC and 2/3-TGC and Mixed)

and real data from six new batches. (The abscissa axis shows the value of the time variable t day

1 corresponds to the first day of the year, January 1 and a time value t >365

within a year. So, t

indicates a transition from a year to the next)
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Figure 4. Mean and standard errors for absolute error of long term estimation using three
models and real values of new six batches.
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Figure 5. Mean and standard errors for absolute error of final weight estimation using
three models and real values of new six batches.



Table 1. Description data from six new batches used for validation of models

Samples | Initial Final

Bateh | Ao Weig(zt)’ Yo Weiizt)' L e L I e i
1 5 851 | 4521 | 183 | 23.7 |2141.1 0001530 | 0.91
2 10 100 | 3714 | 463 | 19.8 |3611.40.0013%4 | 0.78
3 7 35.0 384.4 399 19.0 2793 | 0.001432 | 0.60
4 9 103 | 3828 | 420 | 19.2 | 3024 | 0001514 | 0.71
5 8 438 | 4116 | 388 | 19.7 |2987.6 | 0.001310 | 0.57
6 8 30.0 3814 364 20.6 | 3130.4 | 0.001324 | 0.69

T: average temperature of the period, ST: cumulative effective temperature (effective temperature is
temperature in degrees Celsius minus 12), TGC: Thermal Growth Coefficient [W}“ —W;“], SGR: Specific

ST
Growth Rate (Infw, )-In(w,)Y))




Table 2.

Thermal Growth Coefficients obtained using the two models (b=1/3 and
b=2/3) considering growth data from 20 batches

Model TGC, 95% TGC, Confidence Ky R?
interval
1 TGC43=0.00164561 | 0.00156 - 0.00174 | 0.0049368 97.3%
b==
-3
TGC,3=0.0160949 0.0153 - 0.0169 0,02414235 98.1%.




Table 3. ANOVA results for the averages of absolute errors of estimation (g), and the
three models, for the complete cycle (long-term using data from all monthly samples), for
the periods before the critical weight (W;<117) and after the critical weight (Wy>117) and

for final weight at the end of the cycle, considering data from six new batches.

1/3-TGC Model 2/3-TGC Model Mixed-TGC model
Long-term 28.9 31.9 24.4
Wi<117% 9.5° 28.8° -
Wp>117? 48.7° 29.0° -
Final Weight 64.1 46.6 34.6

The results must be interpreted by row. (1) P-Value = 0.0328 (2) P-Value= 0.0349




Table 4. Hypothesis tests for paired variables distinguishing two stages of growth: first

W; <117 g and second W, >117 g

Model Ws< 117 g Wo>117 g
Ho: D=0 Ho: D=0
H.: DA0 H,: D<0
1/3-TGC
P-value=0.890 P-value=0.0005
Not Reject Hy Reject Hg
Ho: D=0 Ho: D=0
H,: D<0 H.: DA0
2/3-TGC
P-value=0.0021 P-value=0.60
Reject Hg Not Reject Hy




