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Individual, spatial and inter-sex variation in somatic growth: a 
study of Piaractus mesopotamicus (Characiformes: Serrasalmidae), 

a long-distance freshwater Neotropical migratory fish

Luzia da S. Lourenço1, Rosa Maria R. da Costa2, Patrícia L. Rondon3 and 
Lúcia A. F. Mateus3

Growth is a fundamental biological process, driven by multiple endogenous (intra-individual) and exogenous (environmental) 
factors that maintain individual fitness and population stability. The current study aims to assess whether individual, spatial 
(headwaters and floodplains) and inter-sex variation occurs in the growth of Piaractus mesopotamicus in the Cuiabá River 
basin. Samples were collected monthly from July 2006 to July 2007, at two areas in the Cuiabá River basin (headwaters and 
floodplain). Three growth models (individuals; individuals and sex factors; individuals and areas factors) were developed 
and compared the fish growth parameters using Akaike information criterion (AIC). The best fit to the length-at-age data was 
obtained by a model that considered individual variation and sex. The theoretical maximum average length (L∞) was 64.99 
cm for females, and 63.23 cm for males. Females showed a growth rate (k) of 0.230 yr-1and males of 0.196 yr-1. Thus, could 
be concluded that individual variability and sex were the main sources of variation in P. mesopotamicus somatic growth 
parameters.
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O crescimento é um processo biológico fundamental, impulsionado por múltiplos fatores endógenos (intra-individual) e 
exógenos (ambientais) que mantém o fitness individual e a estabilidade populacional. Este trabalho tem como objetivo avaliar 
se ocorre variação individual, espacial (região de cabeceira e planície de inundação) e entre sexo no crescimento de Piaractus 
mesopotamicus na bacia do rio Cuiabá. Amostragens foram realizadas mensalmente entre julho de 2006 a julho de 2007, em 
duas áreas da bacia do rio Cuiabá (região de cabeceira e planície de inundação). Três modelos de crescimento (indivíduos, 
indivíduos e sexo como fator, indivíduos e área como fator) foram elaborados e comparados os parâmetros de crescimentos 
dos peixes com base no critério de Informação de Akaike (AIC). O melhor ajuste aos dados de comprimento na idade data foi 
obtido pelo modelo que considerou a variação individual e o sexo. O comprimento médio máximo teórico (L∞) das fêmeas foi 
64,99 cm e para os machos 63,23 cm. O coeficiente de crescimento (k) médio foi de 0,230 yr-1 e 0,196 yr-1, respectivamente 
para fêmeas e machos. Portanto, pode-se concluir que variabilidade individual e sexo foram as principais origem de variação 
dos parâmetros de crescimento somático de P. mesopotamicus.
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Introduction

From an ecological point of view, somatic growth is 
an important feature in the life history of individual fish 
because it is related to such vital characteristics as fertility, 
sexual maturity, survival and body size - factors that 
determine individual fitness and, ultimately, the persistence 
of a population (Stearns, 1976; Dmitriew, 2011; Vincenzi 
et al., 2014). Fish retain growth records in various calcified 

structures, such as scales, otoliths, and vertebrae. These 
structures have an identifiable pattern of opaque and 
translucent zones. These comprise a sequential record of 
different frequencies of deposition which reflects the pattern 
of growth. Among these above-mentioned structures, the 
otolith is considered the most appropriate structure for 
analysis due to lack of absorption of growth increments 
(Green et al., 2009). Factors affecting growth rate and hence 
annular deposition within otoliths include genetic variability, 
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sexual dimorphism, population density, inter-annual 
variability, and seasonal and spatial variation in resource 
availability (Henryon et al., 2002; Rypel, 2007; Arantes 
et al., 2010; Williams et al., 2012; Vincenzi et al., 2014). 
However, these factors do not act alone, as there is a complex 
interaction between them (Dieterman et al., 2012). Growth 
is simultaneously due to individual response to variability 
(the individual genotype), and behavioural differences in 
reproduction, habitat selection and foraging-based migration 
between sexes (DeAngelis, Grimm, 2014). Additionally, 
the environment in which an individual occurs can generate 
variations in growth parameters due to the nature and extent 
of available resources (Siangas et al., 2012). Since growth 
is an attribute that responds to multiple factors, tools and 
data analysis approaches have been developed recently to 
estimate growth model parameters with the least possible 
bias. Among the approaches used are comparisons of 
different growth models adjusted for the same length-at-age 
data set (Katsanevakis, 2006). To fit each growth model, 
the parameters are estimated by adding different factors, 
as individual, local and sex and then comparisons between 
the models are performed in order to identify which model 
best explains the variation in the fish growth parameters 
(Burnham, Anderson, 2002; Vigliola, Meekan, 2009). Model 
selection is a relatively new paradigm in biological sciences 
and has several advantages over the classical approaches 
(Katsanevakis, 2006). Model selection methods try to rank 
models in the candidate set relative to each other; whether 
any of the models is actually “good” depends primarily on 
the quality of the data and the science and a priori thinking 
that went into the modeling (Burnham, Anderson 2002). 

A robust growth model must take into account individual 
variation at a variety of levels, since any observed difference 
in somatic growth in populations can result from the 
interaction of the genotype with exogenous factors (Weisberg 
et al., 2010). Each individual is born with a particular 
genetic make-up that to some extent controls its growth 
profile, but physical and biological processes modify the 
on-going growth rate of an individual (Shelton et al., 2013; 
Vincenzi et al., 2014). Traditional growth models (i.e., a 
single observation of length-at-age data per individual) 
clearly ignore such individual variability because they do 
not consider the growth trajectory of each individual in the 
population, and estimates of somatic growth parameters 
are usually described by “average” population parameters. 
Recent studies emphasize the importance of including intra-
population variation in growth models so as to reduce bias 
in parameter estimation (Pilling et al., 2002; Dieterman et 
al., 2012; Shelton et al., 2013; Vincenzi et al., 2014). This 
is important because individuals in a population do not have 
similar growth parameters. The main problem in the use of 
models that assume the absence of individual variability is 
the bias in the life expectancy of the species. In the case of 
selective fishing size, longevity is a attribute dependent on 
individual body size, and those individuals that grow most 
rapidly tend to be captured at a younger age than those 

growing more slowly. This could occurs both in commercial 
and recreational fishing when minimal capture size was 
established as a fisheries management strategy. In addition 
it is important to consider the sex of the individual, since 
the occurrence of sexual dimorphism is common in both 
marine and freshwater fish. Consideration of the influence 
of differences in behaviour and differential investment in 
reproduction and growth between the sexes has permitted 
a better understanding of autoecology and dynamics of fish 
stocks (Araújo, Haimovici, 2000). Studies investigating the 
role of sex as a factor in growth models and methods for 
back-calculating size have shown that much of the variation 
between individuals is related to sex (Kielbassa et al., 2011; 
Ambrósio et al., 2014).

In the current context of increasing fragmentation of 
aquatic habitats and overfishing of continental fish stocks 
in the Neotropics, a better understanding of the responses 
of exploited fish populations is necessary. Piaractus 
mesopotamicus (Holmberg, 1887) is such a species. Popularly 
known as pacu, it is a member of the family Serrasalmidae, 
subfamily Myleinae (Britski et al., 1999). A long distance 
migrant with wide geographic distribution in the La Plata 
Basin (Reis et al., 2003), the pacu is an important seed 
disperser in the Neotropics (Correa et al., 2015). Growth 
rates for P. mesopotamicus developed in the Cuiabá River, 
Mato Grosso, and using scales, found variation between sex 
k=0.14 year-1 and L∞ 50 cm for females and k=0.18 year-1 and 
L∞ 59.23 cm for males. The maximum age at capture was 
eight years (Ambrósio et al., 2014). However, stocks in the 
Cuiabá River system are overexploited (Vaz, 2001; Peixer et 
al., 2007; Peixer, Petrere, 2007). Piaractus mesopotamicus 
is the most frequently caught species in Mato Grosso do Sul, 
representing almost 1/3 of the total production of professional 
fishing between 1994 and 1999 and corresponding to 2,393.8 
tons (30.2%) of the total catch (Catella, 2001). In the Cuiabá 
River in the State of Mato Grosso, the species represented 
13.52 tons (8%) of the commercial catch in 2001 and 2002 
in Cuiabá, occupying the fourth position in landings (Mateus 
et al., 2004). Given the current status of continuing fishing 
pressure P. mesopotamicus stocks (Vaz, 2001), it is important 
to assess the sources of variation in somatic growth patterns. 
Therefore, the aim of this study was to evaluate whether there 
exists spatial (headwaters and floodplain) and between-sex 
variation in the growth of P. mesopotamicus individuals from 
the Cuiabá River basin.

Material and Methods

Study area. The Cuiabá River is a major tributary of the 
Paraguay River, and its basin covers an area of some 28,732 
km2 is located entirely in the state of Mato Grosso, Brazil. 
The Cuiabá River can be divided into Upper Cuiabá- the 
headwaters region, with considerable variation in altitude, 
with many rapids and watercourses running through typical 
Cerrado vegetation; Mid-Cuiaba - the transition region 
between the headwaters region and floodplain; and the Lower 
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Cuiabá– which comprises the gently sloping floodplain, 
where open savanna formations are dominant (Figueiredo, 
Salomão, 2009). The Cuiabá River together with the São 
Lourenço, Piquiri, Taquari, Miranda and Negro Rivers, 
seasonally overflows and floods an area of approximately 
150,000 km2, and is therefore one of the main formers of 
the Pantanal floodplain (Cavinatto, 1995). Its headwaters are 
located in the Rosario Oeste city, state of Mato Grosso, on the 
slopes of the Serra Azul mountain range, and its main sources 
are the Cuiabá da Larga and Cuiabá do Bonito Rivers. The 
river formed by the confluence of these two rivers is called 
Cuiabazinho River, which in turn joins the Manso River, 
giving rise to Cuiabá River. The tropical sub-humid climate 
of the region is characterized by an average high temperature 
of 25 ◦C and a mean annual precipitation of about 1900 mm 
in the headwater regions of the mountain ranges, decreasing 
centripetally in the direction of the floodplain region about 
1250 mm (Zeilhofer, Moura, 2009). In the Cuiabá river 

basin, the alternation of rainy and dry seasons underpins a 
multi-annual variability, so that there are alternating multi-
year cycles of rainy and dry years (Hamilton et al., 1996). 
Annually, the pattern of rainfall provides four hydrological 
periods: flood period (October to December); wet (January-
March); ebb (April-June) and dry (July-September) (Da 
Silva, Esteves, 1995).

Collections occurred at two sites within the basin: one 
in the headwaters (14°29’55.57”S and 55°45’25.59”W) 
in Cuiabazinho River and another in the floodplain 
(16°32’5.75”S and 56°23’58.43”W) in the Porto Cercado 
(Barão de Melgaço region) (Fig. 1). The distance between the 
collection points was approximately 390 km. Cuiabazinho 
River is narrower than the Cuiabá River, with a width varying 
from 40 to 70 m (Ziober et al., 2012). On the other hand, in 
Porto Cercado the Cuiaba river channel is 170 m wide and 
the mean annual discharge at this station is 280 m3 s-1 (Fantin-
Cruz et al., 2011).

Fig. 1. Sampling points in the headwater (square) and floodplain (triangle) areas of the Cuiabá River basin.
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Fish collection and measurements. Monthly, from July 
2006 to July 2007, individual Piaractus mesopotamicus were 
collected, using gill nets with mesh ranging from 17 to 20 
cm between opposite knots, gill nets with mesh 18-20 cm 
between opposite knots, hooks, fishing nets and longlines. 
For each specimen we recorded total-length (TL, cm) and 
were weight to the nearest 50 g. After which, a longitudinal 
incision was made along the abdominal surface of each 
specimen from the head to the urogenital opening, and the 
abdominal cavity inspected. Gonads were removed, and 
histological analysis was performed to identify the sex. For a 
detailed description of gonad processing the sex identification 
in P. mesopotamicus, see Costa, Mateus (2009).

To access otoliths, the head was sectioned with a midline 
incision in the longitudinal direction, and the otoliths 
removed with fine tip forceps, one from each side. They were 
then cleaned with water, dried on paper towels, identified 
and labelled for storage in dry microtubes. The selection of 
the pair of otoliths most appropriate for age-estimation and 
the ageing protocol, is specific to the species and depends on 
the quality and resolution of the macro- and micro-structures 
(Secor et al., 1992). In the case of P. mesopotamicus, the 
lapillus otolith was chosen for growth analysis because this 
otolith type was the largest, had the most sharply defined 
calcified deposits and could be managed easily, all of which 
facilitated growth ring identification. In the laboratory, 
whole otoliths were polished using waterproof sandpaper 
(grit grade 600) until the nucleus and macrostructures 
of the otholith were visible. Then, to allow the growth 

increments to be seen greater clarity, polished otoliths were 
placed under 70% alcohol on a black backed petri-dish and 
examined under incident light and magnification 10x with a 
stereomicroscope. Photographs were taken using a camera 
attachment. Photographs were taken under incident light to 
make the opaque zones appear light and the translucent zones 
dark (Secor et al., 1992). Growth increments were counted 
and the following measures taken with use of the Leica 
program: otolith radius (distance from core to otolith edge) 
radius of each ring (distance from core to the external edge 
of the translucent area of each annulus) and edge (distance 
from the last annulus to the end of the otolith) (Fig. 2) (Lai 
et al., 1996). Measurements were made in centimeters 
(cm), the orientation of measurements was the same for 
all analysed otoliths. Three independent assays of age ring 
number were made to attain accurate estimate of the fish age. 
The interpretation process is complex, involving decisions 
on interpretation where many factors can influence the 
judgement call of the reader. To avoid errors interpretations 
two readers was made by the same reader in intervals of 
the three weeks. The third reader was conducted by another 
reader after finalized the others readers. Each reading was 
completed in one month. Simultaneous to readers the width 
of the each rings were made, and all readings were made 
without auxiliary information or reference to any previous 
set of readings (Secor et al., 1992; Campana, 2001). The 
analysed otoliths were deposited in the fish collection of the 
Universidade Federal de Mato Grosso under the numbers 
CPUFMT4459 to CPUFMT4482.

Fig. 2. The left otolith of a male Piaractus mesopotamicus that was collected in the headwaters of the Cuiabá River. Three 
annuli are marked (arrows), and the reading axis indicated (dashed line).
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Ageing precision. To assess the reproducibility of age 
determinations, the three readings of each otolith from each 
fish was used to determine the coefficient of variation (CV) 
expressed as the ratio of the standard deviation over the 
mean, defined as: 

Where CVj is the precision of the age estimate for the jth 
fish, Xij is the i th age determination of the j th fish, Xj is the 
mean age estimate of the j th fish, and R is the number of 
times the age of each fish was measured (Campana, 2001).

Periodicity of the deposition increments. The periodicity 
of ring deposition was analyzed by absolute marginal 
increment analysis (MI) (Lai et al., 1996): MI=(rn )/rn-1), 
where rn=distance between otolith nucleus and the last 
band; and rn-1=distance between otolith nucleus and the 
penultimate band.

Relationship between body length and otolith radius. 
Back-calculation was used to reconstruct individual 
growth trajectories from otoliths. The approach involves 
using measurements made on otoliths to infer, or back-
calculate, body length at ages prior to capture (Vigliola, 
Meekan, 2009). To calculate body length from individuals 
at previous capture ages Linear Biological Intercept 
models were used (Campana, 1990). This method is 
applied when the relation between body length and otolith 
radius is linear. The equation used was: Li=Lcpt +(Ri-Rcpt)
(Lcpt-Lop)/(Rcpt-Rop), where Ri and Liare the radius and 
size at agei; Rcpt are Lcpt are radius and body length in 
the catch; Rop and Lop are otolith radius and initial body 
length (usually at age zero). The value of Lop used was 
0.9 cm (Beerli et al., 2004). As no larvae were sampled in 
the study, and no information was found in the available 
literature on the average value of the otolith radius for 
P. mesopotamicus larvae, we assumed Rop was equal to 
0.001 cm.

Somatic growth models. Once length-at-age data are 
obtained, growth curve parameters can be estimated for 
a species. For fish the von Bertalanffy model is one of 
those commonly used to adjust the growth curve: Lt=L∞ 
(1 - e -k(t -t0)), Where Lt is length at age t, L∞ is the maximum 
or asymptotic length; k, is a growth rate constant that 
determines the curvature of the growth function; t0, the 
nominal age at length zero, is a location term that shifts 
the curve to the right or left of the age axis. With length-
at-age data a common problem when fitting the growth 
model is the lack of young and old fish in the samples. 
Young fish are often not present in the sample due to 
sampling difficulties (gear selectivity). The lack of old 
fish in the sample may be due to sampling a population 

where the mortality rate is so high that fish do not live 
long enough to approach the asymptote (Francis, 1988). 
The absence of fish of these classes may restrict the ages 
to a narrow range that is functionally linear, which make 
it difficult to fit a nonlinear function to relatively linear 
data. Due to the resulting linearly problem in length-at-
age data, the growth parameters were estimated using an 
expected-value reparameterization of von Bertalanffy 
growth function, as proposed by Ratkowsky (1986, 1990; 
see also Schnute, Fournier, 1980; Cerrato, 1991):

(l2 - l1){1 - [(l2 - l3) / (l3 - l1)]
q}

Y = l1 +  ________________________
1 - [(l2 - l3) / (l3 - l1)]2

Where Y is length at age X, q=2(X - X1) / (X2 - X1) and 
the expected-value parameters l1, l2 and l3 are the lengths 
corresponding to ages X1 (1yr), X2 (5 yr) and X3 (3 yr, 
the arithmetic mean of X1 and X2) (Ratkowsky, 1990).  
The reparametrization of the von Bertalanffy growth 
curves are based on the use of the median size in each 
age class, which allows the resolution of problems with 
non-convergence caused by such linear length as that 
used for P. mesopotamicus age, since the use of length 
for estimation of the parameters produces data with an 
asymptote. Using the expected-value reparametrization 
provides parameters that have both direct biological 
meaning and more statistically favorable properties than 
the standard parameters of the von Bertalanffy growth 
function (Francis, 1988; Welsford, Lyle, 2005).

To assess growth Piaractus mesopotamicus parameters, 
we built three models: 1) Individual level, reflecting 
variation between individuals, 2) Individual level and sex 
effects on growth parameters, a model taking into account 
the variation in the growth parameters of individual 
(random effects) and sex (fixed effects), and 3) Individual 
level and site as fixed effects, reflecting variation among 
individuals in the growth trajectory due to site quality.

All three models have the general form: yi(X)=Y(X)+ εi, 
where yi is the back-calculated length of an individual 
at age X, and εi is a measurement-level error term, or 
residual, that reflects the deviations of back-calculated 
length yi from the length-at-age determined from the 
estimated growth curve, Y(X), for that individual. The 
models differ in the specification of the expected-value 
parameters lk (k=1, 2, 3). 

In Model 1 (Individual level):
 
lkp=lko + ςkp, where lkp 

is the value of parameter lk for individual p, lk0 is a basal 
value common to all individuals, and ςkp is an individual-
level random effect. In Model 2 (Individual level and 
sex):

 
lkp=lki + ςkp, where lkp is the value of parameter lk for 

individual p, lki is the sex-based fixed effect, and ςkp is an 
individual-level random effect. For Model 3 (Individual 
level and site):

 
lkp=lkj + ςkp, where lkp is the value of 

parameter lk for individual p, lkj is the site-based fixed 
effects, and ςkp is an individual-level random effect.

CVj = 100x ____________
         Xj

∑R
i=0 

(Xij - Xi )
2

____________
R-1
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Parameter estimation and model comparison. Estimation 
for the reparametrized growth model was based on numerical 
maximization of log-likelihood. Model comparisons and 
selection were based on Akaike’s Information Criterion 
(AIC) (Burnham, Anderson, 2002). In addition to the AIC 
value, where the lower values indicate the best-fit models, 
we used two other metrics (∆i values) to analyse the 
differences between models. These allow the acceptability 
of each model to be numerically evaluated (∆i < 2=strong 
support in the data; ∆i >=2 and < 7=little support in the 
data; ∆i > 10=without support in the data) and Akaike weight 
(Wi), which is the probability of a given model in the cases of 
resampling the available data (Burnham & Anderson 2002). 
Parameter estimates and associated confidence intervals 
for the von Bertalanffy growth function were obtained by 
back-transformation from the corresponding estimates in the 
reparametrized data (Francis, 1988). Back-transformation 
of the parameters was made using the mvtnorm package 
(v. 1.0.5) (R Development Core Team, 2015), where the 
mean value of the estimated parameters of each model and 
their respective covariance matrices were used in a solution 
procedure in R program. All growth analyses were carried 
out using the nlme package in the R environment (v. 2.14.1) 
(R Development Core Team, 2012). Additionally, a two-way 
ANOVA was performed (Sokal, Rohlf, 1995) using body size 
as the response variable and sex and location as predictors 
in order to assess if the body size varied by sex and location. 
Finally, the relationship between growth parameters (L∞, t0, 
k) was used to test the effect of sex on somatic growth, as 
suggested by Rypel (2007).

Results

A total of 154 specimens were collected from the 
floodplain region and 179 from the headwaters (a total 
sample of 333 individuals). Within the total catch, 166 
individuals were female and 167 male. For females total 
length ranged from 29 cm to 73 cm, with an average of 46.47 
cm (SD=8.74). Total length of males ranged from 34 cm to 
58 cm, with an average of 41.95 cm (SD=4.22). Females had 
a greater average length than males. Weight varied between 
0.70 and 10.2 kg.

Ageing precision. Whole Piaractus mesopotamicus otoliths 
were used in the growth study because increments could be 
easily seen. The coefficient of variation between the three 
readings was 10.29%, which indicated consistency between 
readings and the protocol adopted is therefore replicable for 
the species. 

Periodicity of the deposition increments. The formation 
period of a growth ring was considered to be that for which 
MI had the lowest value. The marginal increment had the 
lowest average in July and September 2006, and in 2007 
there was a decrease in May, June and July (Fig. 3). We 
conclude that the period of ring formation occurred during 

months of lowest regional rainfall; these occur at the end of 
the ebb and early dry. Therefore, P. mesopotamicus otolith 
structures are suitable for growth ring counts, and deposition 
of translucent and opaque zones correspond to 1 year 
intervals. Opaque zones were much wider than translucent 
ones, indicating a higher growth rate. The formation of the 
translucent zone coincided with a period of reduced growth 
and the opaque zone corresponded to faster growth (Fig. 2). 

Fig. 3. Monthly mean values and standard deviation of 
the marginal increment from otolith of the Piaractus 
mesopotamicus sampled from July 2006 to July 2007 in the 
Cuiabá River basin.

Males and females between 2 and 5 years of age were 
captured. No individuals with one age ring were captured. 
As only one 5 year old male (total length of 43 cm) was 
captured in the headwater region, this age class was not 
considered in the analysis. For both sexes 3 and 4 year old 
individuals were the most abundant in the samples (Tab. 1). 

Tab. 1. Sample size (N), minimum total length (TL min), 
maximum total length (TL max), mean total length for each age 
group and standard deviation (SD) and coefficient of variation 
(CV) of the mean total length observed for each age, for males 
and females of the Piaractus mesopotamicus sampled from 
July 2006 to July 2007 in the Cuiabá River basin.

Age (Years)
Males Females

2 3 4 5 2 3 4 5
N 24 83 59 - 24 72 65 5

TL min 34.00 34.50 36.00 - 29 36.00 37.00 45.00
TL max 48.00 52.00 58.00 - 52.00 73.00 68.00 69.00

Mean (TL) 39.77 41.57 43.34 - 39.79 44.99 50.09 52.80
SD 3.804 3.656 4.715 - 4.185 7.665 8.781 9.497
CV 0.076 0.001 0.108 - 0.155 0.170 0.175 0.179

Relationship between body length and otolith radius at 
capture. The relationship between otolith radius and fish 
body length was linear (r2=0.50 and p <0.001) (Fig. 4). 
Because the existence of proportionality between body size 
and otolith radius, the Biological Linear Intercept method 
was used to calculate the lengths of previously captured 
known-age individuals. To provide the most robust base 
for the study, the mean lengths of each sex were compared 
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with the mean lengths by age and age group (Tab. 2), the 
back-calculated lengths in year-groups 2 and 3 were below 
the mean for both sexes compared to the length of the total 
catch. 

Fig. 4. Relationship between body length and otolith radius 
at capture of the Piaractus mesopotamicus from the Cuiabá 
River basin.

Tab. 2. Comparison of the length at capture and back-
calculated length by age groups for P. mesopotamicus 
sampled in the the Cuiabá River basin.

Age (yrs)
Length at capture Backcalculation length

Males Females Males Females
1 25.40748 27.2582
2 39.77 39.79 31.96301 35.03616
3 41.57 44.99 36.89109 41.90996
4 39.77 50.09 39.0000 46.11531
5 52.8 52.0

Parameter estimation and model comparison. The 
models providing best fit for P. mesopotamicus length-
at-age data were those which considered the variation in 
somatic growth parameters via sex and locality. By rank, 
the best model was that which considered the individual 
growth trajectory (random factor) and the effect of sex (fixed 
factor) with somatic growth parameters (L∞, k and t0), with 
a value of ∆i=0.0 and Wi=1 (Tab. 3). The second best model 
considered the spatial variation (Individual and site), i.e., the 
local effect as a fixed factor in growth parameters ∆i=17.0 
and Wi<0.001 (Tab. 4), but this model did not provide as 
good fit to the data.

Tab. 3. Results of model selection based on Akaike 
Information Criterion (AIC). Δi is the acceptability of each 
model, Wi is the plausibility of each model and k is the 
number of parameters from the nonlinear regression model.

Rank Model AIC ∆i Wi k
Model 2 Individual + sex 5475.4 0.0 1 13
Model 3 Individual  + site 5492.4 17.0 <0.001 13
Model 1 Individual  5509.2 33.8 <0.001 10

Based on the best model, the theoretical maximum 
average length (L∞) of females was slightly greater than that 
of males (64.99 cm and 63.23 cm, respectively), and females 

had a growth rate of 0.230 yr-1, while this was 0.196 yr-1 

for males. Although average values of the maximum length 
(L∞) and growth rate (k) for females are slightly greater than 
that of males, there was no significant variation between 
the growth parameters, because there was an overlap in 
estimated parameter confidence intervals (Tab. 4, Fig. 5). 
Values for the growth parameters estimated in Model 1 
(Individual) and Model 3 (Individual and site) are described 
in supplementary materials (Tab. S1 and S2 - Available 
only as online supplementary file accessed with the online 
version of the article at http://www.scielo.br/ni).

Tab. 4. Estimates of growth parameters (L∞, k e t0) and 
confidence intervals for females and males Piaractus 
mesopotamicus of the Cuiabá River basin.

Females Males
Estimate 95% IC Estimate 95% IC

L∞ (cm) 64.99 59.51 - 72.46 63.23 55.98 - 74.51
k (yr-1) 0.230 0.183- 0.283 0.196 0.143 - 0.254
t0 (yr) -1.330 -1.584- -1.102 -1.530 -1.860- -1.242

Fig. 5. Growth curves for females (black line) and males 
(gray line) for Piaractus mesopotamicus sampled in the 
Cuiabá River basin. The dotted lines are the lower and upper 
confidence interval limits of the estimated parameters for 
females (black) and males (gray).

The length-at-age data for P. mesopotamicus were 
highly variable (Fig. 5), with the largest dispersion of length 
measurements per age group observed in females. When 
the data length-at-age were analyzed by location and sex, 
females showed greater variation in the length data in the 
age, independent of sample site. However, females from the 
headwaters region had the greatest mean length by age, as 
well as the highest coefficient of variation (Tab. S3 and S4 
- Available only as online supplementary file accessed with 
the online version of the article at http://www.scielo.br/ni). 
Accordingly, from the descriptive analysis of variation in 
age-at-length data by sex and capture location, it appears 
that the greatest variation in length per age group occurred in 
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females, as average length and longevity (maximum observed 
age) differed between sampling sites, and in the floodplain 
region only specimens 4 years old were sampled. In addition, 
average length of females (mean=42.85 cm and SD=5.14) 
and males (mean=41.62 cm and SD=3.64) was smaller in the 
floodplain than in the headwaters region (mean=48.73 cm and 
SD=9.75 for females and mean=42.65 cm and SD=5.29 for 
males). It should be noted that only in the headwaters sample 
were females significantly larger than males (ANOVA two-
way for sex and location interaction: F1, 328 = 8.10, p <0.001). 

A model offering a more robust explanation for the variation 
in length-at-age data would examine the combined effect of 
location and sex but, due to non-convergence issues, such a 
model was not considered in this study.

Individual growth trajectories (Fig. 6) indicate that, 
regardless of sex, not all individuals have a similar growth 
profile in the average population. Some individuals had a 
growth performance above average and others below, and the 
range of variation from individual growth profile exceeded 
the confidence interval (Fig. 5).

Fig. 6. Individual growth trajectories for Piaractus mesopotamicus collected in the Cuiabá River basin.
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When the relationship between growth parameters, 
suggested by Rypel (2007), was used to test the effect of 
sex on somatic growth, no differences in growth parameters 
of P. mesopotamicus was detected in relation to k and L∞ 
(Fig. 7a), t0 and L∞ (Fig. 7b) or between t0 and k (Fig. 7c).

Fig. 7. Relationship between Piaractus mesopotamicus growth 
parameters: a. growth rate constant and asymptotic length b. age 
at length zero and asymptotic length and c. age at length zero 
and constant growth rate for males (black) and females (red).

Discussion

From marginal increment analysis it was determined 
that the formation of otolith growth rings occurred 
annually. Frequency of growth marks formation in otoliths, 
based on the marginal increment method (MI) indicated 
two band-forming periods; linked to the reduction in P. 
mesopotamicus growth rate, it is likely that the first band is 
formed during the late the ebb and early dry season, about 
a year after hatching of the cohort (Costa, Mateus, 2009). 
The results of this study confirm that cyclical process (dry 
season and wet) occur in tropical wetland environments 
with distinct seasonal variation, and that these have 
direct impacts on fish life cycles (Pérez, Fabré, 2009). 
Consequently, seasonal growth variation was inferred from 
the relative widths of the two seasonal increments on the 
otoliths (Duponchelle et al., 2007). Ambrósio et al. (2014) 
evaluated the deposition frequency of P. mesopotamicus 
growth rings in the Cuiabá River headwaters, and 
found that increment deposition was annual. Studies in 
seasonally-flooded environments suggest that the timing 
of ring formation in calcified and mineralized structures is 
annual and occurs during the dry season (Mateus, Petrere, 
2004; Duponchelle et al., 2007). This pattern of growth 
ring deposition was also found for P. mesopotamicus 
by the current study. The maximum age of individual P. 
mesopotamicus was 5 years. Vaz (2001) found a similar age 
structure (5 years) based in scales readers, and Ambrósio 
et al. (2014) observed the maximum of seven growth rings 
in the scales. Based on this study and previous (Vaz, 2001; 
Ambrósio et al., 2014) the estimative from maximum age 
indicates a short life cycle for P. Mesopotamicus.

Based on the back-calculated lengths of both sexes, P. 
mesopotamicus has a greater increase in somatic growth in 
the first year of life, when it reaches an average length of 
30 cm. Individuals then keep increasing until the second 
year and then reduce the rate of body growth. This slow-
down in body growth increase rate is probably associated 
with the onset of gonadal maturation that occurs when total 
length reaches around 35 cm (Costa, Mateus, 2009), which 
was the average length of two-year old individuals.

Individual variability and sex were the main sources 
of variation in P. mesopotamicus somatic growth 
parameters. Implementing models that take into account 
the growth trajectory of individuals in a population has 
provided a better understanding of the source variation 
in the growth parameters, as the pattern that emerges at 
the population level is derived from processes generated 
at the individual level (Alós et al., 2010; Vincenzi et al., 
2014; DeAngelis, Grimm, 2014). Furthermore, the use of 
an approach at the individual level is more appropriate 
since individual variation is controlled by considering the 
growth trajectory of each specimen. This means that the 
source of changes in growth trajectory generated by other 
biotic factors or abiotic could be evaluated more robustly 
(Pilling et al., 2002).
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Food resources are among the main factors that can 
alter fish physiology, metabolic rate, growth and deposition 
pattern of spatial growth increments (Williams et al., 2012; 
Shelton et al., 2013; Vincenzi et al., 2014). However, 
for the species studied, exogenous factors such as food 
resources are unlikely to be a limiting factor for growth 
because individuals migrate between habitats in search of 
food (trophic migration). Except, of course, in situations 
where there are barriers that impede fish mobility between 
environments, as in the case of natural blockages (ox-
bows lakes isolated in the dry season in the floodplain) 
or human-made dams. The best model showed individual 
and sex effect on growth parameters. The sex effect in fish 
species, with females being larger than males or vice versa 
(Rljnsdorp, Ibelings, 1989; Imsland et al., 1997; Ambrósio 
et al., 2014) is not rare to detect. The difference in body 
length between males and females is related to variation in 
growth parameters (Morita et al., 2015). From the adaptive 
point of view, this variation allows greater fecundity per 
unit biomass, since larger females can produce more 
eggs (Costa, Mateus, 2009), or the production of larger 
eggs with greater food reserves and thus the promotion 
of enhanced larval survival rates (Stearns, 1976; Araújo, 
Haimovici, 2000).

Length-at-age data for P. mesopotamicus from the 
current study were highly variable. However, it is notable 
that studies of same age of the P. mesopotamicus in 
cultivation cages have shown inter-individual variation 
in somatic growth when stocking density is altered 
(Bittencourt et al., 2010). In the current study, variation 
in growth was explained by individual variation and sex, 
with the analyzed individuals showing different growth 
potential. Hence, some individuals (but not others) may 
be genetically predisposed to rapid growth, and due to 
individual (genetic) differences. Thus, variation in growth 
arises because although individuals are operating in the 
same biotic and abiotic conditions, growth performance of 
the individuals within the population is not homogeneous.

Knowledge of the life history traits of commercialized 
fish species is a basic requirement to enable proposals 
for rational use and effective management planning of 
stocks (Bayley, Petrere, 1989). The inclusion of the effect 
of individual variability (genotype), sex and locality 
on growth parameters contributes to a better and more 
nuanced understanding of the variation of somatic growth 
of fish. It can also provide more accurate estimates of 
growth parameters and so generate less biased information 
that can be useful when evaluating stock inventories. This 
approach is important because the use of traditional models 
(which disregard the effects of individual variability and 
factors like sex) can lead to erroneous assumptions about 
the best ways to manage fish stocks (Pilling et al., 2002; 
Vigliola, Meekan, 2009). 

Because of its high commercial value, Piaractus 
mesopotamicus one the most important species in the 
Paraguay River basin, and is one of the species most 

sought after by amateur and professional fishermen (Peixer 
et al., 2007). Therefore, the results from this study can 
be practically applied because the models used in the 
management of fishery require not only stock biomass 
but also a knowledge of the age structure and quantified 
growth parameters.

In summary, it can be concluded that the variation in 
the growth parameters from P. mesopotamicus was due 
to sex and individual characteristics. Locality is not an 
important factor in the proposed model, because the species 
is a long-distance migrant, and does not depend on local 
conditions to meet the nutritional needs. However, the site 
is nonetheless an essential factor to complete the life cycle 
of the species, separate localities can provide shelter and 
food at different stages of the P. mesopotamicus life cycle. 
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