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Abstract: Amazonian floodplain lakes host a high diversity of predatory fish which coexist and exploit the high 
diversity of available prey. Morphology could be the characteristic most closely associated with their preferred 
feeding sources (prey). However, it is unclear whether this association is direct or indirect. If it is indirect, swimming 
performance or preferential position in the water column could be the most evident characteristic. To examine the 
degree to which fish morphology of predator fish species is correlated to their dietary inputs, we compared the 
existence of morphological and feeding dissimilarity among eight predator species with the association between 
predator morphologies and preferred prey. We collected, measured, and sampled the stomach contents of fish from 
two lowland floodplain lakes associated with the Solimões River, Brazil, in May, August, and November of 2014. 
Of 187 collected fish across eight species, five species showed fish to be the most important item in their diets and 
three preferentially ate shrimp. Principal components analyses of ecomorphological attributes divided the species 
according to their ability to find the prey, swimming performance of the predator, and prey size. While there was 
significant distinction between the varying morphologies of predators, we were unable to distinguish between the 
specific diet of these species and did not find a correlation between morphology and feeding. These results are likely 
due to the fact that there is great abundance and diversity of available prey in the Amazonian floodplain lakes, so 
opportunistic feeding may be the primary foraging strategy of predator fish species living in these environments.
Keywords: Feeding behavior, Morphological Attributes, Predation, Amazonian floodplain lakes.

Dieta e ecomorfologia de peixes predadores em lagos de várzea da Amazônia

Resumo: Os lagos da várzea amazônica abrigam uma elevada riqueza de peixes predadores, com características 
morfológicas distintas, possibilitando explorar com sucesso várias presas disponíveis. Estas características 
morfológicas podem ser a associação mais próxima com suas fontes de alimentação preferidas (presa). Todavia, 
esta associação pode ser de forma direta ou indireta. Neste último caso, o desempenho da natação ou a posição 
preferencial na coluna d’água pode ser uma característica mais evidente. Para examinar o grau com que a 
morfologia de peixes predadores está correlacionada com seus itens alimentares, foram comparadas a existência de 
dissimilaridade morfológica e de alimentação entre oito espécies predadoras e a associação entre suas morfologias 
e suas presas. Foram coletados, medidos e amostrados o conteúdo estomacal de peixes de dois lagos de várzea 
associados ao rio Solimões, nos meses de maio, agosto e novembro de 2014. Dos 187 peixes coletados, em oito 
espécies, cinco mostraram que peixe era o item mais importante em suas dietas e três apresentaram preferência 
por camarão. A análise dos componentes principais dos atributos ecomorfológicos dividiu as espécies de acordo 
com a capacidade de encontrar sua presa, o desempenho de natação do predador e o tamanho da presa. Embora 
apresentasse distinção significativa entre suas características morfológicas, não foi encontrado distinção entre a 
dieta dessas espécies e nem correlação entre morfologia e alimentação. Esses resultados provavelmente se devem 
ao fato de que há grande abundância e diversidade de presas disponíveis nos lagos da planície de inundação da 
Amazônia, de modo que a alimentação oportunista pode ser a principal estratégia de forrageamento das espécies 
de peixes predadores que vivem nesses ambientes.
Palavras-chave: Comportamento alimentar, Atributos Morfológicos, Predação, Lagos de várzea amazônicos.
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Introduction
The Amazon basin displays strong spatial heterogeneity (Lowe-

McConnell 1999) coupled to marked seasonal changes associated 
with the hydrological cycle (Junk et al. 1989). This huge and highly 
dynamic environment hosts the highest freshwater fish diversity on 
Earth, with more than 2,411 fish species already described (Reis et al. 
2016). Floodplain lakes adjacent to whitewater rivers are important 
components of the Amazon basin landscape, are the most productive 
area of the basin (Junk et al. 2011), and encompass several habitats that 
should be considered when studying fish diversity (Saint-Paul et al. 
2000, Freitas et al. 2014, Siqueira-Souza et al. 2016a).

Amazonian fish evolved to display several morphological, behavioral, 
and physiological adaptations to successfully exploit the habitats of 
floodplain areas (Val & Almeida-Val 1995, Freitas et al. 2010), including 
areas of open-water, macrophyte meadows, and flooded forests. Each of 
these habitats change greatly over the year as a consequence of the flood 
pulse (Junk et al. 1989) and subsequently show perceptible effects on fish 
assemblages (Siqueira-Souza et al. 2016a). The environmental changes 
of the Amazonian floodplain areas are dictated by variations in water 
level, have been associated with the life history strategies of fishes living 
in these areas (Sanchez-Botero et al. 2003, Anjos et al. 2008, Correa et 
al. 2008, Duarte et al. 2010). Ultimately these environmental changes 
determine food availability (Soares et al. 1986, Winemiller 1989, Mérona 
& Rankin-de-Mérona 2004, Carvalho et al. 2017).

The diet of fish species is strongly driven by both the availability 
of prey items (Winemiller 1989, Wootton 1990, Luz-Agostinho et al. 
2008, Correa & Winemiller 2014) and the ability of predator species 
to capture prey (Schoener 1971, Agostinho et al. 1997, Abrams 2006). 
This ability is dependent on specific morphological adaptations (Adite 
& Winemiller 1997, Hugueny & Pouilly 1999, Pouilly et al. 2003, 
Teixeira & Bennemann 2007, Mazzoni et al. 2010, Pagotto et al. 2011, 
Siqueira-Souza et al. 2016b). The relationships between morphology 
and feeding behavior are addressed through an examination of 
ecomorphology (Wikramanayake 1990, Winemiller 1991, Teixeira 
& Bennemann 2007, Mazzoni et al. 2010, Sampaio et al. 2013). 
Ecomorphological studies have shown a relationship between feeding 
items and mouth size or position and the type and size of their prey (Gatz 
Jr. 1979, Piorski et al. 2005, Cochran-Biderman & Winemiller 2010), as 
well as between size and shape of fins and swimming or maneuverability 
(Keast & Webb 1966, Gatz Jr. 1979). In the Amazon basin, multiple 
research groups have already employed an ecomorphological analysis 
approach on Amazonian fish groups to elucidate the ecological 
relationships between feeding behavior, swimming ability, and habitat 
use preferences with morphology (e.g., Pouilly et al. 2003, Freitas et al. 
2005, Siqueira-Souza et al. 2016b).

The biotic interactions most commonly associated with fish 
assemblage structure are competition and predation (Winemiller 1989, 
Rodriguez & Lewis 1997). The importance of predation as a driver for 
fish assemblage structure is well-established (Wootton 1990, Csányi 
& Dóka 1993, Nowlin et al. 2006, Heinlein et al. 2010), including for 
Neotropical basins (Rodríguez & Lewis 1997, Okada et al. 2003, Petry 
et al. 2010). Predation has been shown to not only promote more rapid 
evolutionary change through the removal of more vulnerable animals 
(Nowlin et al. 2006) but can also clearly affect prey behavior (Wootton 
1990). The fish diversity in Amazonian floodplain areas could be related 
to biotic interactions, such as predation, since around 30% of fish species 

living in these areas are carnivorous (Freitas et al. 2010). Nevertheless, 
the mechanisms acting to promote this high level of coexistence of 
species with similar niches have yet to be clearly identified. Dias et al. 
(2017) studied fish assemblages of the Paraná River floodplain and 
proposed that predator selectivity and feeding overlap are mediated by 
food availability, but they did not consider morphological aspects of these 
predators. In this study, we aim to fill these research gaps by addressing 
the following questions: Is there a correlation between morphology and 
diet of Amazonian predator fish? Do predatory fish uniformly share the 
feeding items? Are the ecomorphological characteristics similar among 
predator fish species? There are two opposing processes that potentially 
mediating the coexistence of these predatory species which could be 
identified with the answer to these questions: (i) the availability of prey is 
limited and predators need to develop strategies to avoid a over-predation 
of some specific preys, where in turn we would expect a high correlation 
between morphology and diet; and (ii) the availability of prey is high and 
fish morphologies are determined by phylogenetic process.

Material and Methods

1. Study area

Fish were collected at two floodplain lakes on the lower stretch of the 
Solimões River (Amazon Basin): Sacambú (-3.306744S, -60.243298W) 
and Central (-3.253823S, -59.970098W) lakes (Fig. 1), in May, August 
and November of 2014. Both are typical floodplain lakes, remaining 
connected with the Solimões River during high water season (May 
through July) and disconnected during low water season (October 
through December) (Junk et al. 1989). As island floodplain lakes, they 
are originated by the strong fluvial dynamic of the Solimões River 
(Carvalho et al. 2001, Siqueira-Souza et al. 2016a).

2. Sampling

Eight fish species abundant in Amazonian floodplain lakes were 
chosen and assigned as carnivorous with tendency to piscivory 
(Mérona & Rankin-de-Mérona 2004, Soares et al. 2007, Anjos et al. 
2008), nominally: Pygocentrus nattereri (Kner 1858), Serrasalmus 
rhombeus (Linnaeus 1766), Rhaphiodon vulpinus (Spix & Agassiz 
1829), Hydrolycus scomberoides (Cuvier 1816), Plagioscion 
squamosissimus (Heckel 1840), Cichla monoculus (Spix & Agassiz 
1831), Acestrorhynchus falcirostris (Cuvier 1819) and Hoplias 
malabaricus (Bloch 1794).

The fish samples in each lake were realized in three types of habitat: 
open water; aquatic macrophytes, predominantly composed of Pistia 
stratiotes, Eichhornia crassipes, Paspalum repens and Paspalum 
fasciculatum; and flooded forest, used by several species for shelter 
and feeding. Fish were caught with gillnets of standardized dimensions 
(15 x 2 meters) and mesh sizes of 30, 40, 50, 60, 70, 80, 90, 100, 110 
and 120 mm between opposite knots. Three groups of identical gillnets 
were simultaneously deployed in three different places on each lake. 
Additionally, we deployed line and hook baited with freshwater shrimp 
to catch C. monoculus. Captured fish were subsequently euthanized 
with thermal shock, identified, and stored on ice. After capture, all 
samples were then transported to the Laboratory of Fish Ecology, at 
the Federal University of Amazonas, for stomach content analyses and 
morphometric measurement.
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Figure 1. Study area indicating the two floodplain lakes on the lower stretch of the Solimões River: Lake Sacambú and Lake Central (Amazon Basin, Brazil), 
where fishes were collected.

3. Ecomorphological attributes

Ecomorphological analyses were conducted on captured adult 
fish, classified using the L50 of the species when references were 
available (Vazzoler 1996, Amadio & Bittencourt 2005) or working 
only with largest individuals, so as to avoid potentially misleading 
characteristics of different/earlier developmental stages. We took a 
total of 18 different morphometric measures on each fish, with the aid 
of an ichthyometer and a caliper with an accuracy of 0.01 m (Fig 2), 
following pre-established protocols from the literature (Gatz Jr. 1979, 
Watson & Balon 1984, Wikramanayake 1990, Winemiller 1991). 
These morphometric measures were then employed to estimate 13 
ecomorphological attributes, which could reflect the trophic ecology of 
the species with clearly delineated interpretations (Table 1).

4. Dietary analysis

Stomachs were taken after a ventral incision. Feeding items were 
identified using a stereomicroscope and clustered into five categories: 
fish (including scales, bones, fins, and complete fish), shrimp, insect, 
fruit/seed, and others (i.e., botanical and animal material which could 
not be included into the previous categories, such as roots of macrophyte 
plants, feathers, etc.).

To estimate the relative contribution of each feeding item, we 
employed the modified points method (Catella & Petrere Jr. 1996), 

to obtain the proportion of each feeding item in relation to the total 
stomach content, and the index of occurrence frequency (IOF), reporting 
both in percentage (Hynes 1950, Hyslop 1980). After this calculation, 
we estimated the index of feeding importance (IFI), substituting the 
volume percentage by estimated percentage of point method for each 
item following the technique of Kawakami & Vazzoler (1980). Given 
that shrimp was used as bait for the capture of C. monoculus, this item 
was included only if there was more than one individual found in the 
stomach content.

5. Data analysis

Two Principal Component Analyses (PCA) were performed to order 
fish species by feeding items and ecomorphological attributes. The first 
PCA treated fish species as objects and IFI as descriptors. The second 
PCA maintained fish species as objects and estimated ecomorphological 
attributes as descriptors. The interpreted principal components were 
those with eigenvalues higher than broken-stick estimates (McCune & 
Mefford 1997), since this criterion selects only the axis with eigenvalues 
higher than would be randomly expected (King & Jackson 1999). 
Two PerMANOVA were performed. The first was conducted to test 
the hypothesis of identical feeding item partitioning among species, 
using a matrix of Bray–Curtis distance based on the relative volume 
of each feeding item. The second was performed to test the hypothesis 
of identical morphologies among species. It was based on a matrix of 
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Figure 2. Morphometric measures taken on each fish, where: standard length (SL); head length (HL); head height (HH); maximum 
body height (MBH); maximum body width (MBW); maximum head width (MHW); eye height (EH); eye diameter (ED); eye area 
(EA), determined as π*r2; width of mouth (WM); mouth height (MH); length of muzzle closed (LMC); length of muzzle open (LMO); 
tooth length (TL); length of caudal peduncle (LCP); peduncle height (PH); width caudal peduncle (WCP), and fin height flow (FHF).

Table 1. Relationship of the 13 attributes generated from the linear measurements and used in the ecomorphological analyzes.

Ecomorphological Attributes Code Formula Description Author
Compression index CI (MBH)/(MBW) High values indicate lateral compression 

of the fish, which is expected when they 
occupy habitats with low water velocity.

(Gatz, 1979a; Watson & Balon, 
1984; Pouilly et al., 2003)

Relative position of eyes RPE (EH)/(HH) Perception of food and preferential habitat. (Gatz, 1979a)
Relative area of eye RAE (EA)/(SL) Perception of food, position in water 

column.
(Gatz, 1979a)

Relative length of caudal 
peduncle

RLCP (LCP)/(SL) Predators with good swimming for chase. (Watson & Balon, 1984; Oliveira 
et al., 2010)

Relative width of head RHW (MHW)/(MBW) Particle size of food and prey size. (Winemiller, 1991; Willis et al., 
2005)

Relative height of head RHH (HH)/(MBH) Particle size of food and prey size. (Winemiller, 1991; Willis et al.,  
2005)

Relative length of head RHL (HL)/(SL) Particle size of food and prey size. (Watson & Balon, 1984)
Relative width of mouth RMW (WM)/(SL) Particle size of food and prey size. (Gatz, 1979a)
Relative height of mouth RHM (MH)/(SL) Particle size of food and prey size, 

hydrodynamic morphology. 
(Watson & Balon, 1984)

Appearance of the mouth AM (MH)/(WM) Type of prey. (Beaumord, 1991)
Relative opening of the mouth ROM (TL)/(SL) Particle size of food and prey size. (Teixeira & Bennemann, 2007)
Protrusion index PI (LMC)/(LMO) Particle size of food and prey size. (Gatz, 1979a; Cochran-

Biederman & Winemiller, 2010)
Peduncle compression Index PCI (PH)/(WCP) Swimming type, affecting performance in 

starts. 
(Watson & Balon, 1984)

Euclidean distances estimated on the ecomorpohological attributes 
estimates. This analysis tests the hypothesis of divergence among fish 
species by the centroid of estimated distance measures (Anderson & 
Walsh 2013).

A Partial Mantel test was used to test the hypothesis that diet and 
morphology of these species are not correlated. This test was performed 
using three distance matrices: (i) using feeding of items as raw data 
to estimate Bray-Curtis distances, (ii) employing ecomorphological 
attributes as raw data and estimates of Euclidean distance and (iii) 
using phylogenetic distances among species following Tamura et al. 
(2004) and Tamura et al. (2013). The Partial Mantel test estimated the 

partial correlation between distances matrixes measured among feeding 
items and ecomorphological attributes conditioned to the phylogenetic 
distance matrix.

All analyses were done using the package Vegan (Oksanen et al. 
2011) in the software R (R Development Core Team, 2012).

Results

In total, we examined 187 stomachs from the eight fish species. 
Of these, 27 were empty and 61 contained completely digested 
feeding items so were not included in the analyses. The analyses were 
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performed on the remaining 99 fish. Stomach items of these 99 fish were 
identified and fish was the most consumed food item for five of the eight 
predatory species (Table 2). Of these predators, P. squamosissimus, H. 
scomberoides, and C. monoculus exhibited a high level of consumption 
of shrimp. Only P. nattereri showed a substantial consumption of fruit/
seeds and other feeding items (Table 2).

The first PCA, using RV of feeding items as descriptors, generated 
two principal components explaining 82.79% of the variance, with 
shrimp, fruit/seed and others contribution for the first axis; and fish, 
shrimp and others for the secondary axis (Table 3). The first component 
(PC1) explained 45.68% of the variance with P. squamosissimus, H. 
scomberoides and C. monoculus exhibiting the high positive score, due 
to their higher preference for shrimp, and P. nattereri exhibiting the most 
negative score, due to their diet including fruits, seeds and others items 
(Fig. 3). The second principal component (PC2) explained 37.11% of 
the variance and discriminated H. malabaricus and P. nattereri with 
high fish consumption (Fig. 3).

The estimated mean of the ecomorphological attributes for species 
and their standard deviation are seen in Table 4. The PCA using the 
ecomorphological attributes as descriptors created two first components 
explaining 90.58% of the variance. The first component concentrated 
47.89% of the variance and discriminated, in opposing quadrants, a 
group associated with prey sizes and swimming ability, composed of 
high bodied fishes as S. rhombeus and P. nattereri, from a group related 
to the type of prey, composed of R. vulpinus and H. scomberoides 
(Fig. 4). The second component explained 42.69% of the variance. 
It was efficient to discriminate four species by their hydrodynamics: 
H. malabaricus, A. falcirostris, P. squamosissimus and C. monoculus, 
from some species with high maneuverability, such as the two piranha 
species, S. rhombeus and P. nattereri, (Fig. 4).

Table 2. Index of Food Importance (IFI) of eight predatory species. For each species listed, it includes the number of stomachs with analyzed gastric content (N); 
and variation of the standard length (SL) of the individuals analyzed.

Index of Food Importance (%)
Species N SL (mín-máx) Fish Insects Shrimp Fruit/Seeds Others
Acestrorhynchus falcirostris 5 20.5 – 32.5 86.84 0 10.53 0 2.63
Hoplias malabaricus 4 19 – 28 93.33 3.33 3.33 0 0
Cichla monoculus 25 20.5 – 34.5 37.97 0.25 55.58 0 6.2
Plagioscion squamosissimus 9 18 – 24 7.55 2.83 89.15 0 0.47
Hydrolycus scomberoides 12 15 – 22.5 28.24 0.46 66.67 0 4.63
Rhaphiodon vulpinus 8 26 – 37.5 91.84 3.06 3.06 2.04 0
Serrasalmus rhombeus 16 13.5 – 18 91.88 0.88 0.22 1.64 5.37
Pygocentrus nattereri 20 15.5 – 19.5 54.86 0.75 4.4 10.55 29.44

Table 3. Principal component analysis results for the first two axes calculated for the food items.

food items PC 1 PC 2
Fish -0.5048  0.9393
Insects 0.3037 0.5432
Shrimp 0.8126 -0.7161
Fruit/Seed -0.9517 -0.3691
Others -0.8884 -0.6076
Variance (%) 45.68% 37.11%
Total variance 82.79

Figure 3. Results of the Principle Components Analysis, with the matrix of 
indices being dietary sources for eight fish species, identified as: ● Rhaphiodon 
vulpinus, ● Hydrolycus scomberoides, ● Serrasalmus rhombeus, ● Pygocentrus 
nattereri, ● Acestrorhynchus falcirostris, ● Hoplias malabaricus, ● Plagioscion 
squamosissimus and ● Cichla monoculus.

Corroborating the patterns observed in both PCAs, the perMANOVA 
did not provide evidence for differences among species by their feeding 
items (pseudo-F = 0.947, df = 1, 6, p > 0.05). The second perMANOVA, 
however, yielded significant differences among these eight species 
using their ecomorphological attributes (pseudo-F = 30.796, df = 1, 
136, p < 0.05).
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Table 4. Estimated values of mean and standard deviation of 13 ecomorphological attributes obtained from eight predatory species, including abundance of species 
(N), and amplitude of the standard length (SL) of the species.

 Species

Attributes A.
falcirostris

H. 
malabaricus

C. 
monoculus

P. 
squamosissimus

H. 
scomberoides

R.
vulpinus

P.
nattereri

S.
rhombeus

CI 1.68 ± 0.23 1.32 ± 0.08 2.14 ± 0.13 2.02 ± 0.10 3.19 ± 0.38 2.42 ± 0.24 2.91 ± 0.31 3.67 ± 0.37
RPE 0.67 ± 0.05 0.74 ± 0.10 0.74 ± 0.03 0.67 ± 0.04 0.69 ± 0.04 0.74 ± 0.07 0.60 ± 0.04 0.60 ± 0.04
RAE 0.05 ± <0.01 0.03 ± <0.01 0.10 ± 0.01 0.05 ± <0.01 0.06 ± <0.01 0.05 ± <0.01 0.06 ± 0.01 0.07 ± 0.01
RLCP 0.05 ± <0.01 0.11 ± <0.01 0.13 ± 0.01 0.19 ± 0.01 0.02 ± <0.01 0.03 ± 0.01 0.05 ± 0.01 0.04 ± 0.01
RHW 0.86 ± 0.07 0.89 ± 0.05 0.98 ± 0.04 0.93 ± 0.04 1.08 ± 0.10 0.88 ± 0.07 1.06 ± 0.04 1.05 ± 0.11
RHH 0.73 ± 0.06 0.69 ± 0.03 0.72 ± 0.03 0.75 ± 0.04 0.58 ± 0.06 0.75 ± 0.08 0.60 ± 0.04 0.51 ± 0.03
RHL 0.28 ± <..01 0.30 ± 0.02 0.33 ± <0.01 0.30 ± 0.01 0.24 ± 0.06 0.19 ± <0.01 0.34 ± 0.05 0.33 ± 0.01
RMW 0.07 ± 0.01 0.13 ± 0.02 0.16 ± 0.01 0.15 ± 0.01 0.08 ± 0.02 0.05 ± 0.01 0.13 ± 0.01 0.11 ± <0.01
RHM 0.17 ± 0.01 0.16 ± 0.01 0.18 ± <0.01 0.16 ± 0.01 0.24 ± 0.01 0.18 ± 0.01 0.15 ± 0.01 0.14 ± 0.03
AM 2.23 ± 0.41 1.27 ± 0.15 1.14 ± 0.07 1.07 ± 0.11 2.93 ± 0.50 3.29 ± 0.71 1.11 ± 0.14 1.26 ± 0.30
ROM 0.19 ± <0.01 0.18 ± 0.01 0.19 ± 0.01 0.17 ± 0.04 0.17 ± 0.02 0.14 ± <0.01 0.15 ± 0.01 0.14 ± 0.01
PI 0.91 ± 0.06 0.75 ± 0.05 0.83 ± 0.13 0.71 ± 0.11 0.49 ± 0.06 0.51 ± 0.04 0.81 ± 0.07 0.77 ± 0.06
PCI 1.39 ± 0.17 2.01 ± 0.16 1.40 ± 0.10 1.63 ± 0.26 2.19 ± 0.21 1.69 ± 0.28 1.81 ± 0.23 1.82 ± 0.44
N 15 7 20 21 9 11 32 23
SL 20.5 – 32.5 19 – 28 20.5 – 34.5 18 – 24 15 – 22.5 26 – 37.5 15.5 – 19.5 13.5 - 18

Figure 4. Bi-plot with the two first principal components of the PCA developed 
using the ecomorphological attributes of the eight species, where: ● Rhaphiodon 
vulpinus, ● Hydrolycus scomberoides, ● Serrasalmus rhombeus, ● Pygocentrus 
nattereri, ● Acestrorhynchus falcirostris, ● Hoplias malabaricus, ● Plagioscion 
squamosissimus and ● Cichla monoculus.

The Partial Mantel test did not uncover any correlation between 
the distance matrixes based on feeding items and ecomorphological 
attributes (r = -0.036; P = 0.572, using 999 permutations), when 
controlling for the phylogenetic effect.

Discussion

The eight species addressed in this study showed distinct 
ecomorphogical characteristics, indicating a potential use of different 
food resources. Nevertheless, no correlation between morphology and 
diet was found. The index of food importance discriminated these 
species into two groups: a first one, composed of piscivorous species: A. 
falcirostris, H. malabaricus, R. vulpinus, S. rhombeus, and P. nattereri; 
and, a second one comprising carnivores with a high preference for 
shrimp: C. monoculus, P. squamosissimus, and H. scomberoides. Of 
the piscivorous species, the piranha P. nattereri displayed dietary 
preferences different than those expected, and included significant 
quantities of vegetative material in its diet. In general, piranhas can 
and did display a broad spectrum of feeding behavior (e.g., Leão et 
al. 1991). In some cases, P. nattereri has been classified as a highly 
specialized piscivore due its phenotypic characteristics, but retains an 
ability to explore other feeding resources available in the environment 
(Piorski et al. 2005, Prudente et al. 2016). Both piranha species have 
short and laterally compressed bodies and strong anal fins, which are 
morphological characteristics associated with high maneuverability 
(Werner 1977, Breda et al. 2005). This maneuverability is particularly 
well-suited for complex habitats of low speed current (Werner 1977, 
Webb et al. 1996, Oliveira et al. 2010) such as those found in the flooded 
areas of Amazonian floodplains.

The other species were typically piscivorous, but likely varied 
greatly in their methods of ingestion. In general, R. vulpinus and H. 
scomberoides are able to eat whole prey due their large mouth with 
underslung jaw (Howes 1976, Beaumord 1991), but have also been 
shown to capture their prey using their long canine teeth (Howes 1976). 
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Due to their large and upward-oriented mouths, these species focus 
prey-capture at the water surface or at the limnetic zone (Almeida et al. 
1997, Saint-Paul et al. 2000). A similarly uniquely adapted species is that 
of A. falcirostris. These fish have highly hydrodynamic bodies and are 
able to reach high swimming speeds to capture their prey (Webb 1984, 
Breda et al. 2005), focusing primarily in the pelagic areas (Werner 1977).

The second group includes shrimp-eaters, such as P. squamosissimus, 
which eats shrimp during the season of its high abundance (Merona & 
Rankin-de-Merona 2004, Costa et al. 2016). These fish change their diet 
to a focus on fish and insects when shrimp availability declines (Hahn 
et al. 1997). There is some controversy about the diet of C. monoculus. 
While some researchers propose that this species is a highly specialized 
piscivore (Rabelo & Araújo-Lima 2002, Mérona & Rankin-de-Mérona 
2004), others contest that its diet is focused on shrimp (Teixeira & 
Bennemann 2007). Our ecomorphological analysis suggests that both 
feeding strategies may be occurring, but that the strategy employed 
may change due to seasonal conditions, which could be tested in 
future studies. Given their morphologies, both P. squamosissimus and 
C. monoculus are efficient swimmers and are capable of expanding 
their mouths to ingest entire prey (Rodrigues & Menin 2006, Teixeira 
& Bennemann 2007). These characteristics allow these species to 
exploit the most accessible and abundant feeding items, which could 
change seasonally from fish to shrimp, insects, among others (Merona 
& Rankin-de-Mérona 2004, Prudente et al. 2016).

The ecomorphological attributes-based analyses also discriminates 
groups, but this discrimination does not exhibit a clear relationship with 
diet, and thus suggests that fish assemblages are more influenced by 
spatial structure than by trophic structure (Silva-Camacho et al. 2014). 
Previously published studies in this area exploring the relationship 
between fish morphology and diet have also proven inconclusive (Felley 
1984, Douglas & Matthews 1992, Teixeira & Bennemann 2007).  While 
some studies found close associations (Sampaio et al. 2013, Prado et 
al. 2016), others found no relationship (Felley 1984, Motta et al. 1995, 
Silva-Camacho et al. 2014). Conceptually, it could be assumed that 
when a relationship between morphology and diet is observed, the fish 
assemblage is ecomorphologically structured (Douglas & Matthews 
1992, Breda et al. 2005, Oliveira et al. 2010). In these circumstances, it 
should be possible to predict resource use based on animal morphology 
(Gatz Jr. 1979, Watson & Balon 1984, Winemiller 1991, Oliveira et al. 
2010). In the absence of such a relationship, the morphological structure 
could be defined by phylogenetic relationships (Oliveira et al., 2010).

The phylogenetic effect was controlled in this study by applying 
the Partial Mantel Test and seems not to be a key driver of the 
ecomorphological discrepancies observed here. Although not addressed 
by the current study, an alternative hypothesis to be tested in the future 
to explain this absence of correlation between morphology and diet 
could be that that these factors are more closely associated with prey 
availability (e.g., Hugueny & Pouilly 1999).  This is a more plausible 
explanation, as that study was conducted on species within the same 
trophic guild and our study included only carnivorous fish. Nevertheless, 
this result could also originate from the difficulty inherent in identifying 
digested prey. In general, the identification was made only to the level 
of upper taxonomic groups (e.g., fish, insect, and shrimp) on which 
high niche overlapping is observed.

Given the absence of a close relationship between diet and 
morphology, we propose that prey capture by predator fish in Amazonian 
floodplains is mainly a process driven by the opportunistic behavior of 
the predator coupled with food availability, as observed by Dias et al. 
(2017). These opportunistic behaviors could be associated with predator 
traits such as hydrodynamics, maneuverability, and the position in the 
water column where the fish preferentially live, which are all related 
to their morphology.
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