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The exploitation of resources by closely related species with similar niches may be mediated by differences in activity patterns,
which may vary in nycthemeral scale and seasonal scale. Piranhas Serrasalmus gibbus and Serrasalmus rhombeus are Neotropical
predators that occur sympatrically in many environments of the Amazon basin. To evaluate the strategies adopted by these two
species in a restricted environment (a reservoir), nycthemeral and seasonal samples were made, identifying the composition of the
diet and their activity patterns. A total of 402 specimens were collected: 341 S. gibbus and 61 S. rhombeus. Both species fed themselves
primarily on fish, with some seasonal variation being found in S. gibbus during the flood season, when plant material was consumed.
There was considerable temporal overlap in the foraging behavior of the two species, although S. rhombeus presented a bimodal
pattern of abundance over the 24-hour cycle. S. rhombeus was more active during the nighttime, between dusk and early morning,
whereas S. gibbus was active throughout the nycthemeral cycle. These findings indicate low levels of competition between the two
species, which allowed for a considerable overlap in nighttime foraging, following distinct nycthemeral patterns of foraging activity
and allowing their coexistence.

1. Introduction resource partitioning [2]. Studies of resource partitioning
can help elucidate how populations of closely related species
In impacted environments, such as reservoirs, limitations  can coexist under such conditions, even when one species

of resource availability may be one of the principal factors ~ dominates the system and can, at least theoretically, exclude
determining the composition of fish communities [1] and  the others [3, 4]. Despite this, observations in the wild,
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FIGURE 1: Study area: reservoir of the Coaracy Nunes hydroelectric power station in Ferreira Gomes, Amapa, Brazil.

especially in the tropics, indicate that these species can
coexist, even when exploiting the same resources [4].

Studies of the feeding ecology of fish are essential for
the understanding of trophic relationships among species
in aquatic systems [5]. In general, trophic studies of fish
have shown that the same resource may be exploited by
a number of different species and that each species may
exploit a number of different feeding resources within a
given area [6-9]. Resource partitioning tends to involve three
principal axes of the niche, time, space, and foraging behavior,
which may determine the potential for the coexistence of
populations within a given area [3]. In the spatial dimension,
for example, the use of distinct microhabitats may permit
the development of extremely narrow niches which minimize
interspecific competition [10]. When feeding resources are
abundant, niches may overlap without affecting the compet-
ing species [3]. The stable coexistence of species limited by
the same resource is possible if the interaction of conspecifics
predominates over that between species [11], which may
account for the coexistence of species limited by the same
resource without effective niche partitioning [12].

Environmental factors also influence resource partition-
ing by affecting the availability of resources directly, as in
the case of the hydrological cycle in aquatic systems [2,
13]. The niche of a species may vary over time, according
to modifications of the environment and the availability
of resources [14], and resource dynamics may lead to the
adoption of more specialist or generalist niches within a
given area [15], with species adjusting to the presence of
competitors [16].

Piranha species are phenotypically homogeneous and
mostly exploit similar resources, resulting in intense com-
petition [5], although this competition may be mediated
by the relative abundance of resources found in tropical
environments [17]. Piranhas of the genus Serrasalmus have

been studied in a number of Brazilian rivers [18-24], although
no data are available for the Araguari-Amapa basin.

The gibbus piranha, Serrasalmus gibbus Castelnau 1855,
is a carnivorous species of the family Serrasalmidae, which
feeds on fish, insects, and other invertebrates, and is found
primarily along the margins of rivers and lakes [25]. The black
piranha, Serrasalmus rhombeus Linnaeus 1766 (Serrasalmi-
dae), is also carnivorous. It is the largest piranha species, with
adults reaching 50 cm in length, and is considered to be one
of the most successful fish species in Amazonian reservoirs
[25].

In addition to being closely related, S. gibbus and S.
rhombeus are sympatric, although little is known about the
ecological variables that support their coexistence. Given this,
the present study analyzed the nycthemeral and seasonal
variation in the diets of S. gibbus and S. rhombeus in the
Coaracy Nunes reservoir in Amapa, northern Brazil, in order
to understand the resource partitioning in these closely
related carnivores.

2. Materials and Methods

2.1. Study Area. The study area is located in the
middle Araguari River basin (Amapd-Brazil) in the
Coaracy Nunes reservoir (0°57'1.09"N/51°14'50.79"W,
0°51'10.45""N/51°17'44.38"W,  0°52'53.80"'N/51°18'34.72" W
and 0°52'2.89""N/51°15'35.51"W). The Coaracy Nunes
reservoir lies between the municipalities of Ferreira Gomes
and Porto Grande in the state of Amapa and is located
approximately 200km from the Atlantic Ocean. The
reservoir drains a total area of 23.5km” and has a mean
discharge of 976 m®-s™', mean depth of 15m, and a total
volume of 138 Hm”. The local climate is typical of the Amazon
basin, with a rainy season between January and June and a
dry season from July to December [26-28] (Figure 1).
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2.2. Sampling. Samples of S. gibbus and S. rhombeus were
collected every two months between September 2011 and
September 2012. The fish were captured in gillnets arranged
in sets of increasing mesh size (2cm, 2.5cm, 3cm, 4cm,
5cm, 8 cm, and 10 cm), varying in length from 10 m to 20 cm,
and varying in height from 1.5m to 4 m. The nets were set
at 15:00h and left until 15:00h of the following day and
were checked every three hours, that is, at 18:00h, 21:00 h,
24:00h, 03:00 h, 06:00 h, 09:00 h, 12:00 h, and 15:00 h, with
the same standard procedure being followed on each day of
fieldwork.

The captured specimens were identified, measured, and
weighed, and their stomachs were removed for analysis.
Each stomach was weighed, and its contents were analyzed
immediately. The total length (TL, in mm) was obtained for
each specimen using a caliper and measuring tape, and the
total weight (TW), gutted weight (GW), and stomach weight
(SW) were determined using a scale with a precision of 0.01 g,
based on [29]. The sex of the specimens was determined
through the inspection of the gonads.

2.3. Analysis of Stomach Contents. The repletion of the
stomachs was determined by visual inspection and classified
as (i) void (no content), (ii) partly full (25-75% full), and
(iii) full (>75%), following [30]. The contents of the stomachs
classified as full or partly full were identified and quantified
using a stereomicroscope [31]. For the standardization of the
samples, the items were grouped in broad categories, that is,
fish, insect, crustacean, microcrustacean, plant, and others
[31].

2.4. Data Analysis. The activity pattern of each species was
estimated based on the relative frequency of the specimens
captured at each net check (3-hour intervals). The temporal
variation in activity was analyzed using a y test, consid-
ering differences among the 3-hour intervals and between
the nocturnal (18:00-06:00h) and diurnal (06:00-18:00 h)
periods. The lengths and weights of the males and females
of each species were allocated to classes, which were tested
for normality (Kolmogorov-Smirnov) and homoscedasticity
(Bartlett) before being tested for differences using Student’s
t-test, with a = 0.05.

The analysis of stomach contents was based on the
frequency of occurrence and volumetric methods [32]. The
frequency of occurrence was determined by FO; = (n; x
100)/N, where FO; is the frequency of occurrence of item
i in the sample, #; is the number of stomachs in the sample
which contain item I, and N is the total number of stomachs
containing ingesta in the samples. The volumetric method
was based on the relative volume of each item in the stomach
contents. The volume of the items was estimated based on
the method of [33, 34]. The relative importance of each
item in the diet of the species and the FO and volumetric
values were combined in the index of feeding importance
(IF;) of [30], calculated for the two seasons (dry and flood).
The nycthemeral and seasonal variation in the frequency of
occurrence and IF; of each species were evaluated using the
G test, with « = 0.05. The variation in the repletion of the
stomachs and the overlap in the nycthemeral and seasonal

niches of the two species were evaluated using x°, with & =
0.05.

Levin’s standardized index (Bi) was used to define trophic
niche breadth [35], which was classified as low (Bi < 0.4),
medium (0.4-0.6), or high (Bi > 0.6) [36]. Niche overlap was
analyzed using 3 indices, which varies from 0 (no overlap)
to 1 (complete overlap), representing the degree of resource
partitioning. As for niche breadth, this index was classified as
low (<0.4), moderate (0.4-0.6), or high (>0.6) [36]. The index
was calculated in EcoSim 7.0 [37].

To evaluate whether the observed overlap was different
from that expected by chance (in the absence of competition),
the abundance of the different food items in the diet of
each species was randomized using null models with 5000
randomizations, run in the RA3 randomization algorithm in
EcoSim [38]. In this analysis, interspecific competition may
be occurring when the mean trophic niche overlap is lower
than that expected by chance [39].

3. Results

A total of 341 specimens of S. gibbus were collected during the
present study, including 177 males (51.9% of the total) and 164
(48.1%) females, with no significant bias in the sex ratio ( X2
=0.49,df = 1, and p > 0.05). In the case of S. rhombeus, 39
(64.0%) of the 61 specimens were female and 22 (36.0%) were
male, with a significant female bias (y* = 4.73, df = 1,and p =
0.02; Yates = 4.19 and p < 0.05).

The mean total length of the male S. gibbus specimens was
120.9 + 25.5mm and that of S. rhombeus males was 323.0 +
59.0 mm. The female S. gibbus were slightly larger than the
males, with a mean length of 125.0 + 31.4 mm, whereas the
female S. rhombeus were much smaller than the males, with
a mean length of 303.6 + 61.2mm. The mean weight of the
male S. gibbus (90.56 + 29.61 g) was also lower than that of
the females (131.21 + 51.95g), whereas that of the male S.
rhombeus (742.0 + 423.0 g) was slightly higher than that of
the females (729.9 + 449.7 g). The body length (t = 17.49, df
=105, and p < 0.0001) and weight (¢t = 19.58, df = 105, and
p < 0.0001) of the two species were significantly different,
although no statistical differences were found between the
sexes of either species (S. gibbus: t = —0.1433, df = 116.0,
and p > 0.05; S. rhombeus: t = —0.1294, df = 71.0, and
p > 0.05). However, while the distributions of body lengths
and weight classes were relatively similar in the two sexes
in S. gibbus (Figure 2), the most frequent classes in the
female S. rhombeus were higher than those in the males
(Figure 3).

No clear nycthemeral pattern was observed in S. gibbus
(Figure 4) either among 3-hour intervals (y* = 0.948; df = 7;
p = 0.05) or between nocturnal and diurnal periods (X2 =
0.823; df = 1; p > 0.05). By contrast, S. rhombeus presented a
clear preference for the nocturnal period (Figure 4), peaking
in the first half of the night, with highly significant differences
among intervals (y* = 56.298; df = 7; p < 0.05) and between
nocturnal and diurnal periods (y* = 22.601; df = 1; p < 0.05;
Yates = 21.661 and p < 0.05), but there was no difference
between seasons (X2 =098 df =1; p > 0.05).
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FIGURE 2: Population structure in total length (a) and weight (b) of S. gibbus in the Coaracy Nunes reservoir in Ferreira Gomes, Amapa

(Brazil).
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FIGURE 3: Population structure in total length (a) and weight (b) of S. rhombeus in the Coaracy Nunes reservoir in Ferreira Gomes, Amapa

(Brazil).

3.1. Stomach Contents and Repletion. A total of 137 specimens
had at least partly full stomachs, of which 115 were S. gibbus
and 22 were S. rhombeus. In S. gibbus, the void class was the
most frequent in both seasons (Figure 5), followed by the full
class, although there was no significant seasonal difference
in either class (void: x* = 1.25; df = 1; p > 0.05; full: y* =
1.32; df = 1; p > 0.05). In S. rhombeus, the void class was the
most frequent in the flood season, followed by the full class.

In the dry season, the full and partly full classes were the most
frequent, and while there was no seasonal variation in the full
class (x* = 3.48; df = 1; p > 0.05), the partly full class varied
seasonally (y* = 5.95; df = I; p < 0.05; Yates = 5.378 and p <
0.05).

No nycthemeral variation was found in the frequency
of S. gibbus specimens with at least partly full stomachs
(Figure 6). In S. rhombeus, however, a highly significant peak
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TABLE 1: Frequency of occurrence (FO), volumetric frequency (VF), and index of feeding importance (IF;) of the items encountered in the
stomach contents of the S. gibbus and S. rhombeus specimens captured in the dry and flood seasons in the Coaracy Nunes reservoir in Ferreira
Gomes, Amapa (Brazil).

. . Flood Dry G test
Species Food item )
FO (%) VF (%) IF; FO (%) VF (%) TAi FO IF;
Fish 65.517 22.014 0.9671 96.429 37118 0.9588
Crustacean 10.345 2.510 0.0174 10.714 3.857 0.0111
S. gibbus Insect 20.689 1.089 0.0151 14.286 0.843 0.0032 16.94" 0.044™"
Plant 3.448 0.138 0.0003 25.000 4.007 0.0268
Microcrustacean 3.448 0.055 0.0001 3.571 0.075 0.0001
Fish 80.000 0.906 0.9747 100.000 1.000 1.000
S, rhombeus Crustacean 20.000 0.089 0.0239 0.000 0.000 0.000 78.70" 0.04**
Insect 20.000 0.004 0.0011 0.000 0.000 0.000
Microcrustacean 20.000 0.001 0.0003 0.000 0.000 0.000
*p <0.05 " p > 0.05.
Nocturnal Diurnal
Dry
25 3 S. gibbus: x* = 0.948; df = 7; p > 0.05 Void
@ S. thombeus: x* = 56.298; df = 7; p > 0.0001

=N
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FIGURE 4: Relative frequency of the S. gibbus and S. rhombeus
specimens captured per 3-hour interval in the Coaracy Nunes
reservoir in Ferreira Gomes, Amapad (Brazil).

was recorded between 21:00 h and 03:00h, with only void
stomachs being recorded during the other intervals (y* =
194.22; dt =7; p < 0.05).

The two piranha species consumed five dietary items
(fish, crustaceans, microcrustaceans, insects, and plants),
with fish being the principal item consumed by both species,
during both seasons (Table 1). The diet of S. gibbus was
composed of fish (remains including fins, bones, scales, and
muscle), crustaceans (shrimp, Macrobrachium sp.), insects
(Odonata, Orthoptera), microcrustaceans (Isopoda), and
plant matter (fragments of leaves, twigs, and seeds). The
diet of S. rhombeus consisted of fish, crustaceans, microcrus-
taceans, and insects. Fish was more predominant in the diet
during the dry season, with significant seasonal variation
in the FO in both S. gibbus and S. rhombeus (Table 1).
However, IF; did not vary significantly between seasons in
either species.

Coaracy Nunes reservoir in Ferreira Gomes, Amapa (Brazil).

Niche breadth did not vary seasonally in S. gibbus
(Figure 7). In S. rhombeus, by contrast, while niche breadth
was higher than that of S. gibbus in the flood season, it fell to
zero in the dry season, when only fish was consumed.

A high degree of niche overlap was recorded in both the
dry (Oj = 0.999) and flood (O, = 0.899) seasons (Table 2).
The mean observed index (0.997) was significantly higher
than the simulated mean (0.241), reflecting the niche overlap
of the species in this environment. The observed C scores
were significantly higher than the expected scores, indicating
that they were not random, and thus reflect biological pro-
cesses. In the analysis of the nycthemeral variation, however,
the observed C scores were significantly lower than those
expected by chance in both seasons.

4. Discussion

One fundamental ecological difference between the two
study species was the difference in their abundance, with
S. rhombeus being far less common than S. gibbus. This
may reflect the effects of interspecific competition on the
demographic parameters of the two populations [40].
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TABLE 2: Mean observed and simulated Pianka indices and their respective p values for the dietary overlap of S. gibbus and S. rhombeus in

the Coaracy Nunes reservoir in Ferreira Gomes, Amapa (Brazil).

Parameter Seasonal Nycthemeral
Flood Dry
(Oj): observed mean 0.997 0.531 0.519
(Oj): simulated mean 0.241 0.606 0.606
Variance of the simulated indices 0.083 0.001 0.002
C score: p (observed < expected) 1.000 0.018" 0.016"
C score: p (observed > expected) 0.000" 0.982 0.984
*p <0.05.
50 — 0.35 — )
¥* =80.910;df = 15 p = 0.9194 Bi=033
b 0.3 +
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g 8

é x* = 8.743;df = 2; p = 0.003 g 02 -
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FIGURE 6: Nycthemeral variation in the relative frequency of
repletion of the stomachs (at least partly full) of the S. gibbus and
S. rhombeus specimens collected in the Coaracy Nunes reservoir in
Ferreira Gomes, Amapa (Brazil).

The sex ratio of S. gibbus was unbiased (1:1), although it
was female-biased (64%; n = 39) in S. rhombeus. Females
tend to predominate in populations when feeding resources
are abundant [29, 41, 42]. When the sex ratio is balanced
(1:1), the males compete for access to females and this reduces
quantities of them [41-45]. Anderson [44] concluded that the
lack of a male reduces competition for females.

The body size structure of a fish population varies as
a function of recruitment and mortality, which are influ-
enced by the biotic and abiotic variables that determine
their nutritional condition [46] and birth and survival rates
[47]. In the present study, however, no significant sexual
dimorphism was found in either S. gibbus or S. rhombeus.
While sexual dimorphism may contribute to the avoidance
of intraspecific competition [48, 49], no evidence was found
of this phenomenon in the study populations. However,
the differences in body size between the two species may
represent an important feature of interspecific niche parti-
tioning, which may be related primarily to the differences
in activity patterns, while morphologically similar species
tend to occupy similar niches, implying competition for
resources and eventual competitive exclusion [50, 51]. In the
present case, S. gibbus and S. rhombeus are morphologically

FIGURE 7: Seasonal variation in niche breadth in S. gibbus and S.
rhombeus in the Coaracy Nunes reservoir in Ferreira Gomes, Amapa
(Brazil).

so similar that [52] originally classified them as a single
species, although [53] concluded that S. gibbus is a valid
species, based on its relatively more elongated body and larger
interorbital distance in comparison with S. rhombeus. In fish,
the trophic level is normally related to the size of the predator
[54], which indicates that S. gibbus feeds on smaller prey than
S. rhombeus, reducing the potential for direct competition
and permitting the coexistence of the two species.

The large number of empty stomachs recorded in both
species throughout the study period is characteristic of
carnivorous species [55]. This situation was evident in S.
gibbus in both seasons but different in S. rhombeus, in which
more individuals had full stomachs, especially during the
dry season, when prey are more concentrated in a small
space. It is important to note that easily digested items of
high nutritional value spend less time in the digestive tract,
resulting in higher rates of empty stomachs [56]. One other
important factor may have been the use of gillnets to capture
the specimens, which may regurgitate their stomach contents
in their attempt to free themselves from the net [57].

In addition to the difference in body size, niche partition-
ing between the two species was supported by the difference
in activity patterns. While S. gibbus was active throughout
the nycthemeral cycle, S. rhombeus was mainly active during
the night. This difference may contribute decisively to niche
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partitioning [58, 59] and may have evolved in the context of
the coexistence of the two species [39].

The third aspect of the coexistence of the two species
was the composition of their diets. While both piranhas fed
primarily on fish, S. gibbus fed on a greater diversity of items,
including plants. The other items were consumed in varying
proportions by the two piranhas, except for insects during
the flood season. While insects and fish were potentially the
most disputed items during the flood season, competition for
these resources was probably assuaged by their abundance
during this period. During the dry season, S. rhombeus fed
exclusively on fish, and while the diet of S. gibbus included
some other items, it also fed predominantly on fish, although
the concentration of stocks during this low water period
facilitated predation, which, once again, would have reduced
direct competition for this resource.

The compositions of the diets of the study species were
typical of piranhas [21, 60, 61]. In the present study, insects
were a prominent component of the diet of both species,
except for S. rhombeus during the dry season, confirming the
relative importance of this item, as reported by other authors
[19, 20, 62-64]. The predation of insects is an important
aspect of the dietary plasticity of the piranhas, allowing them
to adjust their intake of nutrients to the local availability of
resources [31, 62, 65].

The high level of overlap (>6) in the composition of
the diets of S. gibbus and S. rhombeus recorded in the
present study may have been influenced by the frequent
predation of fish trapped in the fishing nets, resulting in
the high indices recorded for this item. It is likely that
the two piranha species had preferences for different types
of fish prey, although it was not possible to confirm this
based on the material collected from the stomach contents,
which was mostly indistinguishable. While the two piranhas
inhabit the same environment and often consume the same
types of food, the minor differences in their diets probably
minimize competition between them [66]. In the present
case, the relative abundance of resources may allow for
considerable overlap in the diets of the different species,
especially where temporal or spatial segregation mediates
competition between them [67].

In fact, the analysis of niche overlap over the nycthemeral
cycle (Piankas index) indicated significantly lower than
expected overlap, which implies an absence of competition.
In the seasonal analysis, however, there was evidence that
the observed patterns were not random, indicating the role
of biological processes, such as competition, which may
nevertheless be mediated by the relative abundance of the
most consumed resources. It is important to remember that,
in more complex environments, where a greater diversity of
resources is available, each item may be exploited less inten-
sively, reducing competition and favoring the coexistence of
the species [68].

Opverall, the results of the present study indicate that the
coexistence of S. gibbus and S. rhombeus in the Coaracy
Nunes reservoir is mediated by the relative abundance of
feeding resources (Leporinus af. parae, Leporinus affinis,
Leporinus maculatus, Tometes trilobatus, Hemiodus unimac-
ulatus, Geophagus proximus, Plagioscion squamosissimus,

Satanoperca acuticeps, Triportheus trifurcatus, etc.) and dif-
ferences in the timing of foraging behavior, which minimize
the direct competition between the two species. The two
species studied represent those of greater abundance in this
reservoir. The adaptive success of these predators in dammed
environments promotes the reduction of fish diversity, espe-
cially those species occupying other trophic niches, which
increases the initial environmental impact generated by the
dam. Understanding the functional dynamics of fish trophic
guilds in dammed environments can be an important step in
the conservation orientation of these environments.
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