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Abstract The relationships among the morphology,
trophic ecology, and use of food resources by fish
fauna in a pristine stream in Iguaçu National Park
(INP), Brazil were evaluated. We expected that the
t r oph i c p a t t e r n s wou l d be exp l a i n ed by
ecomorphological variations among fishes and the
availability of food resources. Sampling was con-
ducted quarterly from May 2015 to April 2016 using
electrofishing. The stomach contents of 599 individ-
uals belonging to nine species were analyzed using
the volumetric method. Thirty-two morphological
measures related to trophic ecology and body mor-
p h o l o g y w e r e t h e n c o n v e r t e d i n t o 1 0
ecomorphological indices. The fish assemblage con-
sumed aquatic (Diptera, Ephemeroptera) and terres-
trial (Hymenoptera) insects, other aquatic inverte-
brates, plants, and detritus/sediment. Therefore, the
consumption frequencies of these food items were

considered representative of their environmental
availability. Furthermore, the fish fauna presented
wide trophic niche breadths and little diet overlap.
Principal component analysis (PCA) was used to
classify the fishes’ ecomorphological variations into
t h r e e e c om o r p h o t y p e s . T h e b e n t h o n i c
ecomorphotype comprised species with more de-
pressed bodies that eat detritus/algae and dipteran
larvae (Ancistrus mullerae and Corydoras carlae).
The nektobenthic ecomorphotype included species
with elongated bodies and wider heads and mouths
t h a t e a t a q u a t i c i n s e c t s a n d A e g l i d a e
(Trichomycterus stawiarski and Rhamdia spp.). The
nektonic ecomorphotype contained species with
more compressed bodies and terminal mouths,
which are generalist consumers of allochthonous
and autochthonous resources. Morphology was sig-
nificantly correlated with diet, which suggests that
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ecomorphological variations together with the avail-
ability of food in the environment are the main
mechanisms underlying trophic segregation and co-
existence among species.

Keywords Freshwater fish .Morphology. Diet . Niche
breadth . Coexistence

Introduction

Feeding ecology and ecomorphology have long been
assessed together to understand the trophic structuring
of freshwater fish assemblages (Adite and Winemiller
1997; Pouilly et al. 2003; Teixeira and Bennemann
2007; Oliveira et al. 2010; Neves et al. 2015; Portella
et al. 2016). Studies of feeding ecology have tradition-
ally been concerned with what different species eat and
the nature of the ecological relationships (i.e. competi-
tion, resource partitioning) among species that develop
as a result of the use of food resources (Gerking 1994).
Ecomorphological studies, in its turn, attempt to quan-
tify morphological variations and their potential effects
on performance, including food intake, in the species’
environment (Gatz Jr 1979; Delariva and Agostinho
2001; Kassam et al. 2004; Cochran-Biederman and
Winemiller 2010; Portella et al. 2016). Therefore, both
types of studies are complementary, as the former can
identify the diet compositions of different species and
the latter can then correlate these with their morpholog-
ical variations (Oliveira et al. 2010; Neves et al. 2015).
Therefore, such information makes it possible to predict
a species’ diet from its morphology (Douglas and
Matthews 1992; Franssen et al. 2015).

Variations in the feeding patterns of fish are strongly
influenced by food resource availability (Prejs and Prejs
1987; Gerking 1994; Esteves and Aranha 1999), which
plays a central role in both the distribution of species
among trophic guilds (Pouilly et al. 2006; Wolff et al.
2013) and species coexistence (Barili et al. 2011). Food
availability has been used to explain many of the differ-
ences, overlaps, and partitioning of diets and food re-
sources among fish species (Dias et al. 2017). These
trophic relationships may be mediated by the relative
contribution of allochthonous and autochthonous mate-
rials that streams and their surroundings supply to fish
assemblages (Wootton 1998; Russo et al. 2002; Ferreira
et al. 2011). However, human activities have strongly
impacted aquatic environments throughout the world

(Collen et al. 2014), causing decreases in both the quan-
tity and variety of food available. Therefore, studies
contributing to our limited knowledge of the feeding
ecology of fish, including information needed to devel-
op and test theoretical predictions, have been limited to
those conducted in totally pristine streams, without di-
rect or indirect anthropogenic influences (Casatti 2002).
As a consequence of this, it might be difficult to infer
reliable trophic patterns in the fish fauna of streams in
general based on the natural availability of food or even
species morphology, if these inferences are just based on
observations in impacted streams.

Although it is now difficult to find pristine streams,
Iguaçu National Park (INP) in Brazil stands out for the
extensive stretches of the Atlantic Forest in contains.
These preserved forests have helped to preserve some of
the watersheds of the lower Iguaçu River (e.g., Floriano
River and Manoel Gomes Stream) in INP to an extent
that is rare in other regions in south and southeastern
Brazil (ICMBio 2009). In pristine streams like those in
INP it is possible to make inferences about the relation-
ships between the production in terrestrial communities
and variations in the food resources they provide to
fishes, since stream communities depend heavily on
allochthonous resources coming from the surrounding
vegetation (Dala-Corte et al. 2016; Lobón-Cerviá et al.
2016; Carvalho et al. 2017). Additionally, the heteroge-
neity and structural integrity of the habitat, together with
the leaf matter input to pristine streams, contribute to the
diversification of aquatic invertebrates in them (Ríos
and Bailey 2006; Brown 2007) and the subsequent
supply of autochthonous food resources to fishes
(Russo et al. 2002; Pinto and Uieda 2007).

Various food resources can be exploited in different
ways by fish (Gerking 1994), which may promote indi-
vidual specializations in the use of food items (Araújo
et al. 2010; Araújo et al. 2011). In this sense, populations
of species regarded as generalists could be composed of
specialist individuals (Araújo et al. 2010), which in-
creases the inter-individual variations within a species
and broadens the trophic niche of its populations
(Abelha et al. 2001; Bolnick et al. 2003). Food avail-
ability may also increase the diet spectrum of the species
(Novakowski et al. 2008; Mazzoni et al. 2012), as well
as the trophic amplitude of guilds (Wolff et al. 2013). In
addition, the variety of food available may promote
specializations to different specific types of food items
or categories, contributing to reduced trophic overlap
among fishes (Dias et al. 2017).
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Differences in food consumption may also be asso-
ciated with morphological differences among species
(Gatz Jr 1979; Watson and Balon 1984; Oliveira et al.
2010; Sampaio et al. 2013). In other words, the mor-
phology of a particular species must be correlated to
some extent with its diet, and this correlation can thus be
used to predict the species’ trophic niche (Oliveira et al.
2010; Neves et al. 2015). When such correlations are
positive, we may assume that species with similar mor-
phologies use similar categories of food, and thus must
share them to coexist (Ross 1986). However, since the
relationship between morphology and diet must be
interpreted as the result of tradeoffs between morpho-
logical adjustments and developmental constraints, it is
necessary to control for phylogenetic influences on
morphology before morphology can be viewed as being
driven by diet variations (Douglas and Matthews 1992;
Casatti and Castro 2006). Morphology-diet correlations
can then be interpreted as the results of selection im-
posed on a species to improve its ability to obtain certain
categories of food in the environment (Wainwright and
Reilly 1994). However, this relationship has not always
been consistently demonstrated by previous studies
(e.g., Pouilly et al. 2003), and has been attributed to
other influences, such as behavior, physiology, and the
availability of resources. The last of these could be of
substantial importance if, in the absence of its preferred
foods, a species was forced to consume other food
resources that are not fully predictable based on its
morphology.

In the literature, it has been assumed that fishes,
through their feeding activities, are the best samplers
of the resources available in their environment, or at
least those that are used (Mérona et al. 2003; Luz-
Agostinho et al. 2006; Zupo et al. 2017). This type of
approach is more reliable when based on the analysis of
many species with a great diversity of morphotypes
because any single species would have a relatively small
influence on the estimates of available resources obtain-
ed. Therefore, the composition of fish diets in a pristine
stream may represent the potential availability of food
items there because it focuses on the resource that the
fishes living there can effectively access. Thus, one can
predict that patterns of food consumption and trophic
amplitude among individuals and species, as well as the
overlap in the use of food by these, are best explained by
the availability of food resources in the environment. In
addition, ecomorphological variations could explain
more detailed differences in feeding tactics among

organisms, and together with the food availability could
also explain patterns of trophic segregation. To test these
expectations, our objectives in this study were to: (i)
describe fish diets in a pristine stream’s fish fauna; (ii)
analyze the intra- and interspecific variations in fish
diets in terms of their trophic amplitude and overlap;
(iii) assess the ecomorphological variations in this fau-
na; and (iv) correlate the morphotypes observed with
trophic patterns among the species in this fish fauna.

Methods

Study area

The Iguaçu River is isolated from the Paraná Basin by
the Iguaçu Falls, which has resulted in speciation and
high fish endemism (Baumgartner et al. 2012). Accord-
ing to Freshwater Ecoregions of theWorld (Feow 2018),
the basin above the falls constitutes the Iguassu
ecoregion (Abell et al. 2008). The principal channel,
tributaries, and small headwater streams are mostly of
moderate slope and flows through sandstone bedrock. In
this study, sampling was conducted in Manoel Gomes
Stream, a 3rd-order stream (Allan 1995) that drains into
Floriano River, a tributary of the right bank of the Iguaçu
River (Fig. 1). This stream has its drainage basin fully
inside Iguaçu National Park (INP), Brazil. The INP is a
Federal Conservation Unit comprising the largest forest
remnant in the State of Paraná (PR), with an area of
260,000 ha and located in a contact region between the
Semideciduous Seasonal Forest and the Mixed
Ombrophilous Forest, two sensu lato Atlantic Forest
physiognomies (Joly et al. 1999). The 50-m section
sampled presents high structural complexity and is par-
tially to heavily shaded by vegetation cover. The chan-
nel geomorphology includes riffles, with rocky bottom
substrates and pools in which gravel, sand/silt, leaf litter,
branches, and tree trunks are deposited. The channel is
on average 4.0 m wide and 0.20–1.0 m deep. In addi-
tion, due to the high degree of shading, the water is
relatively cold (19.19 ± 2.91 °C) and well-oxygenated
(9.01 ± 0.73mg/L-1), indicating good water quality (un-
published data).

Field sampling

The fish fauna was sampled quarterly fromMay 2015 to
April 2016 using electrofishing in a 50-m stretch of a
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pristine stream. The electrofishing equipment consisted
of a portable electrical generator (Honda, 220 V, output
voltage from 400 to 600 V, 50–60 Hz, 3.4–4.1 A,
100 W), connected to two electrodes by a flexible mul-
tifilament cable 60 m in length. The specimens collected
were anesthetized with eugenol and then fixed in 4%
formalin. The fishes were identified according to Graça
and Pavanelli (2007) and Baumgartner et al. (2012), and
were gutted to remove the gastrointestinal tracts, which
were then preserved in 70% ethanol. Voucher specimens
were deposited in the Coleção Ictiológica do Núcleo de
Pesquisas em Limnologia, Ictiologia e Aquicultura
(Nupélia) of the Universidade Estadual de Maringá,
Maringá, PR, Brazil.

Laboratory analysis

Only species with a total abundance greater than five
individuals were used in this study. In order to avoid

issues during the identification and quantification of
digested items, stomach contents were only analyzed if
the stomach was more than 50% full. Food items were
identified to the lowest possible taxonomic level using
an optical microscope and stereomicroscope along with
identification keys for macroinvertebrates (Mugnai et al.
2010) and algae (Bicudo and Bicudo 1970), and their
abundances were then quantified using the volumetric
method (Hyslop 1980; Marrero 1994). This method
expresses each food item as a proportion of the total
volume of all other food categories found in the sample.
For species with an undefined stomach (i.e. members of
the Loricariidae), the anterior third of the intestine was
analyzed instead.

For the ecomorphological study of the captured fish-
es, 26 linear morphological measurements and six areal
measurements of the fins and eyes were made by draw-
ing outlines of these structures (Gatz Jr 1979; Oliveira
et al. 2010; Pagotto et al. 2011). These measures were

Fig. 1 Study area. Sampling site in Manoel Gomes stream (25°09′43.4^ S/53°49′46.1^ W), region of the Iguaçu National Park (INP),
Iguassu ecoregion, Brazil
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then assigned to the habitat, swimming behavior, and
food intake of each of the nine species analyzed. The
morphological variables were measured with a digital
caliper on the left side of 30 specimens (or at least five
specimens of species whose total number was less than
30). To calculate the six areas related to the fins, these
were first drawn in plastic material on the fin and then
scanned. The images were imported to the software
Autodesk (2014) to calculate the internal areas of the
fin images. The morphometric measurements were used
to produce ten ecomorphological indices (Table 1). In
addition, we coded the mouth orientation as a morpho-
logical trait as follows: 1, superior position; 2, terminal
position; 3, oblique ventral position; or 4, ventral posi-
tion (Baumgartner et al. 2012).

Data analyses

To characterize fish diets, the food contents in their
stomachs were identified at the level of individual food

items; however, some of these occurred at very low
frequencies or abundances, and therefore they were
grouped into broader categories (Table 2). The items
Bacillariophyta, Chlorophyceae, and Cyanobacteria
were grouped together as algae; the larvae and pupae
of Psephenidae, Odonata, Coleoptera, and Diptera were
grouped together as other aquatic insects; Gastropoda,
Decapoda, Platyhelminthes, and Nematoda were
grouped together as other aquatic invertebrates; adult
Diptera, Orthoptera, and Hemiptera were grouped to-
gether as other terrestrial insects; and Oligochaeta,
Diplopoda, and Araneae were grouped together as other
terrestrial invertebrates. Detritus/Sediment was identi-
fied as a particular food item type, although it represent-
ed both inorganic and organic particles at different
stages of decomposition.

The availability of food resources was considered
herein as the amount of each food type consumed by
all the analyzed species. This was assessed by standard-
izing the sampling effort (i.e. the volume of each food

Table 1 Description of the ecomorphological indices and their ecological interpretations

Ecomorphological indices

Indices Formulas Interpretation

Compression
index

CI =MBH/MBW Higher values indicate lateral compression of the fish, which is expected for fish that explore
habitats with slower water velocity habitats (Gatz 1979; Watson and Balon 1984).

Depression index DI = BMH/MBH Lower values are associated with fish that explore habitats closer to bottom habitats (Hora 1922;
Watson and Balon 1984).

Relative area of
caudal fin

ARC =CH2/CA Caudal fins with larger relative areas are important for the acceleration (Balon et al. 1986).
Fishes showing higher aspect ratio of the caudal fin are active and continuous swimmers.

Relative lenght of
head

RLHd =HdL/SL Larger relative values of head length are found in fishes which feed of larger prey. This index
should be larger for piscivores (Watson and Balon 1984;Winemiller 1991;Willis et al. 2005).

Relative height of
head

RHHd =HdH/MBH Larger relative values of head height are found in fishes which feed of larger prey. Larger values
for this index are expected for piscivores (Winemiller 1991; Willis et al. 2005).

Relative width of
head

RWHd =HdW/MBW Larger relative values of head width are found in fishes which feed of larger prey. Larger values
for this index are expected for piscivores (Winemiller 1991; Willis et al. 2005).

Relative height of
mouth

RHM=MH/MBH Relative mouth height allows to infer over the relative size of the prey (Gatz 1979; Winemiller
1991; Willis et al. 2005).

Relative width of
mouth

RWM=MW/MBW Larger relative values of mouth length suggest fishes which feed of larger prey (Gatz 1979;
Balon et al. 1986; Winemiller 1991).

Eye vertical
position

EVP = EH/HdH This index is related to foods detection and it provides information on the visual predation
activities (Pouilly et al. 2003). It can indicate the preferential position of the species in the
water column.

Relative area of
eye

RAE = EA/SL2 This index is related to food detection and it provides information on the use of vision in
predation activities (Pankhurst 1989; Pouilly et al. 2003).

Standard length (SL), maximum body height (MBH), body midline height (BMH), maximum body width (MBW), head length (HdL), head
height (HdH), head width (HdW), eye height (EH), mouth height (MH), mouth width (MW), caudal fin height (CH), eye area (EA), caudal
fin area (CA)
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resource consumed) by means of the equitability index
(EVAR) (Smith and Wilson 1996), wherein the propor-
tion of food resources was distributed among species as
follows:

EVAR ¼ 1−2=Π arctan ∑
S

I¼1
In X Sð Þ− ∑

n

i¼0
In X tð Þ=S

� �2

=S

( )
;

where: S = the total volume of food resources (items or
trophic categories) in the sample; and Xs = is the spe-
cies’ abundance. Thus, the volume of food resources
was also standardized for all species. Due to the pres-
ence of different fish ecomorphotypes in this study, the
sampled fishes thus had the capacity to explore various
habitat compartments, which may provide a more reli-
able evaluation of the overall availability of resources
than a single ecomorphotype would (Dias et al. 2017).
We then generated a histogram to represent the stan-
dardized food volume and the relative availability of the
different items and categories of food resources.

The trophic guild to which each fish belonged was
determined based on the volumetric data of the stomach
contents by a procedure adapted from Mérona et al.
(2001). Detritivorous fishes were those whose stomach
contents were more than 50% debris/sediment and al-
gae. Aquatic insectivorous fishes were those whose
stomach contents were more than 50% aquatic insects.
Carnivorous fishes were those whose stomach contents
were more than 50% composed of several invertebrates
and fishes. Detritivorous/Insectivorous fishes’ stomachs
contained similar proportions of detritus and aquatic
insects. Finally, omnivorous fishes were those for which
none of the above statements were quite true, and whose
stomachs contained items of multiple different origins
(i.e. both animal and plant materials).

To test for possible significant differences in dietary
composition among species, a permutational multivari-
ate analysis of variance (PERMANOVA) of Bray-Curtis
index values was used, with 999 random permutations
(Anderson 2001). To determine whether and which food
items or trophic categories contributed most to interspe-
cific dissimilarities in diet, we performed a similarity
percentage (SIMPER) analysis of the afore mentioned
Bray-Curtis index values (Clarke 1993).

A principal component analysis (PCA) combined
with the Hellinger transformation of square-root-
transformed diet data (Legendre and Gallagher 2001)
was used to summarize the differences in dietary pat-
terns among the fish fauna. Hellinger’s distance

provides a common ground that allows for the subse-
quent combination of multivariate analyses, and in the
case of biological variables it yields a metric that is
similar in performance to the Bray-Curtis dissimilarity
index (Borcard et al. 2011; Basterretxea et al. 2013).

The niche breadth (i.e. dispersion of the diet in space)
was measured through a permutational analysis of mul-
tivariate dispersions (PERMDISP; Anderson 2006). Re-
cently, this analysis has become a common approach to
verify intraspecific variability (Quirino et al. 2015) and
assess differences in intra- and interspecific niche
breadth (Correa and Winemiller 2014; Silva et al.
2017). The distance from the centroid of a group defined
a priori (in this case, the species) is calculated in the
PERMDISP through a principal coordinate analysis
(PCoA). Calculation of the centroid of each group was
performed using Bray-Curtis dissimilarity index values,
which allowed the average dissimilarity in n individual
observations within the group to be compared. In this
case, the distance from the centroid (D) corresponds to
the niche breadth. To test the null hypothesis that the
intraspecific variability and niche breadth did not differ
among the groups, the F-statistic was calculated for the
comparison of the average distance of each sample from
the centroid of the group. Subsequently, the p value
associated with this F-statistic was obtained through
9999 permutations of the residual least-squares
(Anderson 2006). Post-hoc pairwise comparisons were
made using Tukey’s ‘Honestly Significant Difference’
(HSD) method. The assumption was that differences in
the distance from the centroid among species indicate
that some species have more restricted or broader diets
than others do (Correa and Winemiller 2014; Silva et al.
2017; Neves et al. 2018).

Diet overlap was calculated for each sample (i.e.
among all species, in each month), and was presented
as a mean of four observations between each pair of
species. The overlap was calculated based on the simi-
larity matrix of volumetric data for different food items.
We used the niche overlap index of Pianka (1973),
described by the equation:

Ojk ¼ ∑n
i Pij x Pikffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∑n
i P2ijx ∑n

i P2ik
p ;

where: Ojk = Pianka’s niche overlap measure between
species j and k; Pij = the proportion of food item i in the
diet of species j; Pik = the proportion of food item i in the
diet of species k; and n = the total number of food items.
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The overlap values ranged from 0 (no overlap) to 1 (total
overlap), and were grouped into the following catego-
ries: low (overlap = 0–0.39), intermediate (overlap =
0.4–0.6), and high (overlap = 0.61–1) (Grossman
1986; modified by Corrêa et al. 2011).

The ecomorphological patterns within the fish as-
semblage were evaluated through another PCA, applied
to the correlation matrix calculated for the 10
ecomorphological indices plus the coded mouth orien-
tation variable. The criterion we adopted for the reten-
tion of the axes (principal components) followed the
Broken-Stick randomization method, in which only
those axes with eigenvalues greater than those generated
at random are interpreted (Jackson 1993).

To investigate the relationship between the morpho-
logical variations and trophic patterns exhibited in the
fish fauna, Spearman’s rank correlation coefficients
were calculated. In this procedure, the correlation be-
tween the PCA scores from the selected axes (Broken-
Stick criterion) of the different PCAs (PCA-morphology
and PCA-diet) was tested.

However, the relationships between differences in
diet and morphology among species may also be de-
rived from the phylogenetic distances among species, in
which case spurious correlations would be generated
(Winemiller 1991; Douglas and Matthews 1992).
Therefore, a partial correlation test (partial Mantel test)
between two matrices (morphological × trophic) was
run, while controlling for the effect of a third matrix
(taxonomic) to evaluate possible phylogenetic effects on
the relationship between diet and morphology. From the
volumetric percentages of different food resources con-
sumed by each species, we calculated a matrix of trophic
similarity (Manhattan index). Similarly, the mean values
of the ecomorphological indices were used to calculate
an ecomorphological distance matrix (Euclidean dis-
tance) among species. The taxonomic distance matrix
was constructed according to Douglas and Matthews
(1992), in which a value of 1 was attributed to pairs of
congeneric species, 2 to pairs of species belonging to
different genera but the same family, 3 to pairs of species
belonging to different families of the same order, and 4
to pairs of species belonging to different orders.

The PCAs and PERMDISP analysis were performed
in R (www.rproject.org) (R Core Team 2014) using the
vegan package (Oksanen et al. 2007). The Pianka niche
overlap index was calculated using EcoSim 7.0 software
(Gotelli and Entsminger 2006). The PERMANOVA,
SIMPER, and MANTEL analysis were performed in

PAST 2.08 (Paleontological Statistic Software)
(Hammer et al. 2001). Spearman’s rank correlations
and figures were constructed in the STATISTIC 7.0
program. The level of statistical significance adopted
for all analyses was p < 0.05.

Results

Diet

The fish fauna was represented by a total of 1761
individuals belonging to 12 species in our samples.
However, three of these species, of which fewer than
five individuals were found, were not considered further
in this study (Hisonotus yasi Almirón, Azpelicueta &
Casciotta, 2004; Trichomycterus davisiHaseman, 1911;
Trichomycterus spp.). The stomach contents of 599
specimens of the nine remaining species were analyzed
(Table 2). The availability of food resources, assessed
based on the volume of food resources ingested by these
nine species, comprised a wide variety of autochthonous
and allochthonous resources (Fig. 2). The most impor-
tant food resources, which constituted the greatest pro-
portions of food ingested, were larvae of Diptera
(30.4%), plant material (15.2%), EPT (Ephemeroptera,
Plecoptera, and Trichoptera) (15.2% combined), and
detritus/sediment (11.2%).

The fish fauna was composed primarily of smaller-
sized species, with a predominance of species belonging
to the omnivorous and aquatic insectivorous guilds

Fig. 2 Food resource availability, inferred from the volume of
food items and throphic categories consumed for nine fish species
of the Manoel Gomes stream, Iguaçu National Park, Iguassu
ecoregion, Brazil. A: adult, J: fish juvenile, L: larvae e P: pupae
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(Table 2). The main resources consumed were detritus/
sediment, aquatic insects, other aquatic invertebrates,
terrestrial insects, and terrestrial plants. Ancistrus
mullerae (Bifi, Pavanelli & Zawadzki, 2009) and
Corydoras carlae (Nijssen & Isbrucker, 1983) fed pref-
erentially on detritus/sediment, along with low propor-
tions of algae in the former species and high amounts of
dipteran larvae in the latter. Astyanax species had varied
diets composed of diverse autochthonous and allochtho-
nous resources. In turn, Rhamdia branneri (Haseman,
1911) consumed mainly Aeglidae, which differed from
its congener Rhamdia voulezi (Haseman, 1911), which
predominantly fed on other aquatic insects and plant.
The diets of Bryconamericus ikaa (Casciotta, Almirón
& Azpelicueta, 2004) and Trichomycterus stawiarski
(Miranda Ribeiro, 1968) were composed of larvae of
aquatic insects, such as those of Ephemeroptera, Dip-
tera, Plecoptera, and other taxa.

Significant differences in diet composition were ob-
served among species (PERMANOVA; pseudo-F =
29.65, p = 0.0001). The food items that contributed most
to the dietary differences among fish species were:
Hymenoptera for Astyanax bifasciatus (Garavelho &
Sampaio, 2010); other aquatic invertebrates for Astya-
nax gymnodontus (Eigenmann, 1911); Coleoptera for
Astyanax minor (Garavelho & Sanpaio, 2010); algae
for A. mullerae; Ephemeroptera (larvae) for B. ikaa
and T. stawiarski; Aeglidae for R. branneri; and other
aquatic insects for R. voulezi (SIMPER, Table 3).

Segregation in food consumption by the fish fauna
was summarized in a PCA, which explained 45% of the
total variation in the data. Positive values of the first
principal component (PC1) segregated species ingesting
detritus/sediment and algae, such as A. mullerae and
C. carlae, from others. Positive values of PC2 segregat-
ed species (Astyanax and Rhamdia) that mainly con-
sumed plants and terrestrial insects, while at negative
scores of PC2 B. ikaa and T. stawiarski, which had
greater intakes of larvae of Ephemeroptera and Diptera,
were segregated (Fig. 3, Appendix Table S1).

The trophic niche breadth differed significantly
among species (PERMIDISP, F8.590 = 102.28, p < 0.5)
(Fig. 4, Table 4). The lowest values were found for the
most specialized species, such as A. mullerae and
C. carlae. The species considered to be omnivorous
and generalists, such as characins, presented high values
of niche breadth. R. branneri stood out for having the
widest niche breadth. C. carlaewas the species with the
highest intraspecific variation in its niche breadth, while

Rhamdia spp. presented the lowest intraspecific
variation.

In general, the diet overlap was significantly low
(<0.4) between 77.5% of the pairs of species (Fig. 5,
Kruskal-Wallis test, H = 87.44, p < 0.0001). Higher
niche overlap values were observed for A. bisfasciatus
× A. gymnodontus (both feeding on aquatic and terres-
trial insects), A. mullerae × C. carlae (feeding on detri-
tus/sediment), B. ikaa × T. stawiarski (feeding on aquat-
ic insects), and R. branneri × R. voulezi (feeding on
aquatic insects).

Ecomorphological traits

Morphological measurements were taken of 224 indi-
viduals belonging to nine species. The fish fauna
showed much interspecific ecomorphological variation,
but presented several main, distinct morphotypes, in-
cluding species with compressed bodies and caudal
peduncles, as well as those with depressed bodies and
ventral mouths (Fig. 6). The first two PCA axes retained
for interpretation (per the Broken-Stick model) ex-
plained 75.3% of the total variance in the data
(Appendix Table S2). Positive values of the first PCA
axis (accounting for 42.49% of the explained variance)
distinguished species with relatively wider heads and
mouths, such as T. stawiarski, Rhamdia branneri, and
Rhamdia voulezi, and this axis also captured the position
of the eye for A. mullerae. Species with greater eye
areas, more compressed bodies, and longer heads (As-
tyanax and B. ikaa) were segregated by negative values
of axis 1. Positive values of PCA axis 2 (32.81% of
explained variance) segregated species with more de-
pressed bodies, greater caudal fin areas, and higher
mouths, such as A. mullerae and Astyanax. Negative
scores of this axis separated out species with wider
heads and mouths, such as the two species of Rhamdia
and T. stawiarski, and more compressed bodies, such as
Astyanax and B. ikaa (Fig. 6).

Diet-ecomophology correlations

Significant correlations were found between PC1-
morphology and PC1-diet scores (ρ = 0.56, p < 0.05)
and between PC2-morphology and PC1-diet scores
(ρ = 0.58, p < 0.05). Benthic species with larger heads
and mouths, such as A. mullerae, tended to be those that
consumed detritus/sediment and algae. Otherwise, nek-
tonic species with compressed bodies (Astyanax and
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Bryconamericus) tended to be those that consumed
insects (aquatic and terrestrial) and plant materials.
Weak but significant negative correlations were found
between PC1-morphology and PC2-diet (ρ = −0.17,
p < 0.05) and between PC2-morphology and PC2-diet
(ρ = −0.16, p < 0.05), meaning that greater body depres-
sion was associated with less consumption of drifting
resources carried into the stream from the surroundings
(plants and terrestrial insects).

The Mantel test demonstrated a significant correla-
tion between the trophic distance matrix and the mor-
phological matrix (r = 0.59, p = 0.0012). However, there
was also a significant correlation between the morpho-
logical and taxonomic matrices (r = 0.62, p = 0.0006),
which may indicate spurious relationships between tro-
phic characteristics and morphology due to the phylog-
eny of the species. Therefore, a partial Mantel test was
done to remove the effect of phylogeny from the assess-
ment of the relationship between diet and morphology,
and its results indicated that there was still a significant
correlation between diet and morphology, regardless of
taxonomy (r = −0.50, p = 0.0046).

Discussion

The integrity of the surrounding vegetation and the
structural heterogeneity of the pristine stream evaluated
in this study were clearly demonstrated by the variety of
allochthonous and autochthonous resources we detected
in the diets of its fish fauna. The high frequencies with
which plants (leaves, seeds, and fruit) and terrestrial
insects (adult Coleoptera and Hymenoptera) were con-
sumed, as well as the substantial contributions of Dip-
tera and EPT to fish diets, attest to the availability of
these resources in the study site, which must be associ-
ated with the undisturbed condition of the environment
there. These patterns have been reported in other studies,
in which the influence of the adjacent forest on the
availability of resources to stream fish fauna was con-
firmed (Sabino and Castro 1990; Pusey and Arthington
2003; Casatti 2010; Leite et al. 2015; Dala-Corte et al.
2016). The surrounding forest is also important to the
maintenance of the trophic relationships among fishes
within the stream fauna (Casatti et al. 2012; Silva et al.
2014; Lobón-Cerviá et al. 2016).

Table 3 Percentage values of the main resources that contributed to dissimilarity in the diet of the nine fish species. Values obtained through
the Analysis of Similarity Percentage (SIMPER - Bray-Curtis index)

Item/Species Cumulative (%) Mean abundance (%)

Abi Agy Ami Amu Bik Cor Rbr Rvo Tst

Algae 21.57 100

Ephemeroptera (L) 36.45 18.89 13.43 39.90 11.87 15.26

Trichoptera (L) 48.58 18.55 13.99 10.85 34.66 8.70 13.26

Plecoptera (L) 60.33 7.75 28.45 39.81 13.56

Lepidoptera (P) 69.85 25.50 12.15 26.23 29.84

Diptera (L) 76.79 7.32 23.72 16.06 26.96 13.73

Other aquatic insects 81.28 28.66 8.19 47.43

Aeglidae 85.63 7.32 89.82

Other aquatic invertebrates 88.47 89.21 6.54

Astyanax (J) 90.96 100

Trichomycterus (J) 93.3 72.25 27.75

Plant 95.32 16.85 44.48 12.45 20.41

Coleoptera (A) 97.06 14.15 8.92 45.83 26.61

Hymenoptera (A) 98.34 39.51 37.57 17.67

Other terrestrial insects 99.29 8.18 21.34 12.28 55.77

Terrestrial invertebrates 99.96 10.82 13.87 15.26 56.94

Detritus/Sediment 100 8.23 81.88 6.65

Food items or trophic categories that most contributed are in bold. Species codes: Abi: Astyanax bifasciatus, Agy: Astyanax gymnodontus,
Ami: Astyanax minor, Amu: Ancistrus mullerae, Bik: Bryconamericus ikaa, Cor:Corydoras carlae, Rbr: Rhamdia branneri, Rvo: Rhamdia
voulezi, Tst: Trichomycterus stawiarski: A: adult, J: juvenile, L: larvae e P: pupae
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In environments with high resource availability,
greater niche expansion is expected to occur in the diets
of species that exhibit greater trophic plasticity

(Schoener 1982; Abelha et al. 2001). The trophic
breadths of the species analyzed herein were wide and
varied, especially because they were fish that usually

Fig. 3 Ordenation of the fish fauna of Manoel Gomes stream,
Iguaçu National Park, Iguassu ecoregion, Brazil, produced by the
first two axes of the principal components analysis (PCA 1 and
PCA 2) applied to the correlation of 17 food items consumed by
species. Food resource codes: Det: Detritus/Sediment; Pla: Plant;
Alg: Algae; Eph: Ephemeroptera (larvae); Dip: Diptera (larvae);
Oia: Other aquatic insects; Hym: Hymenoptera (adult); Oit: Other

terrestrial insects. Symbols: (filled blue circle): Astyanx
bifasciatus; (filled green square): Astyanax gymnodontus;
(red triangle): Astyanax minor; ■ (filled black square): Ancistrus
mullerae; ○ (black circle): Bryconamericus ikaa; ◊ (black dia-
mond): Corydoras carlae; (filled dark red triangle): Rhamdia
branneri; + (black plus symbol): Rhamdia voulezi; (filled gray
circle): Trichomycterus stawiarski

Fig. 4 Variation in diet breadth using PERMDISP analysis for
nine fish species of the Manoel Gomes stream, Iguaçu National
Park, Iguassu ecoregion, Brazil. Diet breadth was assessed as
species dispersion in dietary space (i.e., greater distance to spatial
centroid indicates larger dispersion and therefore a broader trophic

niche). Box lower and upper endpoints represent the 25th and 75th
quartiles, respectively. The horizontal bar inside each box repre-
sent centroid and average represent the diet breadth, respectively.
See Table 4 for p value of comparisons among species. Species
codes see Table 3
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display generalist feeding behaviors (Esteves and
Aranha 1999; Abelha et al. 2001; Oliveira et al. 2010),
demonstrating that individuals had access to different
food items in the studied system. In other words, the
results highlighted individual differences in food re-
source usage, with probable specializations on different
food resources by individuals and, consequently, the
expansion of the niche of their species’ populations.

The wide diet breadth associated with high resource
availability should be interpreted in more detail, consid-
ering that the variety and abundance of resources that a
species can access should still be mediated by its mor-
phological potentialities (Prado et al. 2016). In this

sense, characins, which were identified to have the more
compressed bodies and laterally positioned eyes indica-
tive of nektonic species, would be allowed by this
morphology to opportunistically use drifting resources,
such as plants, terrestrial and aquatic insects, and the
larvae of other fish species. This wide range of features
thus demonstrates the potential to exploit all compart-
ments of the environment. These species exhibit greater
morphological diversification than others do, and have
been considered morphological generalists (Mise et al.
2013a; Neves et al. 2015, 2018; Lopes et al. 2016).
These species are able to ingest food items of any origin
(Delariva et al. 2013; Silva et al. 2017; Neves et al.

Table 4 Summary of PERMDISP – p value of comparisons of diet breadth of nine fish species of the Manoel Gomes stream, Iguaçu
National Park, Iguassu ecoregion, Brazil

Abi Agy Ami Amu Bik Cor Rbr Rvo Tst

Abi 0.027 0.012 0.001 0.002 0.001 0.115 0.002 0.890

Agy 0.822 0.001 0.793 0.003 0.009 0.055 0.033

Ami 0.001 0.954 0.004 0.002 0.077 0.017

Amu 0.001 0.001 0.001 0.007 0.001

Bik 0.001 0.001 0.012 0.004

Cor 0.001 0.880 0.001

Rbr 0.001 0.194

Rvo 0.003

Tst

Significant p-values are in bold. Species codes see Table 3

Fig. 5 Diet overlap values
(mean ± SE) for species pairs
sampled on the Manoel Gomes
stream, Iguaçu National Park,
Iguassu ecoregion, Brazil. Diet
overlap: low (0–0.39),
intermediate (0.4–0.6) or high
(0.61–1). Species codes: Abi:
Astyanax bifasciatus, Agy:
Astyanax gymnodontus, Ami:
Astyanax minor, Amu: Ancistrus
mullerae, Bik: Bryconamericus
ikaa, Cor: Corydoras carlae, Rbr:
Rhamdia branneri, Rvo:
Rhamdia voulezi, Tst:
Trichomycterus stawiarski
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2018) and that are normally not used, like fish larvae,
and are only limited in what they can consume by the
size of their mouth opening.

Bryconamericus ikaa presented similar morphologi-
cal features to species of Astyanax except for the sub-
terminal position of its mouth, which favored the intake
of aquatic insects (Ephemeroptera and Diptera). This
characteristic also provided this feeding habit to
T. stawiarski. The shared aquatic insectivorous habit
presented by these two species reflects their ability to
explore lentic environments, foraging among the spaces
in the rock bottom wherein insect larvae attain favorable
developmental conditions (Casatti and Castro 1998;
Russo et al. 2002; Barreto and Aranha 2006; Esteves
et al. 2008; Rondineli et al. 2009; Ruaro et al. 2016;
Uieda et al. 2016). In addition, B. ikaa and T. stawiarski
were species that consumed a wide diversity of aquatic
insects, and both showed wide niche breadths. Similar
behaviors are favored in environments with high food
resource availability (Silva et al. 2017; Neves et al.
2018), allowing some species to make opportunistic
uses of shared resources. The Rhamdia species exam-
ined also showed wide niche breadths, which can be
attributed to their consumption of various aquatic inver-
tebrates (Aeglidae), aquatic insects, and plants. These

species’ high trophic performance is related to their
morphological characteristics, such as the large dimen-
sions of their mouth and their relatively large head,
which favor the capture of relatively larger food items
in various parts of the environment (Mise et al. 2013b).

Narrow trophic breadths were observed for species
with specialist morphological features, such as
A. mullerae and C. carlae. The dorsoventrally flattened
body and ventral mouth of A. mullerae provides superi-
or attachment to the substrate and acquisition of food by
scraping the rocks, giving this species a preferentially
detritivorous diet. Corydoras carlae, which exhibited
close positioning to A. mullerae in the morphospace
despite its lower trophic amplitude, presented greater
intraspecific variation. This may be related to the sub-
terminal mouth and elongated snout of this species,
which allows it to feed by suctioning in lentic muddy
areas and acquire detritus/sediment in conjunction with
aquatic insects, especially dipteran larvae.

Fish display different feeding strategies according
to their biology (Gerking 1994). However, dietary
tactics may also vary depending on ecological inter-
actions and the availability of resources, which to-
gether may be responsible for species coexistence
(MacArthur and MacArthur 1961; Vitt et al. 1997).

Fig. 6 Ordenation of the fish fauna of Manoel Gomes stream,
Iguaçu National Park, Iguassu ecoregion, Brazil, produced by the
first two axes of the principal components analysis (PCA 1 and
PCA 2) applied to the correlation of 10 ecomorphological indices
and the mouth orientation. Symbols: (filled blue circle): Astyanx
bifasciatus; (filled green square): Astyanax gymnodontus;

(red triangle): Astyanax minor; ■ (filled black square): Ancistrus
mullerae; ○ (black circle): Bryconamericus ikaa; ◊ (black dia-
mond): Corydoras carlae; (filled dark red triangle): Rhamdia
branneri; + (black plus symbol): Rhamdia voulezi; (filled gray
circle): Trichomycterus stawiarski
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The different fish body ecomorphotypes found here-
in presented different trophic requirements, as was
verified by the wide variety of food resources con-
sumed (allochthonous and autochthonous). In turn,
these ecomorphotypes contributed to their being lit-
tle trophic overlap between many of the pair of
species analyzed. Nonetheless, genera (e.g., Astya-
nax, Rhamdia) and species with similar ecological
and morphological character is t ics , such as
A. mullerae, C. carlae, B. ikaa, and T. stawiarski,
presented greater overlap. The coexistence of such
species may not necessarily be accompanied by
competition, however, due to the high availability
of resources in the habitat and differential consump-
tion of some specific items by different species.
Other aspects that should be considered are the
differences in the habits and exploitation of micro-
habitats among species, which are considered impor-
tant mechanisms for the use of shared resources and
coexistence (Schoener 1974; Connell 1983; Mazzoni
et al. 2012; Leitão et al. 2015; Barros et al. 2016).

Differential resource use, even if it is only partial, is
an essential component of the trophic interactions within
a community (Schoener 1974; Chase and Leibold
2003). In this regard, the ecomorphological variations
exhibited in the fish fauna should play an important role
in the coexistence of its species. In this study, three main
ecomorphotypes were identified, including nektonic,
nektobenthic, and benthonic (sensu Casatti and Castro
2006) ones. These ecomorphotypes are groups of spe-
cies’ morphologies routinely identified in freshwater
fish fauna (Oliveira et al. 2010; Pagotto et al. 2011;
Neves et al. 2015). The presence of distinct
ecomorphotypes together in the same habitat allows
for the exploitation of dissimilar food resources by fish
species throughout all compartments of the stream’s
environment. Nevertheless, the diet differed both among
species and ecomorphotypes, suggesting that inter-
ecomorphotypic variation, together with food availabil-
ity, mediates the relationships between consumption and
trophic segregation in fish species.

Significant morphology-diet correlations were dem-
onstrated in this study, which supports the hypothesis
that morphology acts as one of the mechanisms respon-
sible for dietary variations. Although little is known
about the functional performance of different fish mor-
phologies (Kassam et al. 2004), studies of morphologi-
cal correlations with diet (Hugueny and Pouilly 1999;
Cochran-Biederman and Winemiller 2010; Neves et al.

2015) have demonstrated indirect mechanisms capable
of explaining the potential food intake by fishes. In our
study, morphological traits allowing fish to feed on the
benthos strongly constrained their use of drifting food
items, whereas a laterally compressed body and terminal
mouth broadened the food spectrum available to them.
Therefore, the evolution of ecomorphotypes seems to
largely reflect the action of selection on where food is
acquired and across how broadly different categories
(Wootton 1998; Oliveira et al. 2010). A probable func-
tional interpretation based on the morphology-diet cor-
relation suggests that the nektonic ecomorphotype is not
very different from the ancestral condition of most fish,
which can suck food into the mouth that is either drifting
or located on the substrate (Gerking 1994). Accessing
food resources on the bottom apparently selected for
morphological specializations, such as a subterminal
and ventral mouth, to improve the capture efficiency
of benthic invertebrates and detritus/sediment by the
nektobenthic and benthonic ecomorphotypes,
respectively.

In summary, our results indicated that the varied
composition, wide niche breadth, and low diet overlap
in the fish assemblage of the pristine stream studied
were all directly associated with the local availability
of food resources. The ecomorphological variations
observed also determined dietary differences among
species, as well as among ecomorphotypes. Species
with a nektonic morphology were associated with the
consumption of allochthonous plants and insects,
while those with a nektobenthic and benthonic mor-
phology were associated with the consumption of
aquatic insects and with detritus/sediment and algae,
respectively. Therefore, food supply together with the
morphological potentialities of different species acted
as mechanisms of trophic segregation in this system,
allowing the coexistence of species. Finally, our study
emphasizes the importance of aquatic ecosystem in-
tegrity to the trophic and ecomorphological structur-
ing of fish fauna, and provides information that can
contribute to environmental comparisons and evalua-
tion of disturbed streams.
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