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Abstract Psalidodon paranae is an endemic small
Characidae from theUpper ParanáRiver ecoregion (Neo-
tropical region, Brazil), where many watercourses are
affected by anthropic activities. The Verde River (VR)
was chosen as a model to study the feeding trends of
P. paranae.Based on empirical observations, hypotheses
were set concerning its occurrence, the environmental
representativeness of its diet and the multifactors modu-
lating ontogenetic, spatial, and temporal diet variations.
To evaluate these hypotheses for the first time, an inte-
grative approachwas applied (modelling andmultivariate
techniques). Standardized samplings were performed
monthly during one year at four sites. Influence of envi-
ronmental variables on fish distribution was evaluated by
means a general linear model. Stomach content analysis
of P. paranae allowed the calculation of gravimetric
frequency of consumed food categories. Ontogenetic,
spatial, and temporal differences on diet were evaluated
by means a permutational multivariate analysis of vari-
ance, and the influence of environmental variables on
them with a canonical correspondence analysis.
From the total of 301 specimens caught (4.6–
13.4 cm total length range), 216 individuals of
P. paranae presented stomach with contents. The
species consumed 32 different food categories in VR,
highlighting aquatic and terrestrial angiosperms, and

beetles. The methods applied identified significative
spatial and temporal differences in P. paranae diet as
result of multifactors (palaeogeomorphology, abiotic,
biotic, and anthropic) operating in the VR. Heterogene-
ity and complexity of VR and P. paranae occurrence
and feeding trends evidenced that the opportunistic and
generalist behavior lead to intrinsic patterns of each fish
population at each watercourse.

Keywords Stomach content analysis . Gravimetric
frequency . Environmental variables . GLM .

Multivariate techniques

Introduction

Population dynamics of freshwater fishes are controlled
by selective pressures from stochastic and deterministic
multifactors operating in the watersheds, related to
palaeogeomorphology, abiotic and biotic factors
(Jackson et al. 2001). There are four broad categories
concerning resources acquired to sustain fish population
dynamics: maintenance, production of somatic tissues,
reproduction, and energy reserves (Souza et al. 2015).
Trophic ecology is the basis for these processes, operat-
ing in a strong integrative way that affects fish distribu-
tion, and influences intra- (i.e., ontogeny) and interspe-
cific interactions (i.e., competition, resources partition
and predation) (Matthews 1998; Wootton 1998). Be-
cause of this, it is one of the most important aspects about
species bionomy, influencing the structure and composi-
tion of fish populations (Windell and Bowen 1978; Krebs
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2014), and supporting other important approaches at
community and ecosystem levels (Gelwick and
McIntyre 2017).

The Neotropical region presents a high diversity of
freshwater habitats (Lowe-McConnell 1987) and, as
consequence it has the most diverse freshwater ichthyo-
fauna of the world, around to 5100 species (Reis et al.
2016). In the Southeastern Neotropical region, the Up-
per Paraná River ecoregion (UPRE, Abell et al. 2008)
comprises more than 300 fish species, many of them
endemic (Langeani et al. 2007; Albert et al. 2011), and
with diverse feeding strategies associated with high
trophic plasticity (Abelha et al. 2001). Notwithstanding,
UPRE is highly affected by anthropic activities
(Agostinho et al. 2007). Among the rivers that compose
the UPRE, the Verde River (VR) was a third order
tributary chosen as a model to investigate community
(results already available in Silveira et al. 2018) and
population dynamics responses to multifactors (i.e.,
palaeogeomorphology, abiotic and biotic) operating
along the river. But why VR?

During the second half of twentieth century, VR
fishes used to be exploited by the local community for
subsistence (i.e., feeding and commercialization) and
recreationally. In the last 20–30 years, an empirical
reduction of fish populations was perceived. At the same
time, VR and its surrounding landscapes has been
growly exploited for agriculture, livestock, and urban
zoning, receiving treated and untreated effluents (Rocha
and Weirich Neto 2010; Silveira et al. 2018). Ecologi-
cally, it presents many of the features found in water-
courses from the Neotropical region and UPRE, with
high diversity of habitats along its course that includes
canyon formations and sets of riffles, pools and cas-
cades, with several lotic and lentic habitats. For conser-
vation purposes, VR is partially into two important
protected areas (PAs), the Campos Gerais National Park
and the Devonian Escarpment Environmental Protec-
tion Area. This set of elements becomes the VR an
excellent model to represent Neotropical watercourses
that mix natural, rural and urban zones, comprising “the
problem identification and consideration of the possible
causes of the problem” (Zale et al. 2012).

The lambari, Psalidodon paranae Eigenmann, 1914,
is endemic from streams and rivers of UPRE (Garutti
and Britski 2000). Formerly named Astyanax paranae, a
taxonomic revision reintroduced the genus Psalidodon
(Terán et al. 2020, also accepted by Fricke et al. 2020).
In this way, this is the one of the first studies using the

name P. paranae. It is an opportunistic and generalist
fish species (Ferreira 2007; Carvalho et al. 2015; Leite
and Silva 2018). In streams, its diet is modulated ac-
cording to the environmental conditions (Ferreira 2007;
Ferreira et al. 2012), an ability also recorded in reser-
voirs (Abelha et al. 2006). Due to its ontogenetic, spa-
tial, and temporal trophic plasticity (Esteves 1996;
Vilella et al. 2002; Bennemann et al. 2005), allied to
its high frequency and abundance at VR (Silveira et al.
2018), P. paranaewas selected to be studied in terms of
trophic ecology. It was hypothesized that: (i)
Psalidodon paranae, as an opportunistic and generalist
fish species, would be found along the entire water-
course; (ii) its trophic ecology will represent the hetero-
geneity of VR, in terms of diversity of aquatic habitats
and distinct degrees of environmental conditions (i.e.,
water quality and habitat complexity); and (iii) multi-
factors will modulate ontogenetic, spatial and temporal
fluctuations on its diet.

To evaluate these hypotheses, traditional and more
recent methods were combined and applied in an inte-
grative approach. Datasets were frequency of
P. paranae and stomach content analyses based on
gravimetric frequency (Garvey and Chipps 2012;
Gelwick and McIntyre 2017). Gravimetric frequency
was individually calculated, ensuring data variability
(i.e., each individual stomach as a sampling unit)
(Chipps and Garvey 2007; Silveira et al. 2020). The
integrative approach included additive General Linear
Model (GLM) (Venables and Dichmont 2004; Zuur
et al. 2009) and multivariate techniques (ter Braak
1986; Anderson 2001, 2014; Legendre and Legendre
2012) to analyze fluctuations in datasets and their rela-
tionships with environmental variables.

Materials and methods

Study area

This study was performed in Verde River (Fig. 1) in the
context of the project “Structure of assemblages and
population dynamics of the Neotropical ichthyofauna
from a Paranaense microbasin, Southern Brazil”, devel-
oped to attend a research call for environmental evalu-
ation and conservation purposes. Systematic samplings
were taken monthly from May/2016 to April/2017 in
four sampling sites, considering the project objectives
and outline (Zale et al. 2012).
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Sampling sites were characterized by means of a
rapid bioassessment protocol [RBP, Supplementary
Material, adapted from Barbour et al. (1999) and Casatti
et al. (2006)]. Headwater (site 1, 25°06′19.67″S 50°01′
23.21″W, Fig. 2a) is composed by young and shallow
soils (Humic Litholic Neosols, less than 0.1 m depth;
Bhering et al. 2007; Sá 2007; Guimarães et al. 2014)
that supporting steppe-type vegetation (Moro and
Carmo 2010). Headwater stretch is lentic and presents
sandy riverbed, well-preserved riverbanks and relatively
preserved riparian vegetation. Riverbanks have sub-
merged roots and branches, in addition to branches
and leaves touching the water surface. Downstream this
sampling site there are a series of riffles and cascades
followed by a small dam (2 m height) and a largest
cascade (10 m height) that constitute ecological barriers
for fish upstream displacements (Silveira et al. 2018).

Middle and river mouth stretches are composed by
relatively young soils (Haplic Cambiosol, less than
1.0 m deep; Bhering et al. 2007; Sá 2007; Guimarães
et al. 2014), supporting more complex vegetations. Up-
per middle stretch (site 2, 25°04′46.29″S 50°04′56.53″
W, Fig. 2b) is composed by riffle-pool sequences and
series of small cascades. Riverbed is complex,

presenting riffles associated with rocky substrates, and
pools associated with plant debris (e.g., branches, roots)
and sandy substrates. Riparian vegetation is relatively
preserved, presenting steppe-type vegetation and Mixed
Ombrophilous Forest (Moro and Carmo 2007). River-
banks are formed by rocky outcrops and are relatively
well-preserved. Headwater and upper middle stretches
are surrounded by intensive and semi-intensive agricul-
tural crops in which inadequate handling soils and in-
discriminate use of agrochemicals are common (Rocha
and Weirich Neto 2010).

Between sites 2 and 3 there are agricultural areas
close to the river and sloping areas occupied by urban
zoning, where the original vegetation was replaced by
grass. At the lower middle stretch (site 3, 25°03′26.11″S
50°07′25.06″W, Fig. 2c), river structure also is com-
posed by riffle-pool sequences and small cascades.
Nonetheless, riffle stretches are short, and pools are in
advanced siltation process. Riparian vegetation is com-
posed by relatively few preserved Mixed Ombrophilous
Forest, with few individuals in contact with water. Riv-
erbanks are eroded and accumulate tree debris (e.g.,
trunks and branches) and garbage. Between sites 3 and
4, the Pilão de Pedra and Lajeado Grande Streams flow

Fig. 1 Verde River basin and sampling sites: a) South America
and the Upper Paraná River Ecoregion (UPRE, in black); b) Tibagi
River Basin (TRB, in black) in UPRE; c) Pitangui River Basin
(PRB, in black) in TRB; d) Verde River (in black) in the PRB; e)

Hydrography; f) Devonian Escarpment Environmental Protection
Area; g) Campos Gerais National Park; h) Water flow direction.
(Modified from Silveira et al. 2018)
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to the RV. These VR tributaries cross extensive urban
areas, being contaminated by garbage and untreated
sewage (Sequinel et al. 2011).

Immediately upstream the site 4, VR receives treated
sewage effluents from the municipal sewage treatment
plant (Sanitation Company of Paraná - SANEPAR). At
the river mouth (site 4, 25°02′28.85″S 50°07′35.59″W,
Fig. 2d), riverbed is silted, presenting great amounts of
sand and sludge. Riverbanks are eroded and present
garbage and some tree debris in contact with water.

Riparian vegetation is formed by degraded Mixed
Ombrophilous Forest.

Data collection

Standardized monthly samplings of fishes and environ-
mental variables were conducted in a synoptic design at
the four sites above described. For fish sampling, a pilot
survey in VR revealed the impossibility to use electro-
fishing due to low conductivity values (median of

Fig. 2 Sampling sites in Verde River. a) Site 1: headwater; b) Cascade between sites 1 and 2; c) Site 2: upper middle stretch; d) Site 3: lower
middle stretch; e) Site 4: river mouth
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15 μS/cm, average ± standard deviation of 44.95 ±
62.82 μS/cm), then requiring the use of passive and
active fishing gears (Lagler 1978; Zale et al. 2012).
Passive gears included gillnets (1.2-, 1.5-, 2-, 3-, 4-, 5-
and 6 cm) with 24 h of sampling effort (between Satur-
day 17:00 and Sunday 17:00). Fish removals occurred at
each eight hours. Active gears included cast net (1.2 cm
mesh) and scoop net (38 cm opening, 40 cm deep and
0.4 cm mesh) with one hour of sampling effort
(30 min day and 30min night). Fishes were anesthetized
with benzocaine (250 mg/L) and sacrificed in field
(license of the Chico Mendes Institute for Biodiversity
conservation no. 40132–2 and no. 51797–1; Certificate
of the Ethics Committee in the Use of Animals UFPR
no. 38/2015). At laboratory, specimens were measured
(total length, TL, 0.01 cm) and eviscerated. Stomachs
were fixed in formalin 4% for ulterior analyses.

In every fish sampling, environmental variables were
measured/collected (Table 1) in the same hour and in the
same stretch of each sampling site (standardized proce-
dures). Dissolved oxygen and pH were obtained using
an oximeter LT Lutron DO-5519. Water samples were
collected using one-liter bottles, previously sterilized
(nitric acid 10% v/v during 24 h followed by rinse using
distilled water), in triplicates to determine the concen-
trations of dissolved chlorides, total ammonia nitrogen
and total suspended solids. Bottles were opened and
closed underwater (~10 cm depth). Each bottle was
packaged in an individual plastic bag, placed in an ice
box, and transported to laboratory. Physical parameters
were measured according to standard methodology
(Baird et al. 2017). River depth and width, and water
velocity were measured as well as habitat structure and
complexity (sensu Barbour et al. 1999; Casatti et al.
2006), these last based on riverbed complexity, river-
bank stability and riparian vegetation integrity (all of
them described in RBP, Supplementary Material).

Spatial and temporal fish occurrence

Selectivity of different fishing gears can restrict the data
pooling for analyses, which must be tested a priori
(Lagler 1978; Fauconnet et al. 2015). In this sense, there
were no differences among abundances (Kruskal-Wallis
test, H = 1.904, p value = 0.386) and variances (Levene
test, L = 0.31, p value = 0.738) of P. paranae by length
classes and fishing gears. Spatial and temporal differ-
ences in the lambari occurrence were analyzed using
length frequency distributions (length classes from 4 to T
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13 cm) by sites (1, 2, 3 and 4) and quarters (winter: May/
July; spring: August/October; summer: November/
January; autumn: February/April), adopted to attain nu-
merical sufficiency. This data was subjected to a
Scheirer-Ray-Hare test followed by a post-hoc Mann-
Whitney test (Sokal and Rohlf 2012).

The influence of environmental variables (trans-
formed log x + 1) in P. paranae distribution was ana-
lyzed using a generalized linear model with negative
binomial distribution (GLM-nb). The GLM-nb avoids
overdispersion and allows the analysis of a dependent
variable (i.e., P. paranae occurrence by site by sam-
pling, totalizing 48 lines) with high frequencies of small
numbers and zeros (Venables and Dichmont 2004; Zuur
et al. 2009). Variance Inflation Factor (VIF) was applied
to removemulticollinear variables (VIF > 3). A stepwise
Akaike-based selection procedure using forward and
backward elimination was applied to determine the best
subset of terms for the model.

Feeding study

Empty stomachs were discarded and stomachs with food
were analyzed under optical stereomicroscope and micro-
scope, both coupled to a camera and an image analyzer
system. Prey items were identified to the lowest possible
taxonomic level (Gelwick and McIntyre 2017; Silveira
et al. 2020) by using specific references for Neotropical
region (Bicudo and Bicudo 1970; Domínguez and
Fernández 2009; Hamada et al. 2014). The water excess
trapped around prey items was removed with filter paper
and then they were weighted in an analytical balance (Wi,
0.0001 g), and grouped in food categories.

Psalidodon paranae diet description was based on
gravimetric frequency (%Wi) of consumed food catego-
ries (calculated according Chipps and Garvey 2007 and
Silveira et al. 2020). Frequency of occurrence (%Oi)
was additionally calculated and presented as a compar-
ative referential to other studies in the Supplementary
Material. Ontogenetic (i.e., length classes), spatial (i.e.,
sites) and temporal (i.e., quarters) diet differences were
tested by using Wi values (transformed log x + 1)
(Sokal and Rohlf 2012) in a three-way permuta-
t i ona l mu l t i v a r i a t e ana ly s i s o f va r i ance
(PERMANOVA; Euclidian distance; 9999 permu-
tations) (Anderson 2001, 2014). Influences of en-
vironmental variables in P. paranae diet were an-
alyzed by means of a canonical correspondence
analysis (CCA; ter Braak 1986; Legendre and

Legendre 2012) using environmental variables (32
columns; score-Z transformed data) as exploratory
matrix, and Wi values (216 lines; transformed log
x + 1 data) as response matrix.

All analyses were done with R 3.6.3 version (R Core
Team 2020). Functions krustal.test (stats package, R
Core Team 2020) and leveneTest (car package; Fox
and Weisberg 2019) were used to test data from differ-
ent fishing gears. Functions ScheirerRayHare
(rcompanion; Mangiafico 2019) and wilcox.test (stats;
R Core Team 2020) were used for population distribu-
tion analyses. Functions glm.nb (MASS; Venables and
Ripley 2002), vif (car), and simulatedResiduals and
testResiduals (DHARma; Hartig 2020) were used to
perform GLM-nb, remove multicollinear variables and
model validation, respectively. Functions adonis and
cca (vegan; Oksanen et al. 2019) were used to perform
PERMANOVA and CCA, respectively.

Results

Spatial and temporal fish occurrence

A total of 301 P. paranae specimens with total length
ranging from 4.6 to 13.4 cm were caught in the Verde
River (headwater: 135; upper middle stretch: 162;
lower middle stretch: 4) (Fig. 3). No specimens were
recorded at river mouth. There were remarkable dif-
ferences in the spatial distribution of P. paranae
(H = 28.1867, p value <0.0001) (Table 2) due to
lower number of individuals at lower middle stretch
in relation to the other sampling sites (site 1 vs. 3:
U = 5.0311; p value <0.0001; site 2 vs. 3: U = 5.9662;
p value <0.0001).

The distribution of P. paranae was significantly af-
fected by environmental variables regarding river struc-
ture and water quality (Table 3). It was positively cor-
related with river depth (p value <0.0001) and negative-
ly correlated with river width (p value = 0.0337) and
ammoniacal nitrogen concentration (p value = 0.0491).
Statistically, dissolved oxygen concentration did not
affect P. paranae distribution (p value = 0.0519). Other
VR environmental variables (see Table 1) were removed
from the model due to their multicollinearity (identified
via VIF analyses) and low explicative power (analyzed
via stepwise Akaike-based selection). The analysis of
standardized residuals indicated model adequacy
(details in Supplementary Material).
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Feeding study

A total of 216 individuals of P. paranae presented
stomach with contents, 94 at headwater and 122 at upper
middle stretch (Table 4). No individuals with stomach
contents were recorded at the lower middle stretch, and
this site was not considered in the following results.
Psalidodon paranae consumed 32 different food cate-
gories in the VR (Table 4). The most important food
categories concerning weights were Aquatic Angio-
sperms (%Wi = 17.2%), Coleoptera (%Wi = 15.8%),

Terrestrial Angiosperms (%Wi = 14.6%), Hymenoptera
(%Wi = 9.4%) and Insect fragments (%Wi = 8.7%). Plas-
tic debris occurred in only one stomach at headwater.
Bacillariophyta, Bryophyta, Bivalvia, Isopoda,
Blattodea, Isoptera and Neuroptera were exclusively
consumed at the upper middle stretch. Five individuals
from headwater and twelve from upper middle stretch

Fig. 3 Length frequency distribution of Psalidodon paranae in the Verde River by sites and quarters (Site 1 = headwater, Sites 2 = upper
middle stretch; Site 3 = lower middle stretch)

Table 2 Results of the Scheirer-Ray-Hare test for spatial and
temporal differences in the length distribution of Psalidodon
paranae in the Verde River. Df = degrees of freedom; SS = sum
of squares; bold font = significant difference (p value <0.05)

Sources Df SS H p value

Sites 2 27,271 28.1867 < 0.0001

Quarters 3 1437 1.4855 0.6856

Sites:Quarters 6 6090 6.2944 0.3910

Residuals 108 80,335

Table 3 Effects of environmental parameters in Psalidodon
paranae distribution in the Verde River. SE = standard error; bold
font = significant difference (p value <0.05)

Variables Coefficient SE Z p value

(Intercept) −0.5238 2.3625 −0.222 0.8245

Dissolved oxygen 2.5944 1.3343 1.944 0.0519

Ammoniacal nitrogen −20.4542 10.3963 −1.967 0.0491

River depth 9.1539 2.224 4.116 <0.0001

River width −3.5177 1.6566 −2.123 0.0337

Null deviance 153.3050

Residual deviance 38.0370

AIC 202.57
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Table 4 Gravimetric frequency (%Wi) of consumed food categories by Psalidodon paranae in the Verde River. Site 1 = headwater, Site
2 = upper middle stretch

Prey categories Site 1 Site 2 Winter Spring Summer Autumn Total
%Wi %Wi %Wi %Wi %Wi %Wi %Wi

Bacteria

Cyanophyta 3.8 0.1 0.3 <0.1 <0.1 0.1

Algae

Bacillariophyta 1.3 2.3 <0.1 3.5 7.1 2.4

Plantae

Bryophyta <0.1 <0.1 <0.1 0.1 0.0

Aquatic Angiosperm 5.0 26.6 10.9 25.5 7.5 9.6 17.2

Terrestrial Angiosperm 12.5 16.2 21.8 7.8 17.2 21.2 14.6

Plant fragments 4.4 2.4 3.7 4.1 1.3 1.9 3.3

Annelida

Oligochaeta 4.6 0.8 1.9 3.5 5.7 2.5

Molusca

Bivalvia 0.2 0.3 0.1

Crustacea

Malacostraca

Isopoda 0.4 0.9 0.2

Arachnida

Araneae 1.5 0.6 1.6 <0.1 0.8 2.7 1.0

Insecta

Blattodea 0.5 1.2 0.3

Coleoptera 23.4 10.0 4.6 25.0 15.4 6.9 15.8

Diptera

Ceratopogonidae 0.1 0.2 0.4 <0.1 0.1 0.1

Chironomidae 1.2 2.7 2.3 1.8 5.1 1.1 2.1

Muscidae 0.5 1.2 0.5 0.1 2.1 2.5 0.9

Psychodidae 0.1 1.7 0.1 2.0 0.0 0.2 1.0

Simuliidae 1.8 0.2 3.7 0.2 <0.1 0.2 0.9

Ephemeroptera 1.8 1.5 3.3 1.2 0.1 1.4 1.6

Hemiptera 3.9 2.6 2.6 3.4 2.4 3.4 3.2

Hymenoptera 8.1 10.5 13.9 7.7 11.7 7.8 9.4

Isoptera <0.1 0.1 <0.1

Lepidoptera 2.9 1.0 0.1 1.9 5.2 1.7 1.8

Neuroptera 0.1 0.4 0.1

Odonata 1.8 1.1 1.6 5.0 1.4

Trichoptera 0.3 0.5 0.6 0.3 1.6 0.1 0.5

Insect fragments 9.8 7.9 10.4 7.3 12.1 8.6 8.7

Unidentified insects 2.7 0.9 0.5 1.4 1.8 3.5 1.7

Invertebrate eggs 0.9 <0.1 0.3 0.5 0.2 0.2 0.4

Actinopterygii

Teleostei 3.5 0.5 0.2 2.4 4.8 0.8 1.8

Plastic debris <0.1 <0.1

Detritus/Sediments 5.0 6.5 11.9 3.8 3.3 5.7 5.8

Unidentified matters 0.4 1.8 2.5 1.3 0.3 0.1 1.2

Number of stomachs analyzed 94 122 45 102 22 47 216
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showed nematode parasite infestation in their stomachs.
Frequency of occurrence of consumed food categories is
presented in Supplementary Material.

Ontogenetic dietary shifts were not significant
(PERMANOVA, F = 1.0677, p = 0.2930), but they
were between sites (F = 4.2363, p = 0.0005) and among
quarters (F = 2.0454, p = 0.0207) (Table 5). Despite of
this, some ontogenetic tendencies can be highlighted.
Lambaris in the length class of 4 cm mainly consumed
terrestrial invertebrates (Muscidae: %Wi = 94.7), while
those from length class of 5 cm mainly ingested Cole-
optera (%Wi = 17.8), Insect fragments (%Wi = 17.1),
Hymenoptera (%Wi = 15.4) and Simuliidae (%Wi =
13.4). From the length class of 6 cm, P. paranae grad-
ually increased the consumption of plants, highlighting
Aquatic (Podostemaceae) and Terrestrial Angiosperms
(fruits/seeds and leaves). Notwithstanding, animal re-
sources were still important in the diet of the bigger
length classes, highlighting terrestrial (Coleoptera and
Hymenoptera) and aquatic insects (Chironomidae
larvae).

Spatial and temporal trends in P. paranae diet to-
gether to influence of environmental variables were
revealed by CCA (Fig. 4). Like in the descriptive anal-
ysis, the same diet tendencies were summarized by the
four first CCA axes (73.0% of the constrained inertia),
allowing a detailed diagnosis.

Spatial tendencies showed that although P. paranae
consumed similar food categories both in headwater and
upper middle stretches, its diet was more diverse at site
2. Negative axis 1 (25.4%; Fig. 4a, see also Table 4)
retained several food resources exclusively consumed at
the upper middle stretch, including Isoptera (%Wi =
<0.1%), Bryophyta (%Wi = <0.1%), Neuroptera (%Wi =
0.1%), Isopoda (%W

i
= 0.4%) and Blattodea (%Wi =

0.5%). On the other hand, positive axis 1 highlighted
food resources higher exploited at the headwater than
upper middle stretch, including Teleostei (%Wi = 3.5%
vs. %Wi = 0.5%), Coleoptera (%Wi = 23.4% vs. %Wi =
10.0%) and Lepidoptera (%Wi = 2.9% vs.%Wi = 1.0%).
Higher values of substrate complexity and dissolved
chlorides were associated with the upper middle stretch
(negative axis 1) while higher values of dissolved oxygen
and riparian integrity were associated with the headwater
(positive axis 1). The same trends were evidenced in axis
2 (17.9%) that highlighted food resources higher
exploited at the headwater than upper middle stretch,
including Plant fragments (%Wi = 4.4% vs. %Wi =
2.4%), Oligochaeta (%Wi = 4.6% vs. %Wi = 0.8%),

Simuliidae (%Wi = 1.8% vs. %Wi = 0.2%), Invertebrate
eggs (%Wi = 0.9% vs. %Wi = <0.1%) and Teleostei. In-
deed, the ratio plant-animal consumption (%Wplant /
%Wanimal) was lower at the headwater (0.37) than upper
middle stretch (1.04), indicating high consumption of
animal resources at the headwater and a balanced exploi-
tation of animal and plant resources at the upper middle
stretch.

Axis 3 (15.4%; Fig. 4b) highlighted food categories
exclusively consumed at the upper middle stretch, in-
cluding Bivalvia (%Wi = 0.2%), Bryophyta and
Isoptera. This axis also highlighted foods categories
consumed at the upper middle stretch in higher propor-
tions than headwater, including Psychodidae (%Wi =
0.2% vs. %Wi = 0.1%), Ceratopogonidae (%Wi = 0.2%
vs. %Wi = 0.1%), Chironomidae (%Wi = 2.7% vs.
%Wi = 1.2%), Hymenoptera (%Wi = 10.5% vs. %Wi =
8.1%), Aquatic Angiosperms (%Wi = 16.2% vs.%Wi =
12.5%) and Detritus/Sediments (%Wi = 6.5% vs.%Wi =
5.0%). Axis 4 (14.2%) showed the same trends de-
scribed for axes 1 and 3 concerning food categories
consumed at the upper middle stretch. It is note-
worthy that its positive side highlighted the exclu-
sive consumption of Bacillariophyta at the upper
middle stretch (%Wi = 1.3%), and a higher con-
sumption of Muscidae (%Wi = 1.23% vs. %Wi =
0.54%) and Simuliidae at the upper middle stretch
than headwater. Water velocity, substrate complex-
ity and suspended solids were associated with the
consumption of aquatic food resources at the upper
middle stretch, whilst riparian integrity was related
to consumption of terrestrial resources, mainly at
the headwater.

Temporal tendencies were revealed by subspace pro-
jections concerning the different quarters of axes 1 and 2
(Fig. 4c, see also Table 4). They indicated that
P. paranae diet was structured by some food categories
consumed in similar proportions along different quar-
ters. Nonetheless, the position occupied by these differ-
ent subspaces along the projections of axes 1 and 2
indicated fluctuations in the global composition of diet
composition in each quarter. In general, ratio between
plant-animal consumption decreased from the winter
(0.83) through spring (0.65) to summer (0.44), indicat-
ing increases in consumption of animal resources. Nev-
ertheless, this trend was reverted in autumn (0.73).

During the winter, P. paranae diet was focused on
Terrestrial Angiosperms (%Wi = 21.8%), followed by
Hymenoptera (%Wi = 13.9%), Aquatic Angiosperms
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(%Wi = 10.9%), Insect fragments (%Wi = 10.4%) and
Detritus/Sediments (%Wi = 11.9%). In the spring, it
mainly consumed Aquatic Angiosperms (%Wi =
25.5%) and Coleoptera (%Wi = 25.0%), in addition to

Terrestrial Angiosperms (%Wi = 7.8%), Hymenoptera
(%Wi = 7.7%) and Insect Fragments (%Wi = 7.3%). In
the summer, Terrestrial Angiosperms were again the
most exploited food category (%Wi = 17.2%), followed

Table 5 Results of the three-way PERMANOVA examining ontogenetic, spatial and temporal variations in Psalidodon paranae diet in the
Verde River. Df = degrees of freedom; SS = sum of squares; MS =mean of squares; R2 = pseudo-R2; bold font = significant difference
(p < 0.05)

Sources Df SS MS F-value R2 p value

Length class 9 0.0599 0.0067 1.0677 0.0445 0.2930

Sites 1 0.0264 0.0264 4.2363 0.0196 0.0005

Quarters 3 0.0383 0.0128 2.0454 0.0284 0.0207

Length class:Sites 6 0.0211 0.0035 0.5631 0.0157 0.8052

Length class:Quarters 13 0.0536 0.0041 0.6614 0.0399 0.7662

Sites:Quarters 3 0.0358 0.0120 1.9162 0.0266 0.0595

Length class:Sites:Quarters 5 0.0190 0.0038 0.6107 0.0142 0.7481

Residual 175 1.0910 0.0062 0.8111

Total 215 1.3451 1.0000

Fig. 4 Results of CCA revealing relationship between environ-
mental variables and consumed food categories by Psalidodon
paranae in the Verde River. Spatial tendencies regarding (a) axes
1 and 2 and (b) axes 3 and 4. Temporal tendencies regarding (c)
axes 1 and 2 and (d) axes 3 and 4. Cyano = Cyanophyta; Bacyl =
Bacillariophyta; Bryoph = Bryophyta; AquaAng = Aquatic An-
giosperm; TerAng = Terrestrial Angiosperm; PlanfFrag = Plant
fragments; Oligo = Oligochaeta; Bival = Bivalvia; Isopd =
Isopoda; Arane = Araneae; Blatt = Blattodea; Coleop = Coleop-
tera; Cerato = Ceratopogonidae; Chiro = Chironomidae; Musc =
Muscidae; Psycho = Psychodidae; Simul = Simuliidae; Ephem =

Ephemeroptera; Hemip = Hemiptera; Hymeno = Hymenoptera;
Isopt = Isoptera; Lepidop = Lepidoptera; Neurop = Neuroptera;
Odon = Odonata; Trichop = Trichoptera; InsctFrag = Insect frag-
ments; InsctUnidtf = Unidentified insects; InvEgg = Invertebrate
eggs; Teleo = Teleostei; Plast = Plastic debris; Det/Sed = Detritus/
Sediments; Unidtf = Unidentified matters; O2 = dissolved oxygen;
Cl = dissolved chlorides; AmnNit = ammoniacal nitrogen;
TotSol = total suspended solids; Depth = river depth; Width = riv-
er width; WatVel = water velocity; SbstCmpx = substrate com-
plexity; RipIntg = riparian vegetation integrity
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by Coleoptera (%Wi = 15.4%), Insect Fragments
(%Wi = 12.1%), Hymenoptera (%Wi = 11.7%) and
Aquatic Angiosperms (%Wi = 7.6%). In this period,
decreases in Coleoptera consumption were bal-
anced by substantial increases in the consumption
of Lepidoptera (%Wi = 5.2%), Chironomidae
(%Wi = 5.1%) and Teleostei (%Wi = 4.8%). Finally,
during the autumn, P. paranae diet was mainly
focused on Terrestrial Angiosperms (%Wi =
21.2%) followed by Aquatic Angiosperms (%Wi =
9.6%), Insect Fragments (%W

i
= 8.6%) and Hyme-

noptera (%Wi = 7.8%).
Axes 3 and 4 (Fig. 4d) reinforced diet trends identified

from winter to summer. Nevertheless, it is noteworthy that
differential position of autumn subspace in relation to
others was related to exclusive consumption of Isopoda
and Neuroptera in this season, as well as to the higher
consumption of Bacillariophyta, Oligochaeta, Araneae,
Muscidae, Blattodea and Insect Unidentified in this season
when compared with global diet of the others.

Discussion

Recalling the hypotheses, despite its opportunistic and
generalist behavior, Psalidodon paranae occurred
mainly (i.e., with constant frequency and abundance)
at headwater and upper middle stretch (refusing
hypothesis i). Due to this, its trophic ecology
was able to represent the heterogeneity of VR
(i.e., diversity of aquatic habitats and distinct de-
grees of environmental quality) only at those sites
(partially confirming hypothesis ii), in which multifac-
tors (i.e., palaeogeomorphologic, abiotic and biotic)
modulated ontogenetic, spatial, and temporal fluctua-
tions on P. paranae diet (confirming hypothesis iii).
These findings were supported by the integrative ap-
proach chosen, following discussed.

The requirement of different fishing gears to assure
diversity completeness and sample sufficiency (Ishyama
et al. 2016; Silveira et al. 2018) is a reality in the
Neotropical region. Although the use of multiple fishing
gears could insert biases due to differential selectivity of
each gear, a priori sampling planning and a posteriori
statistical tests are peremptory to assure data suitability
(Lagler 1978; Fauconnet et al. 2015), a care observed in
the present study. The absence of significance among
abundances and variances of individuals by length clas-
ses by fishing gears allowed the use of combined data

for population dynamic assessments (Fauconnet et al.
2015; Silveira et al. 2018). The gravimetric frequency
(%Wi) was used as a quantitative measurement to esti-
mate the nutritional importance of each consumed food
category (Garvey and Chipps 2012). Following
Ahlbeck et al. (2012) and Silveira et al. (2020), the
choice of %Wi considered P. paranae behaviour and
its prey features, being the best method to an opportunist
and generalist species that consumes a wide range of
prey sizes and types (i.e., animal, plant) from aquatic
and terrestrial origin. The presentation of frequency of
occurrence (%Oi) as a referential to allow comparisons
with other studies followed Baker et al. (2014),
Buckland et al. (2017) and Silveira et al. (2020). These
authors do not recommend the use of composite indices
in diet assessments, reinforcing Ahlbeck et al. (2012)
that modelled approaches to test the capacity of single
and composite indices to describe fish diets. The occur-
rence and feeding data of P. paranae supported the
integrative approach herein used, including GLM,
PERMANOVA and CCA. These methodologies are
already consolidated and were applied with straightness
and care concerning premises and control quality,
avoiding any misinterpretations of multifactors as con-
founding factors (Gotelli and Ellison 2013). Then, what
biological and environmental data from VR are telling?

Several authors empirically observed that P. paranae
prefers upstream sites of watercourses, arguing in favor
of biological and environmental factors (Araujo-Lima
and Oliveira 1998; Garutti and Britski 2000; Vilella
et al. 2002; Gealh and Silveira 2014; Silveira et al.
2018). Herein, this was tested and demonstrated:
P. paranae mainly occurred at the upstream sites of
VR (i.e., headwater and upper middle stretch) that were
deeper and narrower than downstream sites (i.e., lower
middle stretch and river mouth), which are affected by
siltation processes. In VR, downstream sites presented
the worst environmental conditions related to water
quality and habitat complexity. The combination of high
values of ammoniacal nitrogen, near to reference of
chronic toxicity for aquatic life (1.9 mg/L, USEPA
2013), and values of dissolved oxygen lower than the
international limits set (6.5 mg/L; CCME 1999) ex-
plained the rare occurrence (at the lower middle stretch)
and absence (at river mouth) of lambari at downstream
sites. In addition, total suspended solids concentrations
in the downstream sites were higher than the back-
ground levels recorded in upstream sites, indicating
ecological risk for the aquatic biota (CCME 2002). In
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this way, VR sampling sites followed a gradient from
“more preserved” (headwater) to “highly affected” areas
(mouth river). This was empirically realized prior to this
study, stimulating this research project. The results ob-
tained confirmed the historical and continuous impacts
of anthropic activities affecting VR, avoiding any
negligence/misperception related to the “shifting base-
line syndrome” (Pauly 1995; Soga and Gaston 2018).

Diet of P. paranae presented varied tendencies, fol-
lowing well-posited theories about fish feeding strate-
gies (Gerking 1994; Zavala-Camin 1996; Wootton
1998), and spatial and temporal influence of multifac-
tors operating along watercourses (Jackson et al. 2001;
Thorp et al. 2006; McCain 2013). In VR, these multi-
factors (i.e., paleogeomorphology, abiotic and biotic)
were clearly identified, assessed and analyzed following
a systematic and standardized project design, with well-
defined objectives and hypotheses (Zale et al. 2012;
Gotelli and Ellison 2013). More than this, they revealed
the complexity of P. paranae occurrence and diet in
relation to the current state of VR, a scenario common to
UPRE and Neotropical region.

Remarkable differences of lambari diet were related
to headwater and upper middle stretch, despite signifi-
cant temporal variations too. Ontogenetic dietary shifts
followed expected patterns explained by fish develop-
ment, concerning features not evaluated here, such as
mouth size and related feeding apparatus, energetic
demands, swimming ability, learning processes, among
others (Sabino and Castro 1990; Gerking 1994; Zavala-
Camin 1996; Wootton 1998). Despite of this, ontoge-
netic variations also explained part of spatial and
tempora l feed ing tendenc ies observed in
P. paranae from VR.

In the spatial perspective, individuals at VR headwa-
ter mainly depended on terrestrial resources, highlight-
ing Coleoptera and angiosperm seeds. This area is inside
two overlapped Protected Areas (PAs), the Devonian
Escarpment Protection Area (DEEPA) and the Campos
Gerais National Park (CGNP). Not surprisingly, the best
condition of riparian vegetation integrity of VR was
recorded at the headwater. These finds match with
P. paranae diet from other riverine systems that pre-
sented preserved riparian vegetation (Ferreira et al.
2012; Gealh and Silveira 2014), thus confirming the
importance of this vegetation as an energetic source
for aquatic systems (Vannote et al. 1980; Pusey and
Arthington 2003). But this perception is not so simple
at VR.

The headwater of VR is naturally poorly shaded (see
Fig. 2a) due to the riparian steppe-type vegetation (Moro
and Carmo 2010), a plant supported by the young and
shallow soil (less than 0.1 m) that predominates in the
area (Bhering et al. 2007; Sá 2007; Guimarães et al.
2014). Consequently, this river stretch is opened and
exposed to high amounts of light. In this way, headwater
should present higher primary production (Burrell et al.
2014; Bleich et al. 2015) allied to higher diversity of
consumers and complex trophic interactions (Ceneviva-
Bastos and Casatti 2014). This partially occurs, but due
to the water enrichment caused by fertilizers used in
agriculture crops in the surrounding landscapes, increas-
ing natural concentrations of dissolved phosphorus and
chlorophyll alpha (Silveira et al. 2018). This increase in
the primary production was not reflected in the con-
sumers productivity once that P. paranae consumed
lower amounts of resources from aquatic origin at the
headwater. These contradictory finds were related to the
riverbed features of VR headwater as follow.

Riverbed of VR plays an important role in the feeding
pattern of lambari at headwater. The predominance of
sandy substrate in this area is related to the VR geomor-
phology, pressed on the Furnas formation rocks and
presenting high susceptibility to erosion, magnified by
the inadequate practices of soils handling and suppres-
sion of native cover in the surrounding landscapes
(Bhering et al. 2007; Sá 2007; Melo et al. 2010; Rocha
and Weirich Neto 2010; Guimarães et al. 2014). Both
PAs that partially includes VR ensure the conservation
of native riparian vegetation only up to 30 m from the
riverbed. Beyond this legal strip, there are intensive
agricultural and livestock areas. As consequence, head-
water riverbed is silted, homogenizing the watercourse
(Zeni and Casatti 2014). This exerted a negative pres-
sure on the diversity and abundance of potential prey
such as invertebrates (Parkhill and Gulliver 2002; Pusey
and Arthington 2003; Jones et al. 2012), leading to a few
consume of these resources by P. paranae at the
headwater.

In a different way, the diet of P. paranae at the upper
middle stretch was more balanced in relation to the
headwater. In this site, lambari decreased its consump-
tion of terrestrial insects and increased the exploitation
of resources from aquatic origin, highlighting
Podostemaceae, an angiosperm found attached to rocky
substrates (Mello et al. 2011). Two explanations can
justify this tendency. The lower degree of riparian veg-
etation conservation observed in this site could
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compromise the availability and abundance of terrestrial
resources (Pusey and Arthington 2003). At the same
time, the presence of macrophytes enhanced the hetero-
geneity of this stretch, and allied to riffles, pools and
plant debris, they provided conditions for a high diver-
sity and abundance of periphyton and macroinverte-
brates (Ceneviva-Bastos and Casatti 2014). These fac-
tors modulated the diet of P. paranae at different levels
in VR, and the substrate complexity implied in the
presence of macrophytes, more pronounced and struc-
tural at the upper middle stretch (cf. CCA results).

Diet differences between sites were also related to the
prevalence of smaller individuals at headwater (< 7 cm
of body length) and bigger ones at upper middle stretch
(> 10 cm). Sabino and Castro (1990) postulated that
small fishes (juveniles) have high protein demands due
to a rapid growth, while in big fishes (adults) this de-
mand reduces, enable them to diversify the diet. Studies
with Psalidodon indicated substantial increases in the
consumption of plants along its ontogeny associated
with increases in intestine length and the attainment of
sexual maturity (Wolff et al. 2009; Mazzoni et al. 2005,
2010). In the Pitangui River, from which VR is a tribu-
tary, P. paranae attains sexual maturity between 7 and
9 cm of body length (Moraes et al. 2010). If this pattern
is the same at VR, juveniles and adults are segregated
between headwater and upper middle stretch, reinforc-
ing the tendencies observed in this study, even without
statistical differences on ontogenetic dietary shifts.
These quest ions remain opened for fur ther
investigations.

Temporal variations on P. paranae diet were lesser
significative than spatial ones. Integrative effects were
arduous extracted from the analyses performed, based
on the empirical knowledge about the lambari (and other
Neotropical species) and field experience at VR, two
valuable factors that avoided misinterpretations
(Gotelli and Ellison 2013). Dry and rainy seasons are
remarkable and well-defined at the Neotropical region,
influencing the diversity, abundance, and availability of
food supplies from aquatic and terrestrial origin for the
ichthyofauna (Lowe-McConnell 1987; Vazzoler et al.
1997; Winemiller and Jepsen 1998). This applies to VR.
During dry seasons (i.e., winter and autumn),
P. paranae consumed high amounts of food re-
sources from terrestrial origin (an overall ratio of
~0.46), enhancing this consumption (an overall
ratio of ~0.56) during rainfall seasons (i.e., spring
and summer). This is because during rainy periods

there was an increase in the abundance of food
resources from terrestrial origin, which were car-
ried to the river by the rain (Lowe-McConnell
1987). At the same time, the increase of the river
flow carried potential aquatic food resources
downstream, reducing their availability as food
supply in upstream stretches (Esteves 1996; Wolff
et al. 2006).

It is notable that P. paranae occurrence and trophic
ecology at VR are a complex issue, modulated by mul-
tifactors that results in its trophic plasticity (Esteves
1996; Vilella et al. 2002; Bennemann et al. 2005). This
i s a consequence of genet ic d ivers i ty and
ecomorphological features of Psalidodon, playing an
important role in its evolutive and ecological success
in the Neotropical region (Pazza and Kavalco 2007;
Mise et al. 2013; Portella et al. 2017; Terán et al.
2020). Its large eyes imply in high visual sensitivity
and acuity orienting, and the set of high aspect ratio of
caudal fin, tall body and terminal mouth allows active
and continuous swimming with fast movements up- and
downward (Ferreira 2007; Mise et al. 2013; Portella
et al. 2017). These characteristics must be considered
with the current results, which demonstrated that
P. paranae exploits a wide range of prey items from
different origins as a response to ontogeny, spatial and
temporal factors, and anthropic activities.

Conclusion

Previous studies pointed out that the opportunistic and
generalist behavior of Psalidodon paranae is modulated
by multifactors that affect the availability of food
supplies. Apparently, there is no novelty in the
results presented here, but it is exactly opposite. A set
of hypotheses were tested, and based on results and
discussion it was possible to posit:

(i) Omnivory and trophic opportunism do not ensure
an ability to inhabit every environment of a heter-
ogenous watercourse.

(ii) The effects exerted by the multifactors analyzed
(i.e., palaeogeomorphologic, abiotic and biotic)
were tested and explained, demonstrating their
degree of importance.

(iii) Empirical assumptions regarding P. paranae oc-
currence, and the possibility to use its diet as a
record of the conditions of VR were result of a
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systematic and scientific research. In this case,
both occurrence and feeding trends were related
to multifactors.

(iv) The usual generalization finds in the literature
about P. paranae population dynamics, and in the
specific case about its trophic ecology, must be
viewed as a scientific provocation. Actually, these
“general patterns” refer to extremely intrinsic pat-
terns of each population at each watercourse.

In this way, although P. paranae tends to feed on the
most abundant food resources available, it is necessary to
investigate those items few exploited carefully. Some
responses to the palaeogeomorphologic, abiotic and biotic
factors are found only in these items lesser consumed.

The investigations of heterogeneous watercourses like
VR, a model for the Neotropical region, demands the
inclusion of multifactors and the integrative approach.
Despite of the efficiency and robustness of the analyses
performed, some questions remain open for further inves-
tigation, including (i) prey items availability in the envi-
ronment, (ii) the influence of reproductive biology, age,
growth and mortality of P. paranae, (iii) population dy-
namics, including trophic ecology, of other fishes of VR.

Independent of these questions, monitoring of aquatic
environments are an alarming lack concerning Brazilian
policies (i.e. environmental, educational, economic, so-
cial, and cultural). Studies like this must be a routine, but
they remain scanty, a limitation for long-term evalua-
tions, compromising an adequate management.
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