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Abstract The present study aimed to investigate the

role of four non-native invertebrates in supporting fish

biomass as well as their influence on the carbon flow

into the Volta Grande reservoir food web. The fish

samples were carried out quarterly between October

2015 and July 2016 using gillnets. At the sampled

sites, four non-native invertebrates (golden mussel,

Asian clam, trumpet snail and Amazonian prawn),

which are potential prey for fish in the Volta Grande

reservoir, were collected by targeted sampling using a

Petersen-type bottom dredger and semi-circular

sieves. The gut contents of the fish were collected

and analyzed under stereoscope, and samples of

muscle tissue of these fish, as well as the four non-

native invertebrate species sampled, were submitted

for isotopic analysis. Results obtained by the present

study, by both gut content and stable isotopic analyses,

pointed to a trophic structure where non-native species

represent not only a strong component of the fish

community, but also their main carbon source. Based

on gut contents and isotopic mixing models, we found

that together, non-native prey are essential carbon

sources for the fish fauna, fuelling more than 40.0% of

the biomass in four dominant fish species. The

consumption rate of non-native bivalves by the native

omnivorous fish Leporinus friderici suggested these

filter-feeding organisms potentially constitute an

important trophic connection between littoral con-

sumers and pelagic energy sources. In addition, non-

native prey were also prominent carbon sources for

non-native fish, fuelling more than half of the biomass

in peacock bass and silver croaker, suggesting these

prey have a fundamental role in maintaining non-

native fish populations in this system. Our results may

help to understand fundamental ecological issues

bringing to light the extent to which these new

combinations of species influence the energy flow

and ecosystem properties of the Volta Grande

reservoir.
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Introduction

Understanding environmental changes caused by the

introductions of non-native species has been focus of

ecological studies since the late nineteenth century

(Goeze 1882). Non-native species can cause reduc-

tions in species richness and diversity (Latini and

Petrere 2004), predation pressure (Pelicice et al.

2015), competition (White et al. 2006), extinctions

(Pyšek et al. 2016), biotic homogenization (Vitule

et al. 2012) and changes in biogeochemical cycles

(Glibert et al. 2011). In aquatic environments, several

studies have investigated changes in abundance and

composition of native biota caused by the introduction

of non-native predators, especially by fish (Moyle and

Light 1996; Bryan et al. 2002; Beisner et al. 2003;

Pelicice and Agostinho 2009; Porter-Whitaker et al.

2012; Green et al. 2012; Sharpe et al. 2017). On the

other hand, the influences of non-native prey on

predators have received less attention (Magoulick and

Lewis 2002; Locke et al. 2014; Puntila-Dodd et al.

2019). Evidence has shown that non-native prey can

provide food resources for fish (Puntila-Dodd et al.

2019; González-Bergonzoni et al. 2020), especially in

disturbed environments such as developed lakes

(Twardochleb and Olden 2016) and reservoirs (Rosa

et al. 2015). Thus, understanding how non-native prey

affects predators is critical, not only to determine the

success of the invasion and new trophic interactions,

but also to identify their implications at the ecosystem

level (Pintor and Byers 2015).

The effects of non-native species introductions may

be either direct or indirect. One introduced species will

eat and/or will be eaten by resident species, thus

creating new trophic links which may have their

effects propagated for entire ecosystems (Courchamp

et al. 2003; David et al. 2017). In aquatic food webs,

for instance, non-native predators may exclude native

species through direct predation (Vander Zanden et al.

1999; Latini and Petrere 2004; Pelicice et al. 2015).

However, direct predation may also have effects that

reach other levels of the food web. The introduction of

two non-native piscivorous fish in natural lakes in

Brazil (Cichla sp. and Pygocentrus nattereri) has led

to the local extinction of small-sized fish species, and

the consumption of fish by the native top predator

(Hoplias malabaricus) was partly replaced by aquatic

invertebrates (Pompeu and Godinho 2001). On the

other hand, non-native prey can complement native

fish diets due to decreases in their usual prey or by their

high caloric value (Dijkstra et al. 2013; Pintor and

Byers 2015; Hostert et al. 2019). However, a simple

diet shift caused by the non-native prey availability

may have prominent influences on the food web

trophic dynamics. For example, predation on invasive

zebra mussels (Dreissena polymorpha) substantially

changed the carbon flow distribution among species in

the Lake Oneida food web, reinforcing benthonic

pathways to the detriment of the pelagic one (Miehls

et al. 2009). Thus, non-native species affect the

surrounding species through creation of new trophic

links which may be felt across the food web (see David

et al. 2017).

In the Neotropical regions, particularly in Brazil,

the construction of reservoirs occur for several

purposes, particularly for hydroelectric energy

exploitation, and are commonplace in large rivers.

Reservoirs are often associated with non-native fish

introductions which are introduced for several reasons

such as biological control, damming, aquarium

release, bait, fish stocking, fish farming and sport

fishing (Naylor et al. 2001; Casal 2006; Agostinho

et al. 2010; Britton and Orsi 2012; Magalhães and

Jacobi 2013). In the reservoirs of the upper Paraná

River basin, for instance, the South American silver

croaker (Plagioscion squamosissimus) and the pea-

cock bass (Cichla spp.), both Amazonian fish, are

among the most widely distributed non-native fish

(Pelicice et al. 2018). The abundance of these fish,

provide attractiveness for fishing, resulting an intense

movement of fishing boats between reservoirs which,

in turn, contribute to the spread of other species,

especially invasive invertebrates (Belz et al. 2012). Of

these, four species of non-native invertebrates may be

cited as the most widely distributed in the upper

Paraná River reservoirs. Two bivalves, the Asian clam

(Corbicula fluminea) and golden mussel (Limnoperna

fortunei), both originated from Asia and were possibly

introduced to South America by ballast water in 1980

and 1990 decades, respectively (Ituarte 1981; Pas-

torino et al. 1993). Corbicula fluminea was detected in

the upper Paraná River basin in 1994 (Itaipu reservoir;

Takeda et al. 1994) and L. fortunei in 2002 (near

Rosana city; Avelar et al. 2004). The African-Asiatic

trumpet snail (Melanoides tuberculata) was found in

Brazil for the first time in 1967, in Santos city, São

Paulo state, upper Paraná River basin (Vaz et al.

1986), and was also possibly introduced by ballast

123

2356 D. M. Rosa et al.



water. These are the three species of non-native

mollusks most widely distributed in Brazilian reser-

voirs and records have shown that they coexist in

several reservoirs in the upper Paraná River basin

(Rocha et al. 2011; Miyahira et al. 2020). Finally, the

Amazonian prawn (Macrobrachium amazonicum)

originated from Amazonas River basin (Odinetz-

Colart 1993) and is widely distributed across north

and northeastern Brazilian regions and was probably

introduced in the upper Paraná River by fish repop-

ulation programs, which used this prawn to feed these

fish (Torloni et al. 1993).

According to studies carried out in this region, of

these non-native invertebrates, with the exception of

M. tuberculata, are consistently consumed by fish and,

in some cases, were recorded as the main food items

(Cantanhêde et al. 2008; Oliveira et al. 2010; Isaac

et al. 2014; Rosa et al. 2015). However, these studies

were based only on gut content analysis, thus infor-

mation about the consumption rate of these prey by

fish fauna in the upper Paraná River basin remains

scarce. When non-native prey are substantially

ingested and assimilated, they may influence several

aspects of the food webs such as structure, trophic

ecology, resource partitioning, production sources,

trophic position and energy flow (Bootsma et al. 1996;

Maguire and Grey 2006; Inger et al. 2010; Nilsson

et al. 2012; Ozersky et al. 2012; Locke et al. 2014;

Wood et al. 2017).

The above mentioned four species of non-native

invertebrates have been registered in the Volta Grande

reservoir, located on the upper Paraná River basin,

Brazil (Morais et al. 2014). In this context, the present

study investigates their role in supporting fish biomass

and their influence on carbon flow into the Volta

Grande reservoir food web. Two hypotheses were

tested: (i) since non-native invertebrates are dominant

benthonic species in the Volta Grande reservoir, we

expect they should be consistently consumed and

assimilated by fish; (ii) non-native prey are important

carbon sources supporting a large proportion of fish

biomass in this system.

Material and methods

Study area

The Volta Grande Hydroelectric Power Plant (HPP) is

located in the Grande River betweenMinas Gerais and

São Paulo states (19� 570, 20� 100 S and 48� 250, 47� 350
W; 500 m above sea level), Brazil. The Volta Grande

reservoir has a flooded area of approximately 205 km2,

a perimeter of 80 km and volume of 23 9 109 m3

(Rolla et al. 1990). Its formation dates from 1973 and

together with ten other reservoirs forms a cascade

system on the Grande River which goes from 900 to

300 m above sea level (Braga 2001). In this region, the

climate is humid temperate with dry winter and hot

summer (Cwa – Koppen), with average annual tem-

perature between 22 and 24 �C, a well defined dry

season (May–October) and annual average rainfall of

1550 mm (CPTEC/INPE 2016). Samples were carried

out at three equidistant collection sites (Fig. 1). These

sites were chosen in order to sample the three

compartments of the reservoir, that is, fluvial, inter-

mediate and lacustrine zones (Kimmel and Groeger

1984)..

Field sampling and sample processing

Fish from the three sample sites were collected

quarterly between October 2015 and July 2016, with

eleven bottoms gillnets per site (10 m length, 1.5–2 m

height, mesh size 25–160 mm; total sampled area =

150m2), totaling twelve sampling events (four at each

site). Nets were set in series perpendicularly to the

shore. A minimal distance of approximately 20 m was

maintained between nets, and depths varied from 1.0

to 7.0 m. All the nets were installed at dusk and

collected at dawn the next day, remaining in the

environment for about 14 hours. Fish were identified,

measured on standard length (SL, cm), weighed with a

precision scale (0.1 g) and then dissected to remove

their stomach and intestine, which were immediately

fixed in 10% formalin solution. Subsequently, the total

gut contents were analyzed and identified on a

stereomicroscope, with the non-native prey identified

at species level and other items at the level of large

groups.

In order to obtain tissue samples of the four

potential non-native invertebrate prey for fish in Volta

Grande reservoir (L. fortunei, C. fluminea, M.
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tuberculata and M. amazonicum), and the two most

locally abundant native mollusks (apple snail Po-

macea canaliculata and thiarid snail Aylacostoma

tenuilabris), specifically targeted samples were per-

formed. The specimens were collected in the littoral

zone of sites; mollusks were manually sampled using a

Petersen-type bottom dredger (319 cm2), and prawns

were collected with a semicircular hand sieve (80 cm

diameter, mesh size 1 mm). The captured specimens

were immediately identified, sorted by species and

then frozen.

In the field, a fresh dorsal white muscle fillet of 1 to

5 individuals of each fish species, of similar body size,

was collected for stable isotope analysis. All samples

were stored on ice and transported to the laboratory

where they were frozen. Muscle tissue generally has

lower contents of lipids and inorganic carbonates,

besides producing lower variability in the values of

d13C and d15N (Pinnegar and Polunin 1999).

Regarding the non-native prey, in the laboratory,

whole body tissue samples of 4 to 15 specimens of

each species were processed for the same purposes as

the fish samples. Then all tissue samples were

lyophilized for 48 hours, macerated to a fine, homo-

geneous powder with the aid of a mortar and pestle and

stored in Eppendorf tubes.

Stable isotopes analyses

Isotopic analyses for d13C, d15N, %C, %N and C/N

were conducted by the Isotopic Ecology Laboratory of

the Center for Nuclear Energy in Agriculture (CENA)

of the University of São Paulo (USP), Campus

Piracicaba-SP. To determine the isotopic ratio, the

samples were analyzed in continuous flow mode using

a Delta Plus Thermo Scientific mass spectrometer,

interconnected to a Carlo Erba elemental analyzer

(CHN 1110). The data were normalized using four

Fig. 1 Map of the Volta Grande HPP reservoir showing its

location in Grande River, between Minas Gerais and São Paulo

Brazilian states (upper Paraná River basin). Black circles

represent the three sample sites (P1, P2, P3), black and grey bars

represent dam location and reservoir area, respectively
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internationally accepted isotope reference standards

(International Atomic Energy Agency Standards CH6,

CH7, N1 and N2). The d13C and d15N data were

expressed in relation to the standard reference mate-

rial: Vienna Pee Dee Belemnite for carbon and

atmospheric N for nitrogen calculated by the follow-

ing formula:dX ¼ Rsample � Rs tan dard

� �
� 1

� �
� 103.

Where, X = 13C or 15N; R = isotopic ratios of
13C/12C or 15N/14N (Barrie and Prosser 1996).

Data analysis

The abundance and biomass of the collected fish were

estimated by the catch per unit effort (CPUE)

expressed in the following equa-

tion:CPUE ¼ C � Eð Þ � 100. This index was calcu-

lated in relation to the number of individuals and

biomass. Where, C = number of individuals (abun-

dance) or total weight (biomass) and E = fishing effort

(area of the gill nets 9 fishing time 9 number of

samples - four days samples per site).

The frequency of occurrence (F) and the weight

ratio (%P) of the food items found in the stomachs

were used to describe the diet of the species (Hyslop

1980). These values were combined to identify the

main food items by means of the Food Index (FI)

proposed by Kawakami and Vazzoler

(1980):FI ¼ Fi �%Pið Þ � Fi �%Pi. Where, FI =

Food index of item i; Fi = Frequency of occurrence

of item i; %Pi = Relative weight of item i. In addition,

in order to estimate the contribution of each food

category to the total biomass of fish caught, CPUE

biomass values Kg� 150m2ð Þ were multiplied by the

FI values using the following equa-

tion:
P

CPUEi � FIi. Where, CPUEi = CPUE bio-

mass of species i; FIi = Food index of item i. For

this estimate, species represented by only one indi-

vidual in the samples were not contemplated.

In order to evaluate the distribution of the isotopic

values of 19 fish species in relation to their potential

prey, the d13C and d15N composition of the both prey

and fish were submitted to a fractionation correction

(Post 2002). Of these 19 fish, the proportional isotopic

contribution of non-native prey was estimated only for

those with at least 5 individuals sampled or who

ingested at least 1 of the non-native prey. In order to

consider other potential sources of protein, two locally

abundant native mollusks (P. canaliculata and A.

tenuilabris) and the sampled fish assemblage were also

considered as food sources. Thus, the isotopic contri-

bution of non-native prey was estimated for 13 fish

species with Bayesian stable isotope mixing models

(Moore and Semmens, 2008), specifically using the

MixSIAR 3.1.9 package in R 1.2.5033 (Stock and

Semmens, 2016). This and other mixing models use

Bayesian inferences to help solve linear mixing

models, which can determine the diet composition of

consumers based on their isotopic signatures and that

of their sources (Parnell et al. 2010).

Results

A total of 21 fish species belonging to 11 families, of 4

orders, were caught in the Volta Grande reservoir. The

most representative orders of the total biomass were

Characiformes and Perciformes, with 53.4% and

46.0%, respectively. The most diverse families, in

number of species, were Cichlidae (six species),

Serrasalmidae and Anostomidae (three species each),

and Characidae (two species). The most abundant

species were P. squamosissimus, Serrasalmus macu-

latus, Hoplias intermedius and Satanoperca pappa-

terra, together responsible for 81.3% of the total

biomass collected (Fig. 2). Regarding the numerical

abundance, in terms of importance, the main species

were S. maculatus, P. squamosissimus, S. pappaterra,

Leporinus friderici and Astyanax fasciatus, which

accounted for 71.5% of the total number of collected

fish. Six non-native fish species (Astronotus crassip-

innis, Cichla kelberi, C. piquiti, Metynnis gr. lippin-

cottianus, P. squamosissimus and S. marginatus) were

caught, which accounted for 39.0% and 30.0% of the

total sample biomass and number of specimens,

respectively.

A total of 326 fish were submitted for diet analysis.

Food items were found in the stomach contents of 248

fish (76.0%) and comprised of 16 species (Table 1).

The food items found were grouped into eight

categories, three of which were composed by non-

native prey (M. amazonicum, L. fortunei and M.

tuberculata) and the others by fish (scales, muscle

fragments, fins, whole fish and in a high degree of

digestion), other invertebrates (mollusks, aquatic and

terrestrial insects, crustaceans, annelids and nema-

todes), periphyton, plants (macrophytes, grass,
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filamentous algae, cyanobacteria, fruits and seeds),

and debris/sediment.

Non-native prey were ingested by 11 fish species

(42% of stomachs containing food items), with M.

amazonicum being the most consumed (by all 11

species), followed by L. fortunei (by 6 species) andM.

tuberculata (by 3 species). No specimen of C.

fluminea was found in the stomach content analysis.

According to FI, non-native prey were consumed

substantially by eight fish species; M. amazonicum

was the main prey ingested by P. squamosissimus, C.

kelberi, C. piquiti, H. intermedius and A. crassipinnis,

whereas L. fortuneiwas the main prey consumed by L.

friderici, Australoheros facetus and Crenicichla bri-

tiskii (Fig. 3).

Based on results obtained from the relationship

between CPUE biomass and FI (Table 2), we observed

that 53.9% of the fish biomass is supported by the non-

native prey species (M. amazonicum = 49.7%; L.

fortunei = 4.2%; M. tuberculata = 0.05%).

The fish fauna and non-native invertebrate prey of

the Volta Grande reservoir were characterized iso-

topically from a sample of 68 specimens of 19 species

and 43 specimens of four species, respectively

(Table 3).

Results obtained by isotopic mixing models also

suggested that, altogether, non-native prey were

essential carbon sources for the Volta Grande fish

assemblage possibly supporting more than half of their

biomass (Fig. 4). Four dominant fish species, which

altogether accounted for 81.3% of the total biomass

sampled in this reservoir, derived substantial amounts

of their biomass from these prey: the non-native P.

squamosissimus (54.2%), S. maculatus (55.3%), H.

intermedius (55.4%) and S. pappaterra (47.5%).

Beside P. squamosissimus, non-native prey were also

prominent carbon sources for other non-native fish

such as the predators C. piquiti (64.8%), C. kelberi

(60.2%) and the omnivore A. crassipinnis (44.6%).

Among the non-native prey species, M. amazonicum

stands out as the most important carbon source for

native and non-native fish. The non-native C. kelberi,

C. piquiti, P. squamosissimus and A. crassipinis,

respectively derived 38%, 34%, 33% and 19% of their

biomass from this prawn. Regarding native fish, the

predators H. intermedius, S. maculatus, and the

Fig. 2 Percentage of Capture per Unit of Effort (CPUE) in

abundance (left) and biomass (right) of the main fish species,

collected quarterly between October 2015 and July 2016, in the

Volta Grande reservoir, Brazil. Black horizontal bars represent

values of native fish and grey bars of non-native ones. ‘‘Others’’

category was represented by nine species
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Table 1 Frequency of occurrence (F), percentage weight (%W), and food index (FI) of the most represented items in 239 stomachs

of 13 fish species caught quarterly between October 2015 and July 2016 in the Volta Grande reservoir, Brazil

Species SL (cm) P Food items

Lf Mt Ma 1 2 3 4

7–26.9 F – 0.04 0.38 1.19 0.85 0.40 –

Serrasalmus maculatus %W – \ 0.01 0.09 0.72 0.19 0.01 –

n = 63 FI – < 0.01 0.13 0.78 0.08 0.01 –

7.9–44.7 F – – 0.83 0.19 0.51 – –

Plagioscion squamosissimus %W – – 0.81 0.07 0.12 – –

n = 44 FI – – 0.93 0.01 0.06 – –

7.3–20.6 F 0.07 0.07 0.03 0.14 2.35 0.38 0.51

Satanoperca pappaterra %W \ 0.01 \ 0.01 \ 0.01 0.03 0.56 0.08 0.34

n = 22 FI < 0.01 < 0.01 < 0.01 < 0.01 0.58 0.05 0.36

7.6–20.5 F 0.21 – 0.07 – 0.50 0.40 0.07

Leporinus friderici %W 0.85 – 0.03 – 0.02 0.10 0.02

n = 14 FI 0.90 – 0.01 – 0.01 0.07 0.01

5.2–11.2 F – – 0.13 – 0.87 0.54 0.07

Astyanax altiparanae %W – – 0.15 – 0.48 0.33 0.04

n = 13 FI – – 0.12 – 0.59 0.27 0.02

7.8–12.7 F 0.29 0.14 0.07 0.50 0.50 0.14 0.07

Australoheros facetus %W 0.43 0.02 0.05 0.21 0.18 0.02 0.09

n = 13 FI 0.46 0.01 0.01 0.39 0.09 0.01 0.02

8–20.8 F – – 0.56 0.37 – – –

Cichla piquiti %W – – 0.75 0.25 – – –

n = 11 FI – – 0.89 0.11 – – –

19.8–41.5 F – – 0.75 0.12 – – –

Hoplias intermedius %W – – 0.20 0.80 – – –

n = 6 FI – – 0.60 0.40 – – –

8–26.1 F – – 0.50 0.20 – – –

Cichla kelberi %W – – 0.64 0.35 – – –

n = 5 FI – – 0.90 0.10 – – –

6.5–8.1 F – – – – 0.67 0.33 –

Astyanax fasciatus %W – – – – 0.94 0.06 –

n = 3 FI – – – – 0.97 0.03 –

10.9–11.8 F 0.33 – 0.33 – – – –

Crenicichla britskii %W 0.69 – 0.31 – – – –

n = 2 FI 0.69 – 0.31 – – – –

16.7–28.2 F 0.67 – – – 0.33 0.67 0.33

Schizodon nasutus %W 0.44 – – – \ 0.01 0.48 0.08

n = 2 FI 0.45 – – – < 0.01 0.50 0.04

13.5 F 1.0 – 1.0 – 1.0 1.0 –

Astronotus crassipinnis %W 0.40 – 0.45 – 0.01 0.15 –

n = 1 FI 0.40 – 0.45 – 0.01 0.15 –

SL—Standard length; n—stomachs containing food items; P—parameters; Lf—Limnoperna fortunei; Mt—Melanoides tuberculata;
Ma—Macrobrachium amazonicum; 1—fish; 2—other invertebrates; 3—plants; 4—detritus/sediment. The Food Index values (FI) are

highlighted in bold
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omnivores Gymnotus carapo, Eigenmannia virescens

andC. britskii, derived from this prey 30%, 28%, 39%,

37% and 28% of their biomass, respectively. Corbic-

ula fluminea and L. fortunei were prominent carbon

sources for the native omnivore L. friderici which

derived 48% (25% and 23%, respectively) of their

biomass from these non-native bivalves. Finally, M.

tuberculata were important carbon sources for the

omnivores S. pappaterra and A. facetus, fueling 28.1%

and 21.0% of their biomass, respectively.

Discussion

Results obtained by the present study by both gut

content and stable isotopic analyses pointed to a

trophic structure where non-native species represent

not only a strong component of the fish community,

but also their main carbon source. The lack of pre-

invasion data do not favor a comparative analysis and,

therefore, this work does not support inferences

regarding changes, although the non-native species

Fig. 3 Food Index (%FI) of the most representative food items in 248 stomachs of 16 fish species captured quarterly between October

2015 and July 2016, in the Volta Grande reservoir, Brazil. Non-native species are between parentheses

Table 2 Estimation of the

food item contribution to

the biomass of 13 fish

species (based on CPUE

and FI) caught quarterly

between October 2015 and

July 2016 in the Volta

Grande reservoir, Brazil

Lf—Limnoperna fortunei;
Mt—Melanoides
tuberculata; Ma—

Macrobrachium
amazonicum; 1—fish; 2—

other invertebrates; 3—

plants; 4—detritus/sediment

Fish species CPUE (biomass) 9 FI

Lf Mt Ma 1 2 3 4

A. altiparanae 0 0 0.12 0 0.58 0.27 0.02

A. fasciatus 0 0 0 0 0.29 0.01 0

A. facetus 0.45 0.01 0.01 0.38 0.09 0.01 0.02

C. kelberi 0 0 2.33 0.26 0 0 0

C. piquiti 0 0 3.06 0.38 0 0 0

C. britskii 0.16 0 0.07 0 0 0 0

H. intermedius 0 0 8.62 5.75 0 0 0

L. friderici 3.28 0 0.04 0 0.04 0.25 0.04

M. lippincottianus 0 0 0 0 0 1.25 0

P. squamosissimus 0 0 31.5 0.34 2.03 0 0

S. pappaterra 0.01 0.01 0.01 0.01 4.23 0.37 2.62

S. nasutus 0.28 0 0 0 0.01 0.31 0.02

S. maculatus 0 0.03 3.96 23.73 2.43 0.33 0

Total 4.18 0.048 49.7 30.85 9.69 2.81 2.73
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presence constitute a novel scenario. Thus, additional

research assessing data prior to invasions are needed to

investigate the consequences of the new trophic links

created after the arrivals of these species. However, we

Table 3 Mean and standard deviation of the isotopic composition (d15N; d13C) of 19 fish species (native and non-native) and 6

invertebrate prey (native and non-native) sampled in the Volta Grande reservoir, Brazil, between October 2015 and July 2016

Native n d15N d13C Non-native n d15N d13C

FISH FISH

A. altiparanae 5 10.41 ± 1.34 - 20.97 ± 1.99 A. crassipinnis 1 14.12 - 20.45

A. fasciatus 5 13.82 ± 0.71 - 20.08 ± 4.53 C. kelberi 5 15.31 ± 0.38 - 20.06 ± 2.39

A. facetus 5 13.62 ± 0.94 - 18.10 ± 1.42 C. piquiti 5 15.23 ± 0.36 - 20.88 ± 1.04

C. challichthys 1 11.63 - 27.79 M. gr. lippincottianus 5 13.58 ± 1.24 - 18.68 ± 2.64

C. britskii 4 14.98 ± 0.64 - 20.98 ± 1.72 P. squamosissimus 5 15.16 ± 0.88 - 19.67 ± 1.41

E. virescens 1 16.11 - 17.63 S. marginatus 1 11.38 - 17.87

G. aff. carapo 1 16.32 - 19.23 MOLLUSKS

H. intermedius 5 14.93 ± 0.34 - 18.56 ± 1.57 C. fluminea 15 10.63 ± 0.67 - 28.65 ± 1.31

L. friderici 5 13.37 ± 0.49 - 24.08 ± 1.32 L. fortunei 14 10.69 ± 0.55 - 31.05 ± 1.91

P. lineatus 1 12.14 - 16.98 M. tuberculata 4 9.79 ± 0.09 - 15.20 ± 0.46

S. pappaterra 5 13.28 ± 0.39 - 18.21 ± 1.27 CRUSTACEAN

S. nasutus 3 13.37 ± 0.94 - 22.04 ± 2.74 M. amazonicum 10 14.08 ± 0.69 - 20.33 ± 2.33

S. maculatus 5 15.23 ± 0.25 - 16.93 ± 0.69

MOLLUSKS

P. canaliculata 15 9.39 ± 1.33 - 20.94 ± 2.23

A. tenuilabris 15 11.33 ± 0.57 - 16.37 ± 1.22

Fig. 4 Results of stable isotope analyses performed on R (MixSIAR). Average of the proportion of the four non-native invertebrate

prey used by 13 species of fish caught in the Volta Grande reservoir, Brazil
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did find that non-native benthonic prey represented the

main energy sources for fish assemblages, pointing

their potential in supporting fish stocks in reservoirs

where they are available. Additionally, non-native

prey are the main source of carbon for non-native fish

biomass suggesting that its trophic interaction can

favor the maintenance of these fish in the Volta Grande

reservoir.

In comparison with the species richness estimated

in previous studies, the species richness found here

(21) was lower than 47 (ELETROBRAS 1995), 37

(Braga and Gomiero 1997), 26 (Braga 2001) and 30

species (Becker et al. 2015) previously recorded in the

Volta Grande reservoir. Although the variation

between the richness estimates can be influenced by

the application of different sampling methods, among

other factors (e.g. absence of riparian vegetation and

anthropogenic influences in the surroundings of the

reservoir such as sewage, agriculture and livestock

activities), can also be related to the great difference in

timing among the studies. The reservoir age has been

related to the reduction of total fish richness and the

increase in non-native species (Loures and Pompeu

2019). Plagioscion squamosissimus, introduced from

the Amazon basin, was the dominant fish species in

samples; this pattern has also been found in other

reservoirs in the upper Paraná River basin. It is the

main fish species that inhabits the pelagic areas of the

upper Paraná reservoirs (Torloni et al. 1993; Agos-

tinho et al. 1999), including the Volta Grande

(Sanches et al. 2014; Becker et al. 2015). This fish

has adaptations for lacustrine environments, and its

success in these reservoirs may be attributed to

reproductive strategy (Agostinho et al. 1999), as its

larvae and eggs are pelagic (Fontenele and Peixoto

1978; Nakatani et al. 1993). Two other non-native

lacustrine species sampled in Volta Grande reservoir –

and also introduced from Amazon basin – are the

cichlids C. kelberi, C. piquiti and A. crassipinnis.

These non-native fish are also common in reservoirs of

the region, but their abundances are usually low

(Gomes and Miranda 2001). The abundance of non-

native fish in several reservoirs of the upper Paraná

River basin suggests a regional tendency toward biotic

homogenization in this basin (Vitule et al. 2012). Such

community structuring is common in reservoirs and is

in part related to their limnological characteristics and

introduction of non-native species, which drive the

replacement of diverse communities composed

mainly by rheophilic fish for lacustrine species (Poff

et al. 2007; Agostinho et al. 2016).

Regarding the species diets, we observed a poorly-

diversified food spectrum with a marked presence of

non-native invertebrate prey. Among these, the abun-

dance of M. amazonicum and L. fortunei in gut

contents suggests they were consistently ingested by

both native and non-native fish species. Besides

demonstrating the food plasticity of these fish, the

results indicate a high availability of non-native prey

in the sampled sites. Similarly, high amount of these

prey species were consumed by other fish fauna in the

upper Paraná River reservoirs such as Itaipú (Oliveira

et al. 2010) and Ilha Solteira (Rosa et al. 2015). In the

latter one, L. fortuneiwere also the main prey ingested

by L. friderici. In temperate reservoirs, non-native

bivalves such as zebra mussels (Dreissena polymor-

pha) and C. fluminea have also been extensively

exploited by omnivores such as Aplodinotus grunniens

and Lepomis microlophus (Robinson and Wellborn

1988; Magoulick and Lewis 2002; Bartsch et al.

2005). According to the authors, these fish have

pharyngeal teeth adapted to shell fragmentation,

similarly to those observed in South American

Leporinus and Megaleporinus species (Occhi and

Oliveros 1974) which are shifting their diets prefer-

ences to non-native bivalves (Penchaszadeh et al.

2000; Garcı́a and Protogino 2005; Oliveira et al. 2010;

Isaac et al. 2014; Cataldo 2015). Regarding the M.

amazonicum, we found that carnivorous fish such as

native H. intermedius and non-native P. squamosis-

simus, C. piquiti and C. kelberi were their main

consumers, as found previously in the Ilha Solteira

reservoir (Rosa et al. 2015). However, high intake

rates of L. fortunei and M. amazonicum may also be

associated with the relative abundance of these

organisms in the analyzed system. Evidence has

shown that non-native species can be more successful

than native ones in systems with altered functions

(Levine and D’Antonio 1999; Menke and Holway

2006; Crooks et al. 2011), such as reservoirs (Havel

et al. 2005), where they can reach extremely high

densities (Boltovskoy et al. 2006). In this sense, the

high densities of L. fortunei and M. amazonicum in

Volta Grande and other upper Paraná River reservoirs

(Bialetzki et al. 1997; Takeda et al. 2003; Silva 2010;

Morais et al. 2014) represent new food resources for

fish, as verified by the present and previous studies
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(Almeida et al. 1997; Cantanhêde et al. 2008; Oliveira

et al. 2010; Rosa et al. 2015).

Based on gut contents and isotopic mixing models,

we found that together, non-native prey are essential

carbon sources for the fish fauna, fueling more than

40.0% of the biomass in four dominant fish species,

which altogether accounted for[ 80.0% of the total

fish sampled biomass, thus accepting our hypothesis.

However, such values may be overestimated since

unsampled resources (e.g. plants and detritus) were not

considered, although they should represent less

important sources of protein. Thus, we suggest that

non-native invertebrates are highly incorporated into

the Volta Grande food web, representing a strong base

for supporting the fish assemblage. Furthermore,

consumers of different trophic levels derived substan-

tial amounts of their biomass from these sources,

suggesting that assimilation of non-native prey items

can influence the carbon flow of an entire food web.

Similarly, strong influences in energy sources sup-

porting North and South American food webs have

been noted after D. polymorpha (Miehls et al. 2009;

Locke et al. 2014) and L. fortunei invasions (Gonzá-

lez-Bergonzoni et al. 2020), respectively. In fact, non-

native species often pose threats to biodiversity

(Vitousek et al. 1996; Strayer 2010); however, in

some cases they can provide benefits to the ecosystems

that lose their original functions due to anthropic

disturbances (Schlaepfer et al. 2011; Carroll and

Peterson 2013). Evidence found in North American

lakes have shown that non-native prey (the Chinese

mystery snail, Bellamya chinensis), provide a prey

substitute in developed lakes where native snail

populations were depressed and, furthermore, B.

chinensis’s influence extended to higher trophic-level

consumers (Twardochleb and Olden 2016). In this

context, rivers regulated (e.g. reservoir ecosystems),

whose native prey communities can change due to new

environmental conditions (Growns and Growns 2001),

may have some of these effects alleviated from non-

native prey acting as alternative energy sources. Of

course, their contribution in diminishing the native

species abundance by competition cannot be

neglected.

The consumption rate of non-native bivalves by the

native omnivorous fish L. friderici suggested that these

filter-feeding organisms are important as carbon

sources and can have implications for energy flow.

Bivalves and snails are reliable integrators of the basal

resources of the pelagic and benthonic energy path-

ways, respectively (Post 2002; Locke et al. 2014).

Some studies have shown the importance of benthonic

pathways in the maintenance of known pelagic fish

(Vander Zanden and Vadeboncoeur 2002; Karlsson

and Bystrom 2005). However, we observed the

opposite: in the upper Paraná River, L. friderici is

known isotopically for deriving its biomass from C3

vascular plants (Manetta et al. 2003). In the Volta

Grande reservoir, however, this fish derived prominent

parts of its biomass from filter-feeding mussels, which

usually derive their biomass from phytoplankton.

Thus, these non-native bivalves seem to connect L.

friderici to the pelagic pathway by carbon transference

from this energy source. Similarly, the connection of

typically benthonic consumers to the pelagic pathways

was previously verified in Lake Opinicon (Canada) for

the northern map turtleGraptemys geographica (Bulté

and Blouin-Demers 2008) and pumpkinseed Lepomis

gibbosus (Locke et al. 2014) due to predation on D.

polymorpha. Thus, since L. fortunei and C. fluminea

occur in abundance in the littoral zone of the Volta

Grande reservoir (Brito et al. 2018), they potentially

constitute an important trophic connection between

littoral consumers and pelagic energy sources.

Non-native prey also were prominent carbon

sources for non-native fish, fueling more than 50.0%

of the biomass in C. kelberi, C. piquiti and P.

squamosissimus. This trophic relationship may be

related to the invasional meltdown hypothesis pro-

posed by Simberloff and Von Holle (1999). The

authors suggest that interactions among non-native

species can accelerate the process of replacing native

communities, ranging from a simple interaction (e.g.

one species helps another; present study) to mutual-

istic interactions (Simberloff 2006). Although the

assessment of this phenomenon was not the focus here,

we showed evidence of strong interactions among

non-native species in the Volta Grande reservoir. We

suggest that these non-native prey species have a

fundamental role in maintaining non-native fish pop-

ulations which are commercially important in region.

However, a specific approach that accounts for how

these non-native prey facilitate the non-native fish’s

initial establishment and invasion process is necessary

to accurately characterize the occurrence of the

phenomenon.

The main findings of the present study, although

they apply to one reservoir, may have implications
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across the upper Paraná River basin. The analyzed

non-native prey, which are essential in fueling fish

biomass, occur in high densities in many reservoirs of

the region (Bialetzki et al. 1997; Takeda et al. 2004;

Pamplin and Rocha 2005; França et al. 2005; Suriani

et al. 2005; Pareschi et al. 2008; Pestana et al. 2010;

Silva 2010; Rosa et al. 2015; Morais et al. 2014). We

suggest that, besides dam construction and species

introduction pathways, non-native vs. native and non-

native vs. non-native interactions may be an interest-

ing metric to improve the investigations about biotic

homogenization in the upper Paraná River basin.

Ultimately, our results may help to understand funda-

mental ecological issues (sensu Sutherland et al. 2013)

bringing to light the extent to which these new species

combinations influence the energy flow and properties

of ecosystems.
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by Fundação de Amparo à Pesquisa do Estado de Minas Gerais

(FAPEMIG PPM-00608/15). Finally, we thank the Editor and

two anonymous reviewers for their valuable comments.

Funding This work was funded by Fundação de

Desenvolvimento Cientı́fico e Cultural (FUNDECC) and
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González-Bergonzoni I, Silva I, Mello FT, D’Anatro A, Boc-

cardi L, Stebniki S, Brugnoli E, Tesitore G, Vidal N, Naya

DE (2020) Evaluating the role of predatory fish controlling

the invasion of the Asian golden mussel Limnoperna for-
tunei in a subtropical river. J Appl Ecol 57:717–728.

https://doi.org/10.1111/1365-2664.13573

Green SJ, Akins JL, Maljković A, Côté IM (2012) Invasive
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pelecı́podos asiáticos en el área rioplatense. Neotropica

27:79–82

Karlsson J, Bystrom P (2005) Littoral energy mobilization

dominates energy supply for top consumers in subarctic

lakes. Limnol Oceanogr 50:538–543. https://doi.org/10.

4319/lo.2005.50.2.0538

Kawakami E, Vazzoler G (1980) Método gráfico e estimativa de
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CESP Série Pesquisa e Desenvolvimento 84:1–23

Twardochleb LA, Olden JD (2016) Non-native Chinese mystery

snail (Bellamya chinensis) supports consumers in urban

lake food webs. Ecosphere 7(5):e01293. https://doi.org/10.

1002/ecs2.1293

Vander Zanden MJ, Vadeboncoeur Y (2002) Fishes as inte-

grators of benthic and pelagic food webs in lakes. Ecology

83:2152–2161. https://doi.org/10.1890/0012-

9658(2002)083[2152:FAIOBA]2.0.CO;2

Vander Zanden MJ, Casselman JM, Rasmussen JB (1999)

Stable isotope evidence for the food web consequences of
species invasions in lakes. Nature 401:464–467. https://

doi.org/10.1038/46762

Vaz JF, Teles HMS, Correa MA, Leite SPS (1986) Ocorrência

no Brasil de Thiara (Melanoides) tuberculata (O.F.Müller,

1774) (Gastropoda, Prosobranchia), primeiro hospedeiro

intermediário de Clonorchis sinensis (Cobbold, 1875)

(Trematoda, Plathyhelmintes). Rev Saúde Públ
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