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Abstract

To investigate the influence of non-native aquatic invertebrate species on food web struc-
ture, we selected two reservoirs located in the Grande River (upper Parand River basin,
Brazil) with similar fish communities, different age and different taxa introductions his-
tory. We quarterly collected fish and benthonic macroinvertebrates samples in the Volta
Grande and Funil reservoirs between October 2015 and August 2016. We used conven-
tional methods of diet evaluation to assess the sampled fish and measured the availability
of invertebrates (i.e. composition and density) present in the sediment samples from each
reservoir. In addition, we performed a structural analysis of trophic interaction networks.
Based on the data obtained, it was possible to identify that in Volta Grande most of the
energy flow, between benthonic invertebrates (prey) and the fish community (predators),
occurred through non-native prey species, especially Limnoperna fortunei and Macro-
brachium amazonicum, while in Funil it was shared between non-native and native prey.
Species loss simulations indicated that the networks did not differ substantially between
random losses and losses between groups. In general, there was a decrease in the probabil-
ity of occurrence of highly connected species in both reservoirs and between non-native
and native species. Results showed that the new interactions among species influenced
the importance of the available energy sources for the fish in the Volta Grande reservoir.
The presence of non-native prey, especially M. amazonicum, may influence the interaction
network structure, promoting community dependence on non-native species to ensure
robustness to environmental disturbances. In the absence of pre-invasion data, the com-
parative study between systems with similar fish communities may provide a better un-
derstanding of the impacts caused by the introduction of non-native invertebrate prey.
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Introduction

Biological invasions can have profound effects on ecosystems (Courchamp et al.
2003; Miehls et al. 2009) which are often difficult to detect, especially regarding
the strengths and extent of such effects within an invaded food web (David et al.
2017). Changes in resource availability and use, resulting from the introduction of
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non-native species (Dwyer and Morris 2006), can substantially alter the extent of
the impact of these organisms on the ecosystem (Tillberg et al. 2007). In aquatic
environments in particular, water flow and human activities favor rapid disper-
sal of organisms, rendering these systems highly vulnerable to impacts of invasive
species (Strayer and Dudgeon 2010). Accordingly, disturbances in aquatic food
webs caused by non-native invertebrates, such as mollusks and crustaceans, have
been extensively documented (Maguire and Grey 2006; Bulté and Blouin-Demers
2008; Rennie et al. 2009; Nilsson et al. 2012; Locke et al. 2014; Wood et al. 2017).
However, in some cases, the lack of pre-introduction ecological data has been one
of the major challenges faced by studies focused on assessing impacts of non-native
species. Thus, an approach that may help address this lack of previous data is com-
parative studies between systems with similar ecological characteristics, but with
a different taxa introduction history (Locke et al. 2014; McEachran et al. 2019).
However, it is important to note that in general, the effects of introduced species
on native communities have been shown to be dependent on the trophic level, in-
vader taxon, recipient habitat and time after invasion (Bradley et al. 2019), making
extrapolation of cases delicate. On the other hand, the similarity found between
fish assemblages living in reservoirs of the Parand River basin (Vitule et al. 2012)
and the presence and absence of important non-native prey for fish fauna (e.g.
Limnoperna fortunei; Rosa et al. 2015, 2021) in these systems may provide an op-
portunity to study possible dietary change effects, followed by an invasion process.
The mitylid golden mussel L. fortunei (Dunker, 1857) and the palaemonid Am-
azonian prawn Macrobrachium amazonicum (Heller, 1862) are non-native aquatic
invertebrates widely distributed in southern and southeastern Brazilian reservoirs
(Bialetsky et al. 1997; Mansur et al. 2003; Magalhaes et al. 2005; Oliveira et al.
2015), wherein they represent the most abundant macroinvertebrate species, par-
ticularly in the upper Parand River basin (Takeda et al. 2003; Silva 2010; Morais
et al. 2014; Rosa et al. 2015). Limnoperna fortunei is native to southeast Asia that
was probably introduced to South America via ballast water between the late 1980s
and early 1990s (Pastorino et al. 1993). Macrobrachium amazonicum is found in
the basins of northern South America, the Amazon river, northeastern Brazil, and
the Sao Francisco and Paraguay rivers (Gomes-Corréa 1977). In the upper Parand
River basin, M. amazonicum was probably introduced by fish stocking programs
in regional reservoirs (Torloni et al. 1993). Studies suggest that the establishment
of the M. amazonicum and L. fortunei in the invaded environments (mainly in
Parand River basin) has caused changes in the abundance and distribution of native
species, nutrient cycling, productivity, and trophic relationships (Bialetsky et al.
1997; Darrigran et al. 1998; Magalhies et al. 2005; Boltovskoy et al. 2006; Rosa
et al. 2021). Regarding trophic relationships, these non-native invertebrates are
potential prey for a number of predators, especially fish, which consume them ac-
tively (Cantanhéde et al. 2008; Rosa et al. 2015; Gonzilez-Bergonzoni et al. 2020;
Rosa et al. 2021). However, there is no information about the influence that the
consumption on these non-native prey may cause on food web structure.
Essentially, trophic relationships are delineated by a schematic description of
connectivity (i.e. feeding links), quantifying the flow of energy and matter through
the community and finally the interaction networks identifying strong links and
dynamically important species (Polis 1994; Post et al. 2000). Although changes
in diet regarding consumption of non-native prey can directly affect predators
(Bulté and Blouin Demers 2008; Locke et al. 2014; Wood et al. 2017; Rosa et
al. 2021), changes in the trophic interaction networks may have effects on lo-
cal energy dynamics, thus affecting the ecosystem (Hairston and Hairston 1993).
Therefore, understanding the range of interactions between fish and non-native
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prey is essential for successfully managing disturbed ecosystems. Trophic inter-
action networks are most commonly studied from diet data (e.g. McCormack et
al. 2021), stable isotope data (e.g. Vander Zanden and Vadeboncoeur 2002) or
both (e.g. Calizza et al. 2021); diet data reflect direct consumption whereas stable
isotopes reflect prey assimilation. In this study, we used diet data to assess trophic
interactions, which contribute by providing information on frequency and bio-
mass of native and non-native invertebrates subtracted from the prey population
by the fish predators.

In this context, the present study evaluated the influence of non-native inverte-
brates on food web structure, by comparing fish diet composition, prey availability
and network of trophic interactions in two Neotropical reservoirs with different
age and distinct introductions history; Funil reservoir built in 2002 where there
are no records of the invasive L. fortunei, and Volta Grande reservoir built in 1974
where L. fortunei is the predominant species of benthonic macroinvertebrate in
sediment samples. Two hypotheses were tested: 1) in Volta Grande, the number
and density of non-native prey species is higher and they are actively consumed by
fish fauna, whereas in Funil the number and density of these prey are lower and
they are not actively consumed by fish; and 2) because the invasion of L. forunei
and M. amazonicum promotes large-scale dietary shifts these non-native species
may cause structural changes in the network of trophic interactions and in the
control of ecological processes (e.g. nutrient flow through food web), and they are
more pronounced in the Volta Grande reservoir.

Methods
Study site

The Grande River basin covers 87.000 km? within Minas Gerais state, Brazil, is the
second largest river basin in this state. The climate in this region is humid temper-
ate, with an annual mean temperature between 22 and 24 °C and an annual mean
precipitation between 1.500 and 1.700 mm. This region is marked by two seasonal
periods; warm/rainy between October and April and cold/dry between May and
September (Braga and Gomiero 1997). To investigate the influence of non-native
invertebrate species on the fish community trophic structure, two reservoirs locat-
ed in the Grande River with similar fish communities were selected. Both areas are
part of a series of cascade reservoirs, with the Funil reservoir (built in 2002) located
in the upper portion (44°56'45"W, 21°06'18"S) and the Volta Grande reservoir
(built in 1974) in the middle portion of this river (42°02'16"W, 20°06'50"S).
There is no record of L. fortunei in the Funil reservoir to date and the present study
did not capture it during the sampling period (between October 2015 and August
2016; neither in the sediment samples nor in the fish stomach contents). Howev-
er, previous studies on Volta Grande reservoir have shown that L. fortunei is the
predominant benthic macroinvertebrate in the sediment (Morais et al. 2014) and,
together with M. amazonicum, represent new components of the local food web,
acting as important source of biomass for the fish community (Rosa et al. 2021).

Field and laboratory methods

Fish from two reservoirs located in the Grande River (Funil and Volta Grande
reservoirs) were collected quarterly between October 2015 and July 2016 from six
sample sites (three per reservoir). Samples were carried out at three equidistant col-
lection sites in each reservoir. These sites were chosen in order to sample the three
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compartments of the reservoir: fluvial, intermediate and lacustrine zones (Kimmel
and Groeger 1984). We used a set of eleven bottom gillnets per site (10 m length,
1.5 to 2 m height, mesh size 25 t0160 mm; total sampled area = 150 m?), totaling
twenty-four sampling events (four at each site). Nets were set in series perpendic-
ularly to the shore. We maintained a minimal distance of approximately 20 m
between nets, and depths varied from 1.0 to 7.0 meters. We installed all the nets at
dusk and collected them at dawn the following day, remaining in the environment
for about 14 hours. Were sampled 874 fish from the two reservoir (Funil, n = 476
and Volta Grande, n = 398). 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, we analyzed the total gut contents and identified on a stereomi-
croscope, with the non-native prey identified at species level and other items at
the level of large groups (i.e. Order and Family). The food items in each stomach
were spread on a Petri dish and identified under a stereoscopic microscope at the
level of large groups (i.e. Order and Family). After the removal of excess humidity,
using paper towels, the weight (£ 0.001 g precision) were recorded for each taxon
identified in the stomach contents. For the mollusks prey the wet weight of the
total individuals (i.e. body and shells fragments) were recorded and used for the
subsequent analysis

We used a Petersen-type bottom dredger (sampler’s area = 319 cm?) to assess the
composition and density of both native and non-native potential invertebrate prey
available in sediment from the two reservoirs. The specimens were collected in the
littoral zone of the same fish sampling sites. We collected three sediment samples
per site in depths that varied from 1.0 to 6.0 m. After collection, all samples were
duly identified and fixed in 10% formalin solution. In the laboratory, the sediment
samples were washed through sieves with mesh sizes between 2 and 0.25 mm, and
the benthic invertebrates were identified, up to higher taxonomic levels, before
counting under a stereomicroscope.

Data analysis

The frequency of occurrence (F) and percentage weight (%W) of food items in the
fish stomachs were used to describe the diet of each species (Hyslop 1980). These
values were combined to identify the main food items using the Feeding Index (FI)
proposed by Kawakami and Vazzoler (1980): FI = (F, x%W) / F. x %W, where
FI = feeding index of item i; F = frequency of occurrence of item i; and %W, =
relative weight of item i.

The densities of invertebrates collected in the sediment samples from both reser-
voir were calculated according to Welch (1948): 7 = (0/4.5).10 000, where 7 is the
number of specimens per m?, 0 is the number of specimens counted in the sample,
a is the area of the sampler, and s is the number of samples collected. In addition,
we compared densities of native and non-native invertebrates between the two res-
ervoirs using Student’s #-test. Before performing the test, we checked the normality
of the distributions and the homoscedasticity of the data using the Kolmogor-
ov-Smirnov and Levene tests, respectively, as proposed in Sokal and Rohlf (1981).

Species loss simulations were performed, and the network robustness to distur-
bances was evaluated. Before performing the analyses, we constructed the food
web by recording the stomach contents of each predator. Then, an interaction
matrix with the data listing prey species in the rows and predator species in the
columns. Each matrix cell represents stomach contents measured by the Feeding
Index. We that in mind, we constructed one food web for each reservoir. Species
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loss simulations were performed, and the network robustness to disturbances was
evaluated. For each reservoir food web, species were removed followed by the num-
ber of species isolated by it (i.e. secondary extinction). Simulations were run until
all species were isolated (i.e. total collapse of the food web). A graphical represen-
tation of the species isolated in the network by the proportion of species removed
illustrates the community extinction curve, reproducing network structure loss
against disturbances. The area under the curve measures the community robustness
to the loss of species (R), and lower robustness values indicate an intense loss of
structure (Bersier et al. 2002). We estimate the robustness to secondary extinction
for both food webs, assuming random deletion of species with 1000 replicates for
each deleted species. Then, three scenarios under species deletion were assumed:
1) random, where the order of species removal did not obey any specific criterion;
2) per group, where the target species was first randomly drawn among non-native
species and later among native species, or vice versa; and 3) given by the number
of interactions, where the removal order started with the species with the highest
number of interactions and moved gradually to those with the lowest number of
interactions. Finally, the cumulative distribution of the number of interactions
P(x) was measured, which infers the probability of obtaining a species with up to X
interactions. This distribution was evaluated between environments and between
groups (non-native and native species). All the functions used are presented in the
Bipartite package (Dormann et al. 2008). All analyses were carried out in the R
4.0.2 environment (R Core Development Team 2021).

Results

A total of 340 fish from 21 species caught in Volta Grande reservoir were sub-
jected to stomach content analysis. Of these fish, 201 stomachs from 16 species
contained food items, which were grouped into seven categories: L. fortunei, Mela-
noides tuberculata (Miiller, 1774), M. amazonicum, fish (scales, muscle fragments,
fins, whole fish, and highly digested fish), other invertebrates (mollusks, aquatic
and terrestrial insects, crustaceans, annelids, and nematodes), plants (macrophytes,
grasses, filamentous algae, cyanobacteria, fruits, and seeds), and detritus/sediment.
Only the species that ingested non-native prey and/or reached a minimum of 5
stomachs containing a food item were considered by the diet analysis, totaling 13
species in this reservoir. The FI showed that non-native invertebrates were ingested
by 11 fish species (Suppl. material 1); four of which consistently consumed the
non-native M. amazonicum (i.e. Plagioscion squamosissimus (Heckel, 1840), Cichla
kelberi Kullander & Ferreira, 2006, C. piquiti and H. intermedius), and likewise,
three species consumed the non-native L. fortunei (i.e. L. friderici, Australoheros
Jacetus (Jenyns, 1842) and Crenicichla britskii Kullander, 1982).

In the Funil reservoir, 347 fish stomachs were analyzed from 20 fish species. A
total of 227 stomachs belonging to 16 species contained food items, which were
grouped into eight categories: Corbicula fluminea (Miller, 1774), M. amazonicum,
fish (scales, muscle fragments, fins, whole fish, and highly digested fish), insects
(larval forms, pupae, and terrestrial and aquatic adults), other invertebrates (mol-
lusks, crustaceans, arachnids, and nematodes), periphyton, plants (macrophytes,
grasses, filamentous algae, fruits, and seeds) and detritus/sediment. Using the same
species exclusion criterion adopted for the Volta Grande reservoir, only 12 species
were used in the diet analysis. According to the FI, non-native prey were consumed
extensively by two species; C. fluminea was the main prey ingested by Geophagus
brasiliensis (Quoy & Gaimard, 1824) and M. amazonicum was the main item in
the diet of Galeocharax knerii (Steindachner, 1879) (Suppl. material 2).
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In the sediment samples, 2,222 benthic invertebrates were captured, with 1,418
in Volta Grande and 804 in Funil. A total of 14 and 20 taxonomic groups were
identified in the Volta Grande and Funil reservoirs, respectively. The reservoir pre-
sented the same density of native invertebrates (F = 0.11; df = 21; p = 0.75), but
the density of non-native ones was higher in Volta Grande (F = 29.6; df = 21;
p < 0.001). The non-native species M. tuberculata (n = 644), C. fluminea (n = 175),
and L. fortunei (n = 169) were the most abundant taxa in Volta Grande, while
Chironomidae larvae (n = 450), Ostracoda (n = 92), and Cladocera (n = 87) were
the most abundant in Funil (Fig. 1).
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Figure 1. Densities of the macroinvertebrate taxa found in the sediment samples from the Funil (above) and Volta Grande (below) reser-

voirs, Grande River, Brazil. Non-native taxa are between parentheses.

Based on the data obtained from the stomach contents analyses it was possi-
ble to estimate the diet of the fish assemblages of the two reservoirs. The fish as-
semblages shared many trophic relationships. However, in Volta Grande a greater
number of fish species (6 species = 46%) were found actively consuming non-na-
tive invertebrates (i.e. FI > 50%), whereas in Funil only two fish species (15%)
actively consumed non-native prey (Fig. 2). This suggests that whereas in Volta
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Figure 2. Food web diagram based on the catches of fish and benthic macroinvertebrates, as well as on the diet analysis of selected fish,
showing the main trophic interactions in the two reservoirs analyzed. FI = Feeding Index (the main trophic interactions were derived from
FI results). Funil reservoir (A): C. piquiti (1), H. intermedius (2), H. malabaricus (3), G. knerii (4), O. pintoi (5), A. lacustris (6), M. ama-
zonicum (7), A. altiparanae (8), R fasciatus (9), G. brasiliensis (10), L. friderici (11), S. nasutus (12), P maculatus (13), S. insculpta (14), ter-
restrial insects (15), Corixidae (16), pupae (17), Chironomidae larvae (18), Chaoboridae larvae (19), Trichoptera larvae (20), C. fluminea
(21), Cladocera, Ostracoda, and Copepoda (22), filamentous algae (23), periphyton (24), and plants (25). Volta Grande reservoir (B):
P squamosissimus (1), S. maculatus (2), C. kelberi (3), C. piquiti (4), H. intermedius (5), M. amazonicum (6), A. altiparanae (7), R fasciatus
(8), L. friderici (9), S. nasutus (10), C. britskii (11) A. facetus (12), A. crassipinnis (13), S. pappaterra (14), fish scales, fins, and muscle (15),
adult insects (16), Chironomidae larvae (17), A. tenuilabris (18), M. tuberculata (19), C. fluminea (20), Physa sp. (21), L. fortunei (22),
Cladocera, Ostracoda, and Copepoda (23), submerged macrophyte (24), and plants (25). The fish species common to the two reservoirs
are represented in gray, and the non-native taxa are indicated with asterisks.
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Grande much of the energy flow between benthic organisms (prey) and the fish as-
semblage (predators) occurs through non-native species, especially M. amazonicum
and L. fortunei, in Funil the opposite is true.

Species loss simulations indicated that the networks did not differ significantly
between random losses and losses between groups. The random simulations indi-
cated a mean robustness of R = 0.42 + 0.03 for Volta Grande and R = 0.43 £ 0.03
for Funil. The robustness observed for the loss of non-native species followed by
the loss of native taxa was R = 0.40 + 0.03 for Volta Grande and R = 0.44 £ 0.02
for Funil. The probability of occurrence of these values in the random simulations
was 0.29 and 0.54, respectively. Similarly, the robustness observed for the loss
of native taxa followed by the loss of non-native species was R = 0.44 for Volta
Grande and R = 0.42 for Funil, with a probability of occurrence of 0.70 and 0.33
in the random simulations, respectively (Fig. 3).

Funil Volta Grande
1.00
Macrobrachium amazonicum

8 Degree
8 05 @® Non-native
% @ Native
4+
% Simulation
+
é 0.501 — Degree
[sT4] - Non-native
£ Nati
c == Native
‘© -- Random
€ ]
b 0.25
o

0.001

0.00 0.25 0:50 0.75 1.00 0:00 0.25 0.50 0.75 1.00
Removed species

Figure 3. Species removal simulation. At each simulation step, all interactions of a target species are removed, and the number of other
species isolated by that loss is evaluated. The simulation is run until all species are isolated. The area below the extinction curve measures
the community robustness to the loss of species. Random: species are randomly removed. Non-native: the target species are randomly
drawn first among non-native species and later among native species. Native: target species are randomly drawn first among native species
and later among non-native species. Degree: the species with the highest number of interactions is first removed, gradually removing those

with the lowest number of interactions.

Lastly, Fig. 4 shows the probability (i.e. by chances) of species occurrence in the
food web regarding the number of interactions. Most food web species are more
likely to depict a low number of interactions regardless of native or non-native spe-
cies and reservoirs. Evaluating the cumulative probability of the number of inter-
actions for non-native and native taxa between reservoirs explains this pattern. In
general, there was a decrease in the probability of occurrence of highly connected
taxa in both reservoirs and between non-native and native taxa. In addition, there
was generally a higher probability of occurrence of highly connected taxa among
native ones. In this regard, Funil was more likely to exhibit highly connected native
taxa than Volta Grande. However, Volta Grande showed higher chances of exhibit-
ing highly connected taxa among the non-native ones (Fig. 4). This difference can
be explained mainly by the strong effect that M. amazonicum exerts on the Volta
Grande community, as the species with the second greatest number of interactions.
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Figure 4. Cumulative distribution of the probability of occurrence of a species with a certain number of interactions or less.

Discussion

Based on results from Volta Grande reservoir, this study suggest that when non-na-
tive invertebrate prey become an important energy source for fish fauna, they can
also influence the food web by acting on ecological processes such as nutrient flow,
ensuring robustness to environmental disturbances in such an invaded system. On
the other hand, the results from Funil showed lower contribution of non-native in-
vertebrates in the fish diet and according to the species loss simulations they do not
seem to have a major influence on food web structure. Reservoirs are more prone
to biological invasion processes due to the abiotic conditions such as morphological
habitat and water quality degradation that create conditions more suitable for inva-
sive species and those tolerant of degraded ecosystems (Havel et al. 2005; Friith et al.
2012a, b; Bates et al. 2013; Thomaz et al. 2014). The Volta Grande Reservoir was
filled in the 1970s and has historically been subject to introductions of non-native
vertebrate and invertebrate species (Braga 2001; Morais et al. 2014), which cur-
rently have a strong influence on both predator and prey composition (Rosa et al.
2021). The above information may help to explain in part the greater influence of
non-native taxa on food web structure of the older reservoir (i.e. Volta Grande). The
increasing anthropogenic activities around reservoirs can deteriorate their habitat
quality over time through processes such as sedimentation, eutrophication, chem-
ical and thermal pollution (Schmutz and Moog 2018; Sunardi et al. 2020). In this
context, older reservoirs tend to have lower abiotic conditions than newer ones,
thus the former would be more susceptible to the establishment of non-native ben-
thonic invertebrates (Frith et al. 2012b). Accordingly it could be expected that the
influence of these species would be stronger on the food web of Volta Grande than
Funil, a reservoir that is 28 years younger. Therefore, in light of the aforementioned,
the following question arises: Can older reservoirs become highly dependent on
non-native species for maintenance and functioning of ecological processes such as
energy flow? Although our results do not support this hypothesis they may encour-
age future research to evaluate long-term data to test it, since non-native species
are widespread and biotic homogenization processes have been ruling in reservoirs
of the Parand River basin (see Vitule et al. 2012; Miyahira et al. 2020), possibly
making scenarios like the ones presented here increasingly common in this basin.
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The sediment sampling in Volta Grande revealed a community of benthic inver-
tebrates predominantly composed of non-native mollusks, among which L. forrunei
was identified as an important trophic resource for benthic fish, according to the
fish diet analysis. In a previous study, L. fortunei was the dominant benthic inver-
tebrate in the sediment collected in several regions of this reservoir (Morais et al.
2014). Similar results were observed in the Ilha Solteira reservoir (upper Parand
River), where this non-native bivalve was the most abundant organism in the sed-
iment samples and the non-native prey most consumed by some fish species (Rosa
etal. 2015). Although sediment is not the preferred substrate of L. fortunei, the mo-
bility of smaller individuals allows their movement over sediment, where they may
be exposed to predation by benthic fish (Uryu et al. 1996; Vieira and Lopes 2013).
Studies from reservoirs of the Parand River basin suggest that in systems invaded by
L. fortunei, where they reach high densities, some fish species may actively consume
them (Oliveira et al. 2010; Rosa et al. 2015). On the other hand, in systems where
this species may not be the main component of the benthic community, such as
floodplains, its consumption by fish does not appear significant (Isaac et al. 2014).
A similar pattern may have occurred with M. amazonicum, which although its rela-
tive abundance in the environment was not considered by the present study, its im-
portance as a food item for the analyzed fish suggests high availability in the Volta
Grande reservoir during the sampling period. Some reproductive characteristics of
both M. amazonicum and L. fortunei, such as continuous reproduction, high fecun-
dity, and planktonic larvae, enable them to occupy environments that have under-
gone changes in the hydrological regime, such as reservoirs, in which both species
can reach high abundance (Bialetzky et al. 1997; Takeda et al. 2003; Magalhaes et
al. 2005; Silva 2010; Morais et al. 2014). In addition, the increased light penetra-
tion in the water column promoted by settling out of suspended sediment from
the water column as the environment transitions from riverine to lacustrine in the
reservoir stimulates macrophyte production (Thomaz 2002), which favour the de-
velopment of species such as M. amazonicum (Odinetz-Collart and Moreira 1993)
and L. fortunei (Michelan et al. 2014), as well as several fish species (Pelicice et al.
2005). Therefore, the new environmental conditions created by reservoir formation
seemingly contributed to the establishment of these non-native species that, be-
cause they are consumed as prey, promoted new interactions among species.

Although Funil reservoir presents a fish assemblage similar to Volta Grande, the
difference found in invertebrate composition suggests that these environments pro-
duce different food supplies for their fish community. In addition to introduced
species that may influence the benthic fauna composition (Darrigran et al. 1998),
characteristics such as morphology, presence of tributaries, human activities, and
type of power plant operation may be responsible for the differences in benthic
invertebrate composition among reservoirs (Santos et al. 2016). Due to limited dis-
persal, these organisms are directly dependent on local environmental characteristics
(Callisto et al. 2005; Behrend et al. 2012), with neighboring communities showing
differences in taxa composition (Poff 1997). Accordingly, the food resources avail-
able for exploitation by benthic fish also vary among these environments (Smith
2004) and may contribute to differences in the fish diet as found by this study.
Although the analyses in the present study revealed the presence of the non-native
M. amazonicum in the fish diet also in Funil reservoir, it was less representative in
terms of consumption when compared to Volta Grande. In general, predatory fish
exploit smaller prey, such as M. amazonicum, when these prey are more abundant
and available (Neves et al. 2015). However, to compensate for the energy cost, the
number of prey should be substantially higher (Bozza and Hahn 2010), as explained
by the optimal forage theory (Pyke 1984). In this context, the hight abundance of
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small fish caught in Funil, such as A. altiparanae and P fasciatus may be supplying
the diet of piscivorous species, and possibly M. amazonicum, a smaller prey, was
less exploited by these fish. A similar pattern may have occurred with C. fluminea
that, although it is a component of the benthic fauna in the Funil reservoir, was not
among the most abundant taxa and was consumed by only a single fish species.
Regarding the diet composition of common species between the two reservoirs, it
was possible to observe a substantial spatial difference in the diet of L. friderici, a rel-
atively abundant species in both reservoirs. In Volta Grande, a predominantly carniv-
orous diet composed almost exclusively of L. fortunei was detected (Suppl. material
1) while in Funil an exclusively herbivorous diet was observed (Suppl. material 2).
Leporinus friderici is a species considered omnivorous and euphagic, with opportunis-
tic behaviour, consuming mainly allochthonous food items of plant origin (Albrecht
and Caramaschi 2003). A study developed in the Tocantins River, identified the
opportunistic behaviour of this species during the filling phase of a reservoir, during
which L. friderici rapidly changed its diet when a vast amount of easy prey was offered
(Albrecht and Caramaschi 2003). In this context, the results obtained by the present
study corroborate the opportunistic feeding behaviour of this species, since the sup-
ply of an easy and abundant prey (i.e. non-native L. fortunei; semi-sesile organism)
possibly influenced the carnivorous diet recorded for L. friderici in Volta Grande.
Furthermore, the active consumption of L. fortunei by L. friderici in Volta Grande
may have some consequences on the food web energy flow as described by Rosa et
al. (2021). Using isotopic analysis tools, the authors identified that individuals of
L. friderici derived a large part of their biomass from L. fortunei, that is, from autoch-
thonous energy sources and not from allochthonous sources as observed in reservoirs
devoid of L. fortunei. This suggests that after the establishment of L. fortunei in Volta
Grande, L. friderici possibly changed its diet composed of allochthonous food items
(as observed by Albrecht and Caramaschi 2003 and by the present study in Funil)
to a predominantly autochthonous diet, thus influencing the energy distribution
dynamics of the food web. However, future studies considering fish diet data from
pre-invasion of L. fortunei in reservoirs are necessary to confirm such hypothesis.
Regarding the trophic network structure, highly connected taxa control the disper-
sion of community energy flow and provide multiple energy pathways to compensate
for the loss of one taxon (MacArthur 1955; Dunne et al. 2002), despite its low occur-
rence probability (see Pimm 2002 for more information about it). Ecological effects
on a community after disturbance should not be inferred solely from the number of
taxa affected but also from the taxa role in the community, which can promote signifi-
cantly faster side effects in the community structure than random taxa loss (Dunne
et al. 2002; Srinivasan et al. 2007). The results show that the presence of non-native
prey, especially M. amazonicum, influences the trophic network structure, promoting
community dependence on non-native species to ensure robustness to environmental
disturbances, thus confirming the second hypothesis. Species that have a larger than
expected effect on the ecological rates and processes of a community based on their
abundance are classified as keystone species in the system (Power et al. 1996). In this
sense, non-native species with a large number of interactions in disturbed commu-
nities, such as Volta Grande reservoir, can play as keystone species in a community
structure, and species removal must be evaluated for potential impacts exerted on
such a community. As for the fish community, studies suggest that the presence of
fish with a highly diverse diet promotes plasticity in prey consumption after an initial
loss, reducing the secondary impacts of environmental disturbances (Staniczenko et
al. 2010; Monteiro et al. 2018). However, notably, this evaluation only infers local
and direct effects of species loss (Jorddn 2009). Species also have indirect effects on
other species, and the secondary effect of species loss may be even more pronounced
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under conditions of low functional redundancy (Borrvall et al. 2000; Jorddn 2009).
Thus, future studies should evaluate not only the presence or absence of interactions
but also the role of energy flows through simulations on quantitative networks.

In a previous work, Rosa et al. (2021) showed strong evidence that non-na-
tive invertebrates represent an important food source for fish assemblage in
Volta Grande where they have influence on the importance of energy pathways.
According to the study, non-native invertebrates were responsible for supporting
more than half of the biomass of native and non-native fish. Therefore, the present
work further highlights the important role played by these non-native prey that
besides supporting fish assemblages, in some cases they can act as keystone species
in reservoirs. In addition, we showed not only the feasibility of using reservoirs
with different ages and distinct species introduction history to study the influence
of non-native invertebrates, but also the caution required in interpreting ecological
findings from extremely altered reservoirs (e.g Volta Grande) that have non-native
organisms acting as keystone species.
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