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Historical analysis reveals ecological shifts in two
omnivorous fish after the invasion of Limnoperna fortunei

in the Uruguay river
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Abstract Since the Asian golden mussel, Lim-
noperna fortunei, was first reported in the Rio de
la Plata in the 90’s, its invasion has continuously
expanded throughout South America, promoting sev-
eral negative ecosystem consequences. Several fish
species consume and assimilate large fractions of L.
fortunei in their biomass, partially controlling the
abundance of this invader, but potential fish dietary
and trophic niche modifications caused by the inva-
sion have not been studied in deep. Through gut con-
tent, stable isotopes and gut morphometry analysis
of field-collected and historical museum samples,
the potential dietary, trophic niche and physiological
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consequences of the invasion for two predatory fish
of the golden mussel were surveyed. The analysis
of historical samples of some of the most frequent
and abundant L. fortunei consumers, such as Mega-
leporinus obtusidens and Pimelodus maculatus,
revealed changes in trophic niche when fish started
to incorporate L. fortunei. Specifically, an increase
in trophic position and a reduction in diet diversity
was observed for both predators. Also, a reduction
in dietary generalism occurred for M. obtusidens.
Furthermore, the digestive tract mass of this spe-
cies decreased after the invasion, that is, in parallel
to a markedly increase in the consumption of animal
material. This research raised several questions about
the potential effect of L. fortunei on growth rates and
abundances of M. obtusidens and P. maculatus, two
of the most important species in commercial fisheries
in the Uruguay river. Also, it may assist in predicting
food web changes to be expected in newly invaded
areas.

Keywords Golden mussel - Fish food webs -
Megaleporinus obtusidens - Pimelodus maculatus -
Invasion impact - Isotopic niche - Biological invasion
Introduction

The Asian golden mussel, Limnoperna fortunei

(Bivalvia, Mytilidae), is a freshwater mollusc native
from South East Asia that was unintentionally
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widespread along all the higher Uruguay river basin

introduced in South America in the 90’s decade, with
several potential introductions of larvae transported in
ballast water from commercial ships (Pastorino et al.
1993; Darrigran and Pastorino 1995). Since then, a
fast colonization and invasion started, expanding its
distribution towards the Rio de la Plata estuary, Uru-
guay and Parana river basins (Boltovskoy et al. 2006).
By the early 2000, this mussel was already a domi-
nant benthic species in the lower Uruguay River and
its large tributaries (Clemente and Brugnoli 2002;
Brugnoli et al. 2005; Langone 2005; Muniz et al.
2005; Boltovskoy et al. 2006), and by 2020 it was
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as well (Andrade et al. 2021). Furthermore, the inva-
sion rapidly advances towards coastal Atlantic drain-
ages and towards north in South America (Clemente
and Brugnoli 2002; Brugnoli et al. 2005; Muniz
et al. 2005; Oliveira et al. 2010; Barbosa et al. 2016).
Nowadays the distribution range includes all the large
tributaries of Rio de la Plata basin and the Brazilian
Pantanal up to Rio San Francisco basin in North East-
ern Brazil (Oliveira et al. 2010; Barbosa et al. 2016)
(Fig. 1). The invasion in others basins of South and
Central America could occur in a few years, since

B Megoaleporinus obtusidens (1970-1990)
[[] Megateporinus obtusidens (2000-2016)
Pimelodus maculatus (1970-1990)

% Pimelodus maculotus (2000-2016)
1) Baseline (Potamolithus sp.){1974-1980)

s Baseline (Potamolithus sp + L. fortunei)
(2001-2016)

Fig. 1 Map of the study region, showing the current distribu-
tion of the invasive mussel Limnoperna fortunei in the study
area at Uruguay. The sites where specimens of M. obtusidens
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and P. maculatus as well as baseline primary consumers were
collected are shown, before (1970-1990) and after (2000—

2016)
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environmental conditions in other large rivers, as
Amazonas and Orinoco, also seem to be suitable for
the development of this invasion (Boltovskoy et al.
2006, 2022; Souza Campos et al. 2014).

Several changes in the functioning of freshwater
ecosystems have been predicted as L. fortunei turns
into the dominant benthic invertebrate species
(Boltovskoy and Correa 2015). For example, the
physical habitat is modified as benthic organic matter
accrual increases considerably alongside L. fortunei
colonies, due to their pseudo-faeces and the increased
roughness of surfaces favoring organic matter
siltation (Martin and Darrigran 1994; Boltovskoy
and Correa 2015). In turn, increased organic matter
in sediments seems to modify macroinvertebrate
assemblages, favouring anelids and nematods but
potentially negatively affecting native gastropods and
insects (Martin and Darrigran 1994; Scarabino and
Verde 1995; Spaccesi and Rodrigues-Capitulo 2012;
Boltovskoy and Correa 2015; Silva et al. 2020, 2021).

It is known that more than 50 fish species from
Rio de la Plata basin consume L. fortunei to some
extent, not only in its adult forms but also in its
larval stages (Penchaszadeh et al. 2000; Garcia
and Protogino 2005; Paolucci et al. 2010; Cataldo
2015; Gonzalez-Bergonzoni et al. 2010; Gonzélez-
Bergonzoni et al. 2020; Lopez-Rodriguez et al. 2019).
More specifically, in the lower and middle Uruguay
river at least 28 fish species frequently consumed
L. fortunei, and estimations using Bayesian stable
isotope mixing models showed that more than 10%
of the total fish biomass of littoral areas originated
from the consumption of L. fortunei (Gonzilez-
Bergonzoni et al. 2020). In addition, experimental
evidence from in-situ fish exclusion trials showed
that fish can reduce up to 80% of mussel abundances
in the benthic habitat both in Parané (Sylvester et al.
2007) and Uruguay rivers (Gonzalez-Bergonzoni
et al. 2020; Silva et al. 2020). Moreover, in rocky
shorelines of the lower Uruguay River fish predation
not only reduces density, biomass and mussel body
size, but also mitigates some of the negative impact
of mussel colonization over native macroinvertebrate
densities (Silva et al. 2020).

However, despite that we now have an oversight
of the predatory role of fish in the present invasion
scenario, it remains largely unknown how fish trophic
ecology and their digestive physiology may have
changed in response to the inclusion in their diet of

this new and abundant resource. Several authors have
argued that some of the species that nowadays widely
consume L. fortunei had previously been recorded to
be omnivorous with wide niche breadths, frequently
including a significant fraction of vegetal matter in
their diets, or perhaps being herbivores in the past
(Penchaszadeh et al. 2000; Lopez-Rodriguez et al.
2019). Such a dietary shift, if confirmed, may imply
strong changes in different aspects of the trophic
niche, such as trophic niche width (e.g. shifting to an
omnivore feeding strategy with one major dietary item
may imply a decrease in niche breadth) and trophic
level (e.g. shifting from herbivory to carnivory may
imply an increase in trophic level). These changes
may also occur concomitantly with adjustments
in digestive tract physiology. The latter may occur
because extracting nutritional requirements from low-
quality vegetal diet versus high-quality animal diets
require contrasting digestive strategies (e.g. Stevens
and Hume 1998).

The effect that golden mussel may have over
the trophic structure of fish assemblages could be
evidenced comparing post-invasion trophic niches
with that of museum-preserved specimens collected
during pre-invasion periods. Such approaches have
been performed in other study cases, such as those
analysing historical impacts on food webs due to
modifications in the hydrological regime and due to
the introduction of invasive fish species around the
globe (e.g. Vander Zanden et al. 2003; Turner et al.
2015; Delong and Thoms 2016; Kishe-Machumu
et al. 2017). Furthermore, comparing aspects of the
digestive physiology between pre- and post-invasion
periods, such as digestive tract morphology of the
fish species currently feeding on L. fortunei is also
feasible.

Accordingly, in this study changes in the
trophic niches and digestive physiology of two fish
species, known as predators of L. fortunei in the
lower and middle Uruguay river, were analysed by
comparing gut content, stable isotope ratios and gut
morphometry of pre-invasion (preserved) and post-
invasion (preserved and fresh) specimens. We predict
a reduced trophic niche (number of prey items and
isotopic niche), an increased trophic level, and a
reduction in gut size after the invasion, i.e., as fish
become more specialized in the consumption of L.
fortunei, a highly abundant resource of potentially
elevated nutritive quality. In this way, our research
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aims to allow a better understanding of changes in
fish trophic niche and digestive physiology caused by
the insertion of this exotic resource in the food web.

Material and methods
Study area

The Uruguay river is the second most important
tributary to the Rio de la Plata estuary (after Parana
river), with an approximate length of 1800 km
and a basin area of 365,000 km2. The first report
of Limnoperna fortunei in the Uruguay river dates
back to year 2001, when it was reported to cause
bio-fouling related problems in waterworks of lower
Uruguay River (Langone 2005). Here, we analysed
fish collected during the last five decades along the
middle and lower Uruguay river sections in Uruguay,
which represent one of the oldest focus of invasion in
the region (Fig. 1).

Sampling design

We studied trophic niche changes in two species:
Megaleporinus obtusidens—a species that primary
feed on L. fortunei at the present—and Pimelodus
generalist omnivore, which
incorporates L. fortunei in its diet among several
other items (Gonzalez-Bergonzoni et al. 2020,
Loépez-Rodriguez et al. 2019). We focused in these
two species based on sample availability in fish
collections as well as on availability of data from
trophic analyses performed between 2014 and 2016
in lower Uruguay River (Fig. 1). However, we believe
that these species may represent good models of a
more specialist (M. obtusidens) and a more generalist
(P. maculatus) omnivore strategists, in regard to the
feeding response to the invasive mussel.

We used preserved specimens from two
collections—Facultad de Ciencias (Universidad de la
Repiiblica) and Museo Nacional de Historia Natural
(MNHN), Montevideo, Uruguay— as well as present-
day samples collected from sampling campaigns in
lower Uruguay River (as detailed below). As pre-
invasion samples, we used individuals collected
in lower and middle Uruguay river for a period of
approximately 20 years, right before the invasion was
first reported in the Rio de la Plata basin (1970-1989).

maculatus—a
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As post invasion period in lower Uruguay river, we
used fish collected posterior to the first record of
L. fortunei in Uruguay River (2001-2016), from
both, specimens deposited in collections and from
contemporary samplings. Whenever the number
of samples and its distribution in time allowed it,
the post invasion period was arbitrarily divided in
two periods—the early stages of the invasion (ca.
first 10 years) and after the invasion was evident
and ubiquitous (more than 10 years after the first
report)—in an attempt to evaluate a differential effect
during the first years of the invasion in comparison
to a period when the invasion was truly consolidated.
The fish and isotopic baseline samples used in the
pre- and post-invasion comparisons were selected
to match a similar spatial range within the river,
belonging to the same localities in most of the cases
or to very proximate ones (see Fig. 1). This way, we
try to standardize as much as possible the conditions
for the analysis and to avoid a potential spatial bias.
Also, it was confirmed that body size of pre- and
post-invasion individuals did not differ statistically
(ANOVA p>0.05, Table 1), precluding an effect of
this factor on the reported results.

Dietary determinations

All guts extracted from conserved or fresh specimens
were preserved in ethanol (95°) to be analysed under
a 50X magnification Nikon SMZ745 binocular
stereomicroscope in the lab. The dietary analysis
consists in dissecting guts and determining the
proportional contribution of each dietary item (in
diet volume, in mm?), following standard procedures
(Hyslop 1980). The items were classified to the
lowest taxonomic level possible using taxonomic
keys for the macroinvertebrates (Dominguez and
Fernandez 2009).

Samples for stable isotopes

A subsample of both fish species in each site was used
for analysis of diet and stable isotopes of carbon (C)
and nitrogen (N). For the isotopic analyses, we took
samples of a fast turnover tissue (liver, representing a
period of days to weeks; Sacramento et al. 2016) and
a slower turnover tissue (flank muscle, representing a
period of weeks to months; Sacramento et al. 2016)
for each individual, in order to evaluate isotopic niche
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Table 1 (continued)

Probability Pre > Post Probability First

Probability
Pre > First
years

Test parameters

Post-Invasion (mean + SD)

First Years of Inva-

Sample type/trophic  Pre-invasion

years > Post

(degrees of freedom,
F, X? and p values)

sion (mean + SD)

(mean +SD)

niche parameters

=31; Group 2

Group 1 n

=8

P. maculatus muscle n

n=12
Group 1

tissue
53¢

=99

ANOVA: F

dfres

=-263+1.84

(A); Group

2
2.3

(A) nt

—25.15+1.34

45 D<0.001

(B)

28.24 +0.98

0.49
0.68

nt

2.32
1.44

NR (omnivory)

1.9

nt

CR (generalism)
SEAc (trophic

0.99
1.0

0.02
0.85

Group 1

3.6 (2.3-5.0);

Groupl

nt

10.7 (4-18.7)

Group 2

1.6 (0.8-2.6)
3.02. (2.7-3.2);

Group 2

diversity)
8'°N based trophic 2.1 (1..3-2.8)

Group 1

Group 1

nt

Group 2

2.0 1.7-2.1)

Group 2

position

changes at two different temporal scales (e.g. Vander
Zanden et al. 2015). However, stable isotopes from
liver tissue were only obtained in M. obtusidens in
sufficient numbers; thus, the study of isotopic niche
from P. maculatus only includes muscle samples.

To serve as baseline in the estimation of trophic
position using stable isotopes of N, it is usually rec-
ommended to use primary consumer molluscs abun-
dant in the studied ecosystem, since they integrate
larger temporal scales than other resources (Post
2002). Accordingly, here we used gastropods and
bivalves for the isotopic baselines. As preserved mol-
lusc samples were not available in collections, we
used mollusc found intact inside preserved fish guts
for pre-invasion individuals, as some previous works
did (e.g. Gkenas et al. 2022). In total we obtained 5
samples from 5 different fish guts (individuals col-
lected between 1974 and 1980) at two locations, one
in the lower and one in the middle Uruguay river
(Fig. 1). Each sample consisted in 1 to 5 pooled indi-
viduals of gastropods from the Potamolithus genus.
We did not obtain native bivalves in good condition
from fish guts, and thus, the isotopic baseline in the
pre-invasion scenario consisted only in Gastropods.
For the post invasion period, we used molluscs sam-
pled from preserved guts (between 2000 and 2010)
and also from fresh individuals collected in the field
(between 2014 and 2016). In total, we analysed 26
samples: 13 of gastropods from the Potamolithus
genus, each containing from 1 to 5 (pooled) individu-
als; and 13 containing from 1 to 5 (pooled) individu-
als of L. fortunei (Fig. 1). Following this, the model-
ling for trophic position estimation was made using
one benthic baseline in the pre-invasion period and
two baselines (one representing benthic chain and
other representing the pelagic chain) in the post-inva-
sion period, when fish started to consume L. fortu-
nei. This modelling approach resembles the changes
occurred in the ecosystems because no pelagic
chain seemed to be used previous to the invasion of
the golden mussel, as fish rarely consumed native
bivalves before L. fortunei invasion.

Fresh samples for stable isotope analysis were rap-
idly frozen (=20 °C) and transported to the lab where
they were cleaned and prepared according to standard
procedures (Levin and Currin 2012). Samples for sta-
ble isotopes taken from formalin-preserved specimens
were rinsed in water before being frozen until its anal-
ysis. All stable isotope samples were then oven-dried

@ Springer
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(for 48 h. at 60 °C), weighed (0.5-1.5 mg), and sent
for its analysis in a continuous flow isotope ratio
mass spectrometer (IRMS), at UC Davis stable iso-
tope facility, California, USA. The natural abundance
of heavy and light C and N stable isotopes ('*C/!*C
and '"N/!N), relative to the proportions of these iso-
topes in a standard (Vienna Pee Dee Belemnite rock
and atmospheric N, respectively), was determined. As
secondary isotopic reference materials the lab used
Bovine liver, Nylon 5, Glutamic acid, Enriched Ala-
nine, and Peach leaves. Average analytical precision
based on routine analysis of laboratory standards was
better than 0.1%o. Proportions are given as delta val-
ues (8°C and 6N, in %o) following:

R

sampled — f‘standard

R
6Cor 6N = <
R

> % 1000

standard

As formalin preservation may affect 6'°C, in the
few cases where we used fresh samples, we applied
a mathematical formula to correct for such effect
(see Gonzélez-Bergonzoni et al. 2015). Preserved
consumers and baseline nitrogen values were
not corrected for preservation because formalin
preservation does not affect isotopic nitrogen ratio
values (Edwards 2002; Sarakinos et al. 2002;
Gonzilez-Bergonzoni et al. 2015). Furthermore,
stable isotope values of fish and invertebrates were
lipid corrected —using the Eq. 3 in Post et al. (2007)
for aquatic animals— in all the cases where C:N ratio
was higher than 3.5 (see Post et al. 2007).

Gut morphometry metrics

Gut morphometry was only analysed for M.
obtusidens due to the low sample size of preserved
individuals of P. maculatus at museum collections.
We recorded body length and weight of each
individual, dissected its digestive organs, and
measured stomach and intestinal lengths to the
nearest mm, using a digital caliper. In addition, the
stomach, intestine, and liver were oven-dried (48 Hs
at 60 °C) and dry weight was recorded in a semi-
analytical scale (0.0001 g).

Because the preservation of material may affect
gut morphology we only used museum-preserved
individuals in this analysis, i.e., we excluded all fresh-
collected field specimens. We disregard a potential
bias of different preservation time among samples

@ Springer

because all samples were preserved with a solution of
4% formalin for more than 5 years and preservation
effects have been shown to stabilize in a few months
(Edwards et al. 2002).

Data analysis
Diet based trophic niche metrics

Based on the relative volume of each prey item
found in fish guts, we estimated the following trophic
niche metrics: (i) trophic position (TP), estimated as
1+ mean trophic position of preys (extracted from
Dominguez and Fernandez (2009)); (ii) omnivory
index, estimated as the standard deviation of the
TP of preys; (iii) generalism index, consisting in
prey richness (e.g. Lazzaro et al. 2009). Each of
these metrics were estimated for each individual,
which were then used as replicates in the pre- and
post- invasion comparisons. Further, and also using
individuals as replicates, we compared the relative
volume of animal and vegetal items in the diet, and
the relative volume of allochthonous (i.e. terrestrial)
and autochthonous (aquatic) items, between pre- and
post-invasion periods.

Isotopic metrics

Raw 6'°C values of baselines and consumers were
compared between pre- and post-invasion periods.
Then, we estimated, and compared between periods,
the following isotopic niche metrics: (i) standard
ellipse areas with correction for small sample size
(SEAc), i.e., the area occupied in the 5N and §'3C
biplot indicating trophic diversity of species; (ii) the
range in 5N values (NR), which is an indicator of
omnivory and diversity of 8°N in the diet; (iii) the
range in 5"3C values (CR), which is an indicator
of the diversity of the origin of food resources
assimilated; and (iv) the trophic position, estimated
using a single baseline (gastropods) Bayesian model
in the pre-invasion scenario and two baselines
(gastropods and bivalves) Bayesian model in the
post-invasion scenario (Layman et al. 2007, 2012;
Jackson et al. 2011, Quezada-Romegalli et al. 2018).
For the analysis comparing standard ellipse areas we
used the SIBER package in R, building a Bayesian
model setting the parameters to 200,000 iterations,
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10,000 burnin, 10 thins and 2 chains, and basing
the probability test upon 10,000 ellipses (Jackson
et al. 2011). For the analysis of trophic position, we
used the package tRophicPosition in R, building a
Bayesian model setting the parameters to 40,000
iterations, 10 thins and 2 chains, and a sample size
per chain of 2,000 (Quezada- Romegalli et al. 2018).
The trophic fractionation used was 3.4 +0.98%o for N
and 0.39+1.3%0 for C (Post 2002), and the models
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Fig. 2 Relative importance of different dietary items in diet of
M. obtusidens and P. maculatus, before and after the invasion
of L. fortunei in Uruguay River. A-C) Data from M. obtusidens
preserved in fish collections from 1970 to 1990 (pre-invasion,

First years invasion (2001-2009)

were set a lambda value of 2, as we use a baseline of
primary consumers.

During preliminary data analysis of standard
ellipse areas, we found two seemingly separate
groups in the isotopic space of P. maculatus for the
post-invasion period (see Figs. 2 and 3). Given that
in this case the use of a single ellipse might violate
modelling assumptions, we decided to divide these
data into two groups. The first group (Group 1) was

Post-invasion (2010-2016)

m L.fortunei W Gastropoda
W Diptera-chironomidae M Coleoptra-Elmidae
M Odonata M Trichoptera
m Crustaceans m Terrestrial arthropods
» Macrophytes uFPOM
E I
Post-invasion (2001-2016)
u L fortunei M Gastropoda
¥ Diptera-chironomidae ¥ Coleoptera
M Odonata M Trichoptera
M Crustaceans M Terrestrial arthropods
" Macrophytes HFPOM

n=34), 2001-2009 (first years of invasion, n=29), and 2011-
2016 (post-invasion, n=44); D-E) Data from P. maculatus
preserved in fish collections from 1970-1990 (pre-invasion,
n=10), and 2001-2016 (post-invasion, n = 16)
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Pre-invasion (1970-1989)
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813C (%o)

813C (%o)
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5'3C (%0)

Fig. 3 Biplots of carbon and nitrogen stable isotope ratios,
showing consumers (in blue) and baseline data (gastropds, in
green) for each period, as well as the means and the standard
deviations for each group. Above panels: data for Megalepori-

composed of 31 individuals, collected from 2002 to
2016, with isotopic values for C coarsely between
—23%0 and —31%c0 and for N between 12%. and
15%o. The second group (Group 2) was composed
by 12 individuals, collected in 2016, with isotopic
values for C between —27%o0 and —30%o and for N
between from 8%o and 10%o (i.e., clearly lower than
those of Group 1). Upon checking at our database
for potential determinants of this isotopic difference
between the two groups, we found that all individu-
als were of similar size (Table 1) and, moreover,
several individuals belonged to the same locality
and sampling time (April 2016). Despite of this,
we decided to include both groups separately in the
analysis since it may represent individuals or popu-
lations with different ecological habits.
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nus obtusidens; below panles: data for Pimelodus maculatus.
Limnoperna fortunei samples in the post invasion periods are
shown in red

Statistical analysis

To disregard any bias caused by differences in body
size, we compared body size between periods by
using an ANOVA test. In addition, prior the analyses
we tested for linear relationships between body size
and the gut content metrics estimated, using each
individual as a replicate. We thus confirmed that there
were no differences in body size between pre-invasion
and post invasion periods, neither for M obtusidens
nor for P. maculatus. Similarly, we did not find any
significant relationship between body size and trophic
position, omnivory and generalism indexes, and the
% of vegetal matter or mussels in diet, for any of the
two species in any of the periods analysed (Linear
model p always>0.05). Accordingly, we disregard
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any confounding effect of body size on the metrics
that were considered.

Comparisons in trophic and isotopic niches
between periods were evaluated using ANOVA tests
(x=0.05), followed by Tukey HSD post hoc test. The
assumptions of homogeneity of variance and normal
distribution were verified by visual inspection of
potential patterns in the model residuals (Zuur et al.
2009). Whenever parametric test assumptions were
not accomplished, we used non-parametric Kruskal
Wallis and Mann—Whitney test (K-W; a=0.05).
Trophic position, SEAc, NR and CR metrics were
estimated in a Bayesian framework and differences
between periods were evaluated using packages
SIBER (Jackson et al. 2011) and tRophicPosition
(Quezada-Romegalli et al. 2018), in R free software
(R Core team 2020). In these cases, we also estimated
the exact probability of each metric being higher in
the pre-invasion period compared to the post-invasion
scenario (and whenever possible this last period was
split in two, as explained above). For the case of
trophic position estimates, we compared a single base
model in the pre- invasion scenario with a two base
full model in the post-invasion periods. Throughout
the text we report all these probability values, but
we focus our attention (and interpretation) mainly in
those changes where the probability values exceed a
90% threshold (see Mwijage et al. 2021).

Changes in length-weight (or length-length)
relationships between periods for the liver, the
stomach and the intestine were assessed with
generalized least square model tests (GLS, a=0.05),
using the function Varldent to account for differences
in variances between groups (Zuur et al. 2009).
Two-way factorial models were adjusted including
the effects of standard length, treatment (pre- and
post-invasion) and its interaction. The relationship
between standard length and digestive morphometric
characteristics was evaluated adjusting generalized
additive models (GAM, a=0.05), with Varident
whenever required (Zuur et al. 2009). All these
analyses were carried with the package nlme, in R
free software (R Core team 2020).

Results

Before the invasion of L. fortunei, the fish M.
obtusidens had an omnivorous diet, with an important

consumption of vegetal material (63% in volume).
Specifically, terrestrial vegetal matter, like tree
leaves, fruits and seeds, accounted for 53% of its
diet (in volume). Thus, this species seemed to be
highly subsidized by allochthonous (i.e. terrestrial)
resources. However, even during the first ten years
of the invasion, M. obstusidens markedly decreased
the consumption of vegetal matter (K-W; X?=17.4,
p<0.001) and allochthonous resources (K-W;
X?=14.7, p<0.001), while the consumption of L.
fortunei markedly increased (Table 1, Fig. 2). As for
the case of P. maculatus, it also included some vegetal
material in its diet before the invasion (16% of diet
volume), which consisted of terrestrial vegetation.
The consumption of both terrestrial vegetation
and terrestrial insects determined that this species
heavily relied on allochthonous resources before
golden mussel invasion (representing a total of 57%
of diet volume). However, we did not find significant
changes in the importance of vegetal (ANOVA;
F=12 df =21, p=0.27) or allochthonous matter
(ANOVA; F=3.1 df =21, p=0.09) in the diet of P.
maculatus before and after the invasion. Nevertheless,
a marginal p-value may suggest a tendency toward
a lower relevance of allochthonous items after the
invasion by L. fortunei (Table 1, Fig. 2).

In line with data from gut content, we found that
M. obtusidens increased its trophic position imme-
diately after the invasion (K-W, X*=6.8, p=0.03,
Table 1). In addition, generalism index for this spe-
cies decreased between the early and the late period
of the invasion (K-W, X*=13.0, p=0.001), show-
ing a trend for a higher specialization in L. fortunei
in the more recent years (Table 1). By contrast, the
index of omnivory did not change since the 70’ dec-
ade (ANOVA; F=1.73, df =78, p=0.19), as this
species incorporates prey from contrasting trophic
levels (regardless of the aforementioned changes in
its relative volume in diet). For P. maculatus, neither
trophic position estimated from gut content analysis
(ANOVA; F=0.09, df =18, p=0.76) nor general-
ism level (M-W; W=61.5, p=0.94) changed after
the golden mussel’s invasion (Table 1). However, P.
maculatus decreased its index of omnivory during
the post invasion period (ANOVA; F=38.7 df=18,
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p<0.01), as the consumption of prey from contrast-
ing trophic level was reduced (Table 1, Fig. 2).
Carbon isotopic values in the baseline organ-
isms (gastropods) shifted between periods, occur-
ring more depleted values in the pre-invasion period
than in the two periods after the invasion of L. for-
tunei (ANOVA; F=17.3 df, =15, p<0.001, Table 1,
Fig. 3). However, 6"°N values of gastropods remain
unchanged since the pre-invasion period (ANOVA;
F=0.12 df =15, p=0.85). L. fortunei 5"C val-
ues became more enriched in the late post-invasion
period than in the first years of invasion (ANOVA;
F=10df,. =16, p=0.04, Table 1, Fig. 3), while §'°N
values decreased during the late post-invasion period
(ANOVA; F=145, df =16, p=0.001 Table 1,
Fig. 3). Isotopic 6'3C values in muscle samples of
M. obtusidens did not change significantly between
the pre- and post-invasion periods, but it changed
between the early and late scenarios with individu-
als collected during the last years becoming more
depleted than those collected during the first years of
the invasion (ANOVA; F=3.6, df .,=121, p=0.03).

The same pattern was also observed for liver sam-
ples (ANOVA; F=8.0, df,.,=46, p=0.001, Table 1,
Fig. 3). Regarding 6'3C in P. maculatus a change
between pre- and post-invasion period was only
observed for the Group 2 (see above). Individuals in
this group had far more depleted values than both,
pre-invasion individuals and (post-invasion) indi-
viduals in the Group (ANOVA; F=8.0, df,. =46,
p=0.001, Table 1, Fig. 3).

In M. obtusidens, the isotopic metrics based on
muscle and liver tissue varied consistently with
dietary-based results, as trophic position increased
after the invasion. Specifically, the probability of
having a higher trophic position in the later period
after the invasion was 90% for the muscle and
86% for the liver. However, the strongest evidence
regarding post-invasion increase in trophic posi-
tion comes from Bayesian models for muscle tissue.
Direct comparison of posterior distributions reveal
a 94% probability of increase, with a trophic posi-
tion shifting from 2.2 before invasion to 2.8 in the
first years of invasion (Table 1, Fig. 4). Trophic
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Fig. 4 Changes in isotopic niches of individuals of M.
obtusidens and P. maculatus before and after the invasion of L.
fortunei in lower Uruguay river, depicted as standard Bayesian
ellipse areas (SEAc) occupied in the 6N versus 5 °C stable
isotope biplot. Left panel): analysis based on liver samples of
M. obtusidens; Middle panel) analysis based on muscle sam-
ples of M. obtusidens; Right panel) analysis based on muscle
samples of P. maculatus. Standard ellipse areas around 40% of
data and 95% ellipses are shown in black for the pre-invasion
period (n=18 for M. obtusidens and n=8 for P. maculatus);
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in red for the first years of invasion (n=31 for M. obtusidens);
and in green for the post-invasion period with widespread inva-
sion (n=76 for M. obtusidens and n=43 for P. maculatus).
Note that P. maculatus data points are divided in two groups:
group 1 (n=31) in red and group 2 (n=12) in green (see
details in the main text). A reduction of trophic diversity after
the invasion is highly significant for liver and muscle tissues of
M. obtusidens and for Group 1 of P. maculatus (see Table 1 for
details)
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diversity, estimated as SEAc, decreased immedi-
ately after the invasion. Direct comparison of pos-
terior distributions reveal >90% probabilities of
observing lower SEAc in both post-invasion periods
compared to before invasion (except between pre-
invasion and the first years post invasion for SEAc
based on liver tissue samples, which showed a prob-
ability of decrease of 76%) (Table 1, Fig. 4). Finally,
the value of NR, an indicator of omnivory, did not
change among the three periods that were compared
neither for the muscle nor for the liver (Table 1).
Regarding to CR values in liver samples, an imme-
diate increase after the invasion was observed, but a
posterior reduction to pre-invasion levels occurred
during the last years (Table 1). The consistency of

the results obtained from muscle and liver samples
confirm that changes in the trophic behaviour of this
species along time, did not depend on the temporal
window at which the diet was assessed (i.e., turno-
ver time from days to weeks previous to sampling
for the liver and from weeks to months previous to
sampling for the muscle).

Values of CR and NR for P. maculatus did not dif-
fer between pre- and post-invasion periods, indicat-
ing that these aspects of the isotopic niche were not
affected by the presence of L. fortunei (Fig. 5). How-
ever, Bayesian estimates for SEAc and trophic posi-
tion showed substantial changes after the invasion,
although this result depends on the group of individu-
als analysed. While post-invasion SEAc (indicator of
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Fig. 5 Changes in fish body mass, liver dry mass, stomach
dry mass, intestine dry mass, stomachal length and intestinal
length, as a function of standard length, for M. obtusidens
specimens analysed from fish collections, before (in green),
and after (in red) the invasion of L. fortunei in Uruguay river.

All the relationships were fitted with GAM, and test statistics
are provided inside each panel. An asterisk indicates signifi-
cant changes in the relationship between pre- and post-invasion
periods (two way factorial GLS p <0.05, see Table 2 for statis-
tics)
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trophic diversity) decreased with respect to the pre-
invasion period for both groups of individuals (the
probability of decreased SEAc was more than 90% in
all the cases, Table 1), trophic position increased after
the invasion for one group (Group 1, with a probabil-
ity of 98%) but tend to decrease for the other (Group
2, with a probability of 85%).

Regarding digestive morphometry, we observed
significant changes for M. obtusidens in the dry
weight of both, the stomach (GLS; length*treatment
interaction: ¢t=-5.4; p<0.0001) and the intes-
tine (GLS; length*treatment interaction: t=-3.7;
p=0.005). Specifically, we found a decrease in organ
mass after the invasion (Table 2, Fig. 4). However,
mussel invasion had no effect on the relationships
between total length and: (i) total weight (GLS;
length*treatment interaction: t=—0.64; p =0.50), (ii)
liver dry weight (GLS; length*treatment interaction:
t=-1.3; p=0.17), (iii) stomach length (GLS; lengt*
treatment interaction: t=-0.83; p=0.40) and, (iv)
intestinal length (GLS; length*treatment interaction:
t=1.8; p=0.07) (Table 2, Fig. 4).

Discussion

The present study reveals differential changes in
the diet and trophic niche of two ecological and
commercially relevant omnivorous fish species
inhabiting the Uruguay river, as a consequence of
the introduction of the invasive Asian golden mus-
sel (L. fortunei) by the early 2000°. The evidence
here shows strong support for our predictions about
a reduced trophic niche and increased trophic level

Table 2 Changes in organs size in M. obtusidens after the
invasion of L. fortunei in Uruguay River. GLS test were
applied (using the function Varldent whenever required) and
significant differences are marked in bold. The relationship

for both fish species as a consequence of the inclu-
sion of L. fortunei in their diet. Moreover, our sec-
ond prediction of a modified digestive physiology
as a consequence of the dietary shift following the
invasion was also supported for M. obtusidens (i.e.,
the only species that we were able to evaluate from
this perspective). Our study reveals modifications
in the digestive tract morphology of M. obtusidens
(i.e. gut size reduction) which are concordant with
the increased consumption of L. fortunei post inva-
sion and may correspond to a physiological adapta-
tion to maximize the energetic return of increased
carnivory (Zaldda and Naya 2014). In what follows,
we will firstly discuss the changes occurred in die-
tary habits and trophic niche after the mussel inva-
sion, comparing the findings between the two spe-
cies in the light of similar studies on this topic, and
also acknowledging potential sources of error from
our methodology. Then, we will focus our discus-
sion on the observed changes in gut morphology of
M. obtusidens, to finally highlight our main conclu-
sions and perspectives.

The analysis of historical changes in the diet of two
L. fortunei consumers, M. obtusidens and P. macula-
tus, revealed a consistent fall in the direct contribu-
tion of terrestrial subsides in general (although with
a marginal p-value for P. maculatus), and of vegetal
mater in particular for M. obtusidens. This shift in the
use of direct allochthonous subsidies to autochtho-
nous ones, supports the previous idea that L. fortunei
may boost autochthonous production by being able to
assimilate pelagic carbon directly into benthic food
webs (Boltovskoy and Correa 2015). Furthermore,
this shift surely modifies the natural flow of carbon,

between standard length and each morphometric variables was
further modelled using GAM (also with the function Varident
whenever required)

Parameter Model type Test parameters (t; p-value)

Pre-post invasion Standard Length Interaction
Eviscerated weight Two-way factorial GLS-Varldent —0.43; 0.66 14.7; < 0.001 —0.64; 0.50
Liver dry weight Two-way factorial GLS-Varldent 0.71; 0.48 6.7; <0.001 -1.3;0.17
Stomach dry weight Two-way factorial GLS-Varldent 3.09; 0.003 10.3; <0.001 —5.4;<0.001
Intestine dry weight Two-way factorial GLS-Varldent 2.39; 0.02 5.8; <0.001 —3.7; 0.005
Stomach length Two-way factorial GLS-Varldent 0.35;0.72 13.3; <0.001 —0.83;0.40
Intestine length Two-way factorial GLS —1.45;0.15 25.2;<0.001 1.8;0.07
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and other materials in food webs, such as diverse
contaminants, which might be present in L. fortunei
tissues (Amaral et al. 2019; Pazos et al. 2020). This
might also be consistent with the shifts in carbon iso-
topic ratios observed in the biplots, where fish iso-
topic values appeared closer to that of mussel base-
lines after the invasion (see Fig. 3).

In M. obtusidens and P. maculatus, strong dietary
changes towards an increased trophic position and a
reduced trophic diversity, as well as a reduction in
prey richness and generalism index for M. obtusidens,
were detected. In other words, the specialization
in mussel consumption caused a fall in the number
of trophic links of M. obtusidens (index of general-
ism), probably because consumption of L. fortunei
alone can meet fish physiological demands. The die-
tary changes were stronger, and provoked extensive
changes in the trophic niche of M. obtusidens in com-
parison to P. maculatus, which agree with the fact
that P. maculatus gut content metrics scarcely dif-
fered between periods. Moreover, one group of indi-
viduals of P. maculatus seemed to be unaffected in
its trophic position after the invasion. This might be
related to the trophic strategy of M. obtusidens, which
usually consume large volumes of only one or a few
resources (as seen by Penchaszadeh et al. (2000);
Lépez- Rodriguez et al. (2019); Gonzalez Bergonzoni
et al. (2020), and confirmed in this study). In con-
trast, P. maculatus strategy seems to include several
weak trophic links, consuming lower proportions of
many different dietary items (e.g., Lopez Rodriguez
et al. (2019); Silva et al. (2019); this study). However,
the fact that the isotopic niche of P. maculatus in the
post-invasion scenario seemed to split in two groups,
potentially representing different ecological strate-
gies, could be considered a consequence of the inva-
sion. In this sense, it could be possible that a group
of individuals choose the new resource, increasing
its trophic position and reducing its trophic diversity
(as observed for Group 1, which generally coincides
with what was observed for M. obtusidens). How-
ever, other individuals might have not yet adapted to
the consumption of the new resource presented in the
system. Alternatively, the second group may also cor-
respond to migratory individuals within the popula-
tion arriving from a different habitat with contrasting
isotopic baseline values, as further discussed below.
Although the number of individuals here analysed

is low to demonstrate such pattern, this might be an
interesting area for future research.

Behind this contrasting feeding strategies between
P. maculatus and M. obtusidens lie contrasting gape
morphological constrains for these two species. M.
obtusidens belongs to the Anostomidae family of
characins, known to bear powerful dentition that
allows them to rip mussels apart from hard substrates
and to crush them (Teixeira del Mello et al. 2011).
By contrast, P. maculatus is a pimelodid catfish
(Siluriformes, Pimelodidae) with no strong dentition
on its mouth, and whose ability to break mussel shells
is very limited (most times finding the entire mussel
shells on their guts) (Teixeira del Mello et al. 2011).
This fact probably allows M. obtusidens to specialize
on feeding over mussels whenever its present, while
individuals of P. maculatus only consuming those
mussels that occurs in soft substrates or loosely
attached to the colonies.

Obviously, the effect of a new food item is
expected to be larger when it represents one of the
few items preyed upon than if it only constitutes
one more of several other items in the new preda-
tor diet. This agrees with the postulated stabilizing
role of omnivores species with diverse weak inter-
actions (McCann et al. 1998), as the species bearing
these characteristics (P. maculatus in our study) did
not largely shift its trophic niche after the invasion.
Consequently, the magnitude of L. fortunei effect in
food web structure may depend on the trophic niche
properties of species composing the original food
web. For example, in an assemblage dominated in
species richness by more specialist omnivores, like
M. obtusidens, the control over mussel abundances
could be greater, mitigating its impacts over several
ecosystem processes, while, in turn, favouring the
abundances of these specialized omnivores. How-
ever, in an assemblage dominated by generalist omni-
vores bearing several weak feeding interactions, like
P. maculatus, the control over mussel abundances
would be partial, and mussel impacts over the rest of
the ecosystem would be more widespread, although
impacting with less strength on specific species and
trophic roles. In this sense, the invasion of L. fortunei
could also be studied as a particular case of anthro-
pogenic modification in resource subsidies to eco-
systems which indirectly alters whole food webs by
modifying top-down controls as seen for other eco-
systems (e.g. Riggi and Bommarco 2019).
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A reduced diversity of links associated with
a strong preference for a single new resource (as
observed in the case of M. obtusidens after the inva-
sion) could make food webs more vulnerable to
changes, although this is a subject of debate (Sch-
oener 1989; Woodward et al. 2005; Thompson et al.
2012). Furthermore, by preferentially selecting L. for-
tunei, other invertebrate prey may be released from
predation pressure to some extent. This agrees with
recent findings from an in-situ fish exclusion experi-
ment deployed in the lower Uruguay river (Silva et al.
2020). In this experiment, fish access to artificial sub-
strates colonized by native macroinvertebrates, but
not extensively by L. fortunei, trigged a reduction in
native macroinvertebrate densities in comparison to
the substrates of fish exclusion modules, likely via
direct predation (Silva et al. 2020). However, when
the same comparison was made in a scenario of sub-
strates being extensively colonized by L. fortunei, fish
access to artificial substrates trigged a strong reduc-
tion in density of this mussel and an indirect increase
in native macroinvertebrate densities in comparison
to the substrates of fish exclusion modules (Silva
et al. 2020).

The historical analysis using preserved fish, as
done in this study, may bring unique and valuable
information about trophic and ecological behaviour
of species and communities in the past. However, as
this framework is under development, several meth-
odological constrains exist, causing that some results
should be interpreted with caution. For instance, in
our study the lack of preserved primary consumers
implied that we had to use preserved molluscs found
in fish guts for stable isotopes anlyses. Besides the
fact that only few samples could be extracted (and
not all localities were represented), the use of base-
line samples extracted from guts can be risky given
to potential effects of digestion. Unfortunately, this
was the only option in our case, and to minimize this
effect as much as possible, we only used entire gas-
tropods found in the anterior portion of the gut. On
the other hand, using invertebrates from guts may
have an advantage in terms of the certainty of using
basal resources that were truly consumed by consum-
ers. That is, those baseline organisms were effec-
tively consumed by the study subjects for which we
assume they represent the base of a trophic chain.
In our study, the use of historical samples for stable
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isotope analysis is further supported by the fact that
both dietary and isotopic results generally match:
the increase in the trophic position found by both
approaches match the observation of a dietary shift
from omnivory-herbivory to omnivory-carnivory.
Noticeably, this is not always the case, and several
factors can determine that results from stable iso-
tope and dietary analysis strongly differ under some
circumstances. For instance, if fish moves between
different ecosystems with contrasting resources, or
environmental conditions affecting resources isotope
ratios, isotopic results might not match those obtained
through gut contents analysis (Nielsen et al 2017). In
this sense, we also acknowledge that the existence of
two groups of isotopic niches in P. maculatus might
correspond to individuals that have arrived from a
different environment (with different resources and a
contrasting baseline), as one of many potential alter-
native explanations. Furthermore, dietary indices
are not always directly comparable to isotopic niche
results. For instance, a fish diet can be frequently
composed by a wide diversity of organisms, and this
bear an elevated index of generalism. However, if all
individuals behave similarly the isotopic niche can be
narrow, suggesting a lower trophic diversity (Flaherty
and Ben-David 2010).

As for changes in the gastrointestinal tract of M.
obtusidens, stomach and intestine dry mass decreased
with the inclusion of L. fortunei in diet during the post
invasion period, which is consistent with the observed
dietary increase in animal consumption. While herbi-
vore species have larger digestive tracts to maximize
the energy extraction from low nutritive foods, such
as vegetal matter, in carnivore species smaller guts
are enough to digest and absorb more easily digest-
ible materials (Stevens and Hume 1998; Vidal et al.
2022). The observed reduction in gut mass could be
due to micro-evolution and/or could represent a plas-
tic response, and in any of the two cases it is consid-
ered a strategy that allow to optimize the energetic
trade-off between energetic return from the food con-
sumed and the cost of maintaining gut tissue (Zaldta
and Naya 2014). As a perspective it would be of inter-
est to analyse if this digestive response is plastic (or
not) and if changes in less labile traits, such as den-
tition and the strength of pharyngeal teeth, occur in
response to the new food item with strong shells.
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Besides its role as predator of L. fortunei, M.
obtusidens represents one of the most important
catches in lower Parana and Uruguay river fisher-
ies Scarabotti et al 2021). Thus, it is likely that L.
fortunei invasion be also affecting growth, survival
of juveniles and movements (if feeding migrations
occur) in this fisheries stock. In this sense, we high-
light that in the last 10-year period the catches of M.
obtusidens have increased in most artisanal fisher-
ies of the lower Uruguay river (Vidal et al. 2020),
similar to the observed by Boltovskoy and Correa
(2015) and Scarabotti et al. (2021) for different sec-
tions of the also invaded Parana River. Although
many climatic and anthropogenic factors might be
causing this trend in fisheries (e.g. Rabufetti et al.
2021), it is likely that the invasion of L. fortunei
might also play a role in the observed change.

The information generated here represents a val-
uable example of the effect of invasive species re-
shaping food webs and affecting species involved in
important ecosystem services, such as the provision
of food by fisheries and/or the preservation of biodi-
versity. Moreover, the evidence shown by our study
may assist in the prediction of food web changes
occurred after L. fortunei invasion.

Acknowledgements We firstly gratefully thank Dr. Marcelo
Loureiro, curator of the fish collections of Facultad de Ciencias,
UDELAR, and Museo Nacional de Historia Natural in Mon-
tevideo, Uruguay. We also thank Giancarlo Tesitore, Samanta
Stebniki and Juan Manuel Martinez for helping in sampling
campaigns, and to Enrique Lessa for his support to this project.
We also thank two anonymous reviewers whose comments con-
tributed greatly to the quality of this manuscript. This research
project was funded by the National Agency for Innovation and
Research (ANII) project ANII FCE_2 2016_1_126780 and
scholarship ANII PD_NAC_2015_1_108121 and partly by the
Scientific Research Sectorial Commission (Uruguay) project
CSIC 1+D_2016_577-348. 1.G.-B., D.E.N., A.D., N.V. and
F.T.M. received financial support by ANII and PEDECIBA and
IS from a scholarship from the Comisién Académica de Pos-
grado (CAP).

Author contributions IGB and DEN participated in the
conception and design of the study. All authors carried out the
fieldwork. IG, NV and DEN carried out the lab work. IGB ana-
lysed the data and drafted the manuscript with the help of all
authors. All authors gave final approval for publication.

Funding This research project was funded by the Agen-
cia Nacional de Investigacién e Innovacion (ANII) pro-
ject ANII FCE_2_2016_1_126780 and scholarship ANII
PD_NAC_2015_1_108121 and partly by the Comisién Sec-
torial de Investigaciéon Cientifica (Uruguay) project CSIC

1+D_2016_577-348. 1GB, NV, AD, FTM and DN received
financial support from the Sistema Nacional de Investiga-
dores (SNI) of the ANII and IS from a scholarship from the
Comisién Académica de Posgrado (CAP). All authors recived
support from the national Programa de Desarrollo de las Cien-
cias Basicas (PEDECIBA).

Declarations

Conflict of interest The authors declare no conflict of inter-
ests.

Availability of data and material The datasets generated
during and/or analysed during the current study are available
from the corresponding author upon request.

Code availability Does not apply.

References

Amaral QDF, Rosa E, Wronski JG, Zuravski L, Querol MVM,
Anjos B, Andrade CFF, Machado MM, Oliveira LFS
(2019) Golden mussel (Limnoperna fortunei) as a bioindi-
cator in aquatic environments contaminated with mercury:
cytotoxic and genotoxic aspects. Sci Total Env 675:343—
353. https://doi.org/10.1016/j.scitotenv.2019.04.108

Andrade PDB, Razzolini E, Baggio RA (2021) I see Golden
Mussel! They are everywhere! Environmental DNA sup-
ports widespread dissemination of Limnoperna fortunei in
hydrographic basins in the Parana State, Brazil. Braz Arch
Biol Technol. https://doi.org/10.1590/1678-4324-75years-
2021210149

Barbosa NPU, Silva FA, de Oliveira MD, Neto MADS, de
Carvalho MD, Cardoso AV (2016) Limnoperna fortu-
nei (Dunker, 1857) (Mollusca, Bivalvia, Mytilidae): first
record in the Sdo Francisco River basin, Brazil. Check
List. https://doi.org/10.15560/12.1.1846

Boltovskoy D, Correa N (2015) Ecosystem impacts of the
invasive bivalve Limnoperna fortunei (golden mussel) in
South America. Hydrobiol 746:81-95. https://doi.org/10.
1007/s10750-014-1882-9

Boltovskoy D, Correa N, Cataldo D, Sylvester F (2006) Dis-
persion and ecological impact of the invasive freshwater
bivalve Limnoperna fortunei in the Rio de la Plata water-
shed and beyond. Biol Invasions 8:947-963. https://doi.
org/10.1007/s10530-005-5107-z

Boltovskoy D, Paolucci E, Maclsaac HJ, Zhan A, Xia Z, Cor-
rea N (2022) What we know and don’t know about the
invasive golden mussel Limnoperna fortunei. Hydrobio-
logia. https://doi.org/10.1007/s10750-022-04988-5

Brugnoli E, Clemente JM, Boccardi L, Borthagaray A, Scara-
bino F (2005) Golden mussel Limnoperna fortunei (Bival-
via: Mytilidae) distribution in the main hydrographical
basins of Uruguay: update and predictions. An Acad Bras
Ciénc 77:235-244

Cataldo D (2015) Trophic relationships of Limnoperna fortu-
nei with adult fishes. In: Boltovskoy D (ed) Limnoperna

@ Springer


https://doi.org/10.1016/j.scitotenv.2019.04.108
https://doi.org/10.1590/1678-4324-75years-2021210149
https://doi.org/10.1590/1678-4324-75years-2021210149
https://doi.org/10.15560/12.1.1846
https://doi.org/10.1007/s10750-014-1882-9
https://doi.org/10.1007/s10750-014-1882-9
https://doi.org/10.1007/s10530-005-5107-z
https://doi.org/10.1007/s10530-005-5107-z
https://doi.org/10.1007/s10750-022-04988-5

1. Gonzalez-Bergonzoni et al.

fortunei: the ecology, distribution and control of a swiftly
spreading invasive fouling mussel. Springer International
Publishing, Cham, pp 231-248

Clemente JM, Brugnoli E (2002) First record of Limnoperna
fortunei (Dunker 1857) (Bivalvia: Mytilidae) in continen-
tal waters of Uruguay (Rio Negro and Rio Yi Rivers). Bol
Soc Zool Uruguay 13:29-33

Darrigran G, Pastorino G (1995) The recent introduction of a
freshwater asiatic bivalve, Limnoperna fortunei (Mytili-
dae) into South America. Veliger 38:171-175

Darrigran G (1994) Limnoperna fortunei (Dunker 1857) en
el balneario Bagliardi, Rio de la Plata. Alteracion en la
composicion de la malacofauna litoral. I Congreso y III
Reunién Argentina de Limnologia, vol. 1, Tankay, pp
164-166

Delong MD, Thoms MC (2016) Changes in the trophic status
of fish feeding guilds in response to flow modification. J
Geophys Res: Biogeo 121(3):949-964. https://doi.org/10.
1002/2015JG003249

Dominguez E, Ferniandez HR (2009) Macroinvertebrados
bentdnicos sudamericanos—sisteméatica y biologia (in
Spanish) Eduardo Dominguez and Hugo R. Fernidndez
(eds.) Fundacién Miguel Lillo, Tucumén, Argentina, p
656. ISBN 978-950-668-015-2

Edwards MS, Turner TF, Sharp ZD, Montgomery WL (2002)
Short and long term effects of fixation and preservation on
stable isotope values (6"3C, 8N, 6°*S) of fluid-preserved
museum specimens. Copeia 2002:1106-1112. https://doi.
org/10.1643/0045-8511(2002)002[1106:SALTEO]2.0.
CO;2

Flaherty EA, Ben-David M (2010) Overlap and parti-
tioning of the ecological and isotopic niches. Oikos
119(9):1409-1416

Garcia ML, Protogino LC (2005) Invasive freshwater molluscs
are consumed by native fishes in South America. J App
Ichthyol 21:34-38. https://doi.org/10.1111/j.1439-0426.
2004.00570.x

Gkenas C, Martelo J, Cucherousset J, Ribeiro F, Gago J, Alves
MlJ, Ribeiro D, Cheoo G, Magalhdes MF(2022) Histori-
cal food-web changes in invaded fish communities in the
lower Guadiana basin. Biol Life Sci Forum 13: 2

Gonzalez-Bergonzoni I et al (2020) Evaluating the role of
predatory fish controlling the invasion of the Asian golden
mussel Limnoperna fortunei in a subtropical river. J Appl
Ecol 57(4):717-728. https://doi.org/10.1111/1365-2664.
13573

Gonzalez-Bergonzoni I, Vidal N, Wang B, Ning D, Liu Z,
Jeppesen E, Meerhoff M (2015) General validation of
formalin-preserved fish samples in foodweb studies using
stable isotopes. Met Ecol Evol 6:3017-3314. https://doi.
org/10.1111/2041-210X.12313

Gonzélez-BergonzoniTeixeira de MelloVidalD’Anatro IFNA,
Masdeu M (2010) Reappearance and diet of juvenile
armado catfish (Pterodoras granulosus) in Lower Uru-
guay River, (Rio Negro, Uruguay). Bol Sociedad Zool
Uruguay 19:42-46

Hyslop EJ (1980) Stomach contents analysis—a review of
methods and their application. J Fish Biol 17:411-429.
https://doi.org/10.1111/j.1095-8649.1980.tb02775.x

Jackson AL, Inger R, Parnell AC, Bearhop S (2011) Compar-
ing isotopic niche widths among and within communities:

@ Springer

SIBER - stable isotope Bayesian ellipses in R. J Animal
Ecol 80:595-602. https://doi.org/10.1111/j.1365-2656.
2011.01806.x

Kishe-Machumu MA, van Rijssel JC, Poste A, Hecky RE,
Witte F (2017) Stable isotope evidence from forma-
lin—ethanol-preserved specimens indicates dietary shifts
and increasing diet overlap in Lake Victoria cichlids.
Hydrobiol ~ 791(1):155-173.  https://doi.org/10.1007/
s10750-016-2925-1

Langone JA (2005) Notas sobre el Mejillon dorado Limn-
operna fortunei (Dunker, 1857) (Bivalvia, Mytilidae) en
Uruguay. Publicacion extra del Museo Nacional de Histo-
ria Natural y Antropologia on line

Layman CA, Arrington DA, Montaiia CG, Post DM (2007)
Can stable isotopes ratios provide for community-wide
measures of trophic structure? Ecology 88:42-48. https://
doi.org/10.1890/0012-9658(2007)88[42: CSIRPF]2.0.
CO;2

Layman CA, Araujo MS, Boucek R, Hammerschlag-Peyer MS,
Harrison E, Jud ZR et al (2012) Applying stable isotopes
to examine food-web structure: an overview of analyti-
cal tools. Biol Rev 87:545-562. https://doi.org/10.1111/j.
1469185X.2011.00208.x

Lazzaro X, Lacroix G, Gauzens B, Gignoux J, Legendre S
(2009) Predator foraging behaviour drives food-web topo-
logical structure. J Anim Ecol 78:1307-1317. https://doi.
org/10.1111/§.1365-2656.2009.01588.x

Levin LA, Currin C (2012) Stable isotope protocols: sampling
and sample processing

Lépez-Rodriguez A, Silva I, de Avila-Simas S, Stebniki S,
Bastian R, Massaro MV, Pais J, Tesitore G, Teixeira de
Mello F, D’Anatro A, Vidal N, Meerhoff M, Reynalte-
Tataje D, Zaniboni-Filho E, Gonzalez-Bergonzoni I
(2019) Diets and trophic structure of fish assemblages in
a large and unexplored subtropical river: The Uruguay
River. Water 11(7):1374. https://doi.org/10.3390/w1107
1374

Martin SM., Darrigran, GA (1994)&nbsp;Limnoperna fortunei
(Dunker, 1857) en el balneario Bagliardi, Rio de la Plata:
alteracion en la composiciéon de la malacofauna litoral
(No. DOC 0063)

McCann K, Hastings A, Huxel GR (1998) Weak trophic inter-
actions and the balance of nature. Nature 395:794-798

Muniz P, Clemente JM, Brugnoli E (2005) Benthic invasive
pests in Uruguay: a new problem or an old one recently
perceived? Mar Poll Bull 50:993-1018

Mwijage A, Lyasenga TJ, Shilla DJ, Mahugija JAM, Gaspare
L, Mfilinge PL, Shilla DA (2021) Diet and isotopic niche
dimensions of predatory fish in two estuaries with differ-
ent degrees of anthropogenic disturbances: a case study
of Wami and Pangani Tanzanian coastal estuaries. Adv
Oceanogr Limnol. https://doi.org/10.4081/aiol.2021.9987

Nielsen JM, Clare EL, Hayden B, Brett MT, Kratina P (2017)
Diet tracing in ecology: method comparison and selection.
Methods Ecol Evol 9:278-291

Oliveira CR, Fugi R, Brancalhad KP (2010) Fish as potential
controllers of invasive mollusks in a neotropical reservoir.
Natureza Conservagad 8:140-144

Paolucci E, Thuesen E, Cataldo D, Boltovskoy D (2010)
Veligers of an introduced bivalve (Limnoperna fortu-
nei) are a new food resource that enhances growth of


https://doi.org/10.1002/2015JG003249
https://doi.org/10.1002/2015JG003249
https://doi.org/10.1643/0045-8511(2002)002[1106:SALTEO]2.0.CO;2
https://doi.org/10.1643/0045-8511(2002)002[1106:SALTEO]2.0.CO;2
https://doi.org/10.1643/0045-8511(2002)002[1106:SALTEO]2.0.CO;2
https://doi.org/10.1111/j.1439-0426.2004.00570.x
https://doi.org/10.1111/j.1439-0426.2004.00570.x
https://doi.org/10.1111/1365-2664.13573
https://doi.org/10.1111/1365-2664.13573
https://doi.org/10.1111/2041-210X.12313
https://doi.org/10.1111/2041-210X.12313
https://doi.org/10.1111/j.1095-8649.1980.tb02775.x
https://doi.org/10.1111/j.1365-2656.2011.01806.x
https://doi.org/10.1111/j.1365-2656.2011.01806.x
https://doi.org/10.1007/s10750-016-2925-1
https://doi.org/10.1007/s10750-016-2925-1
https://doi.org/10.1890/0012-9658(2007)88[42:CSIRPF]2.0.CO;2
https://doi.org/10.1890/0012-9658(2007)88[42:CSIRPF]2.0.CO;2
https://doi.org/10.1890/0012-9658(2007)88[42:CSIRPF]2.0.CO;2
https://doi.org/10.1111/j.1469185X.2011.00208.x
https://doi.org/10.1111/j.1469185X.2011.00208.x
https://doi.org/10.1111/j.1365-2656.2009.01588.x
https://doi.org/10.1111/j.1365-2656.2009.01588.x
https://doi.org/10.3390/w11071374
https://doi.org/10.3390/w11071374
https://doi.org/10.4081/aiol.2021.9987

Historical analysis reveals ecological shifts in two omnivorous fish after the invasion of...

larval fish in the Parana” river (South America). Fresh
Biol 55:1831-1844. https://doi.org/10.1111/j.1365-2427.
2010.02418.x

Pastorino G, Darrigran G, Martin S, Lunaschi G (1993) Limn-
operna fortunei (Dunker 1857) (Mytilidae), nuevo bivalvo
invasor en aguas del Rio de la Plata. Neotr6pica 39:34

Pazos RS, Spaccesi F, Gémez N (2020) First record of micro-
plastics in the mussel Limnoperna fortunei. Reg Stud
Mar Sci 38:101360. https://doi.org/10.1016/j.rsma.2020.
101360

Penchaszadeh PE, Darrigran G, Angulo C, Averbuj A, Brogger
M, Dogliotti A, Pirez N (2000) Predation of the invasive
freshwater mussel Limnoperna fortunei (Dunker 1857)
(Mytilidae) by the fish Leporinus obtusidens Valenci-
ennes, 1846 (Anostomidae) in the Rio de la Plata, Argen-
tina. J Shellfish Res 19:229-231

Post DM (2002) Using stable isotopes to estimate trophic posi-
tion: models, methods, and assumptions. Ecology 83:703—
718. https://doi.org/10.1890/0012-9658(2002)083

Post DM, Layman CA, Arrington DA, Takimoto G, Quattro-
chi J, Montaia CG (2007) Getting to the fat of the mat-
ter: models, methods and assumptions for dealing with
lipids in stable isotope analyses. Oecologia 152:179-189.
https://doi.org/10.1007/s00442-006-0630-x

Quezada-Romegialli C, Jackson AL, Hayden B, Kahilainen
KK, Lopes C, Harrod C (2018) tRophicPosition, an R
package for the Bayesian estimation of trophic position
from consumer stable isotope ratios. Methods Ecol Evol
9:1592-1599

Rabuffetti AP, Espinola LA, Abrial E, Amsler ML, Eurich MF,
Blettler MC (2021) The influence of hydro-climatic and
anthropogenic effects on the long-term variation of com-
mercial fisheries in a large floodplain river. River Res
Appl 37(1):78-90. https://doi.org/10.1002/rra.3741

R Core Team (2020) R: A language and environment for statis-
tical computing. R Foundation for Statistical Computing.
https://www.R-project.org/

Riggi LGA, Bommarco R (2019) Subsidy type and qual-
ity determine direction and strength of trophic cascades
in arthropod food web in agroecosystems. J Appl Ecol
56:1982-1991. https://doi.org/10.1111/1365-2664.13444

Sacramento PA, Manetta GI, Benedito E (2016) Diet-tissue
discrimination factors (A 13C and A 15N) and turnover
rate in somatic tissues of a neotropical detritivorous fish
on C3 and C4 diets. J Fish Biol 89(1):213-219. https://
doi.org/10.1111/jfb.12859

Sarakinos HC, Johnson ML, Zanden MJV (2002) A synthesis
of tissue-preservation effects on carbon and nitrogen sta-
ble isotope signatures. Can J Zool 80(2):381-387. https://
doi.org/10.1139/202-007

Scarabino F, Verde M (1995) Limnoperna fortunei (Dun-
ker1857) en la costa Uruguaya del Rio de la Plata (Bival-
via: Mytilidae). Comunicaciones De La Sociedad Mala-
colégica Del Uruguay 7:374-375

Scarabotti PA, Lucifora LO, Espinola LA, Rabuffetti AP, Liotta
J, Mantinian JE, Sanchez S (2021) Long-term trends of
fishery landings and target fish populations in the lower
La Plata basin. Neotrop Ichthyol. https://doi.org/10.1590/
1982-0224-2021-0013

Schoener TW (1989) Food webs from the small to the large:
the Robert H MacArthur award lecture. Ecology 70:1559—
1589. https://doi.org/10.2307/1938088

Silva Z, Nascimento PEC, Vitule JRS, Frehse FA, Oliveira MS,
Mourgués-Schurter LR (2019) Diet and resource sharing
by two Pimelodidae species in a Southeastern Brazilian
reservoir. Biota Neotrop 19(3):e20180675. https://doi.org/
10.1590/1676-0611-BN-2018-0675

Silva I, Naya DE, Teixeira de Mello F, D’Anatro A, Tesitore G,
Clavijo C, Gonzalez-Bergonzoni I (2020) Fish vs. Aliens:
predatory fish regulate populations of Limnoperna fortu-
nei mitigating impacts on native macroinvertebrate com-
munities. Hydrobiologia 848(9):2281-2301. https://doi.
org/10.1007/s10750-020-04421-9

Silva I et al (2021) Interacciones entre el mejillon dorado y
macroinvertebrados bentdnicos nativos del Rio Uruguay.
INNOTEC e573-e573. https://doi.org/10.26461/22.04

Souza Campos MC et al (2014) Modelling of the potential
distribution of Limnoperna fortunei (Dunker, 1857) on a
global scale. Aquat Invasions 9(3):253-265. https://doi.
org/10.3391/2i.2014.9.3.03

Spaccesi FG, Rodrigues-Capitulo A (2012) Benthic communi-
ties on hard substrates covered by Limnoperna fortunei
Dunker (Bivalvia, Mytilidae) at an estuarine beach (Rio
de la Plata, Argentina). J Limnol. https://doi.org/10.4081/
jlimnol.2012.e15

Stevens CE, Hume ID (1998) Contributions of microbes in ver-
tebrate gastrointestinal tract to production and conserva-
tion of nutrients. Physiol Rev 78(2):393-427. https://doi.
org/10.1152/physrev.1998.78.2.393

Sylvester F, Boltovskoy D, Cataldo DH (2007) Fast response
of freshwater consumers to a new trophic resource: preda-
tion on the recently introduced Asian bivalve Limnoperna
fortunei in the lower Parana river, South America. Austral
Ecol 32:403-415. https://doi.org/10.1111/j.1442-9993.
2007.01707.x

Teixeira de Mello F, Gonzalez-Bergonzoni I, Loureiro M.
(2011). Peces de agua dulce del Uruguay. PPR-MGAP
(Montevideo, Uruguay)

Thompson RM et al (2012) Food webs: reconciling the struc-
ture and function of biodiversity. Trends Ecol Evol
27:689-697. https://doi.org/10.1016/j.tree.2012.08.005

Turner TF, Krabbenhoft TJ, Collyer ML, Krabbenhoft CA,
Edwards MS, Sharp ZD (2015) Retrospective stable iso-
tope analysis reveals ecosystem responses to river regu-
lation over the last century. Ecology 96(12):3213-3226.
https://doi.org/10.1890/14-1666.1

Vander Zanden MJ, Chandra S, Allen BC, Reuter JE, Goldman
CR (2003) Historical food web structure and restoration
of native aquatic communities in the Lake Tahoe (Califor-
nia—Nevada) Basin. Ecosystems 6:274-288. https://doi.
org/10.1007/s10021-002-0204-7

Vander Zanden MJ, Clayton MK, Moody EK, Solomon CT,
Weidel BC (2015) Stable isotope turnover and half-
life in animal tissues: a literature synthesis. PLoS one
10:e0116182. https://doi.org/10.1371/journal.pone.01161
82

Vidal N, D’Anatro A, Lopez-Rodriguez A, Teixeira de Mello F
(2020) Monitoreo de la pesca artesanal en el Rio Uruguay
a través de informacién generada por pescadores de la

@ Springer


https://doi.org/10.1111/j.1365-2427.2010.02418.x
https://doi.org/10.1111/j.1365-2427.2010.02418.x
https://doi.org/10.1016/j.rsma.2020.101360
https://doi.org/10.1016/j.rsma.2020.101360
https://doi.org/10.1890/0012-9658(2002)083
https://doi.org/10.1007/s00442-006-0630-x
https://doi.org/10.1002/rra.3741
https://www.R-project.org/
https://doi.org/10.1111/1365-2664.13444
https://doi.org/10.1111/jfb.12859
https://doi.org/10.1111/jfb.12859
https://doi.org/10.1139/z02-007
https://doi.org/10.1139/z02-007
https://doi.org/10.1590/1982-0224-2021-0013
https://doi.org/10.1590/1982-0224-2021-0013
https://doi.org/10.2307/1938088
https://doi.org/10.1590/1676-0611-BN-2018-0675
https://doi.org/10.1590/1676-0611-BN-2018-0675
https://doi.org/10.1007/s10750-020-04421-9
https://doi.org/10.1007/s10750-020-04421-9
https://doi.org/10.26461/22.04
https://doi.org/10.3391/ai.2014.9.3.03
https://doi.org/10.3391/ai.2014.9.3.03
https://doi.org/10.4081/jlimnol.2012.e15
https://doi.org/10.4081/jlimnol.2012.e15
https://doi.org/10.1152/physrev.1998.78.2.393
https://doi.org/10.1152/physrev.1998.78.2.393
https://doi.org/10.1111/j.1442-9993.2007.01707.x
https://doi.org/10.1111/j.1442-9993.2007.01707.x
https://doi.org/10.1016/j.tree.2012.08.005
https://doi.org/10.1890/14-1666.1
https://doi.org/10.1007/s10021-002-0204-7
https://doi.org/10.1007/s10021-002-0204-7
https://doi.org/10.1371/journal.pone.0116182
https://doi.org/10.1371/journal.pone.0116182

1. Gonzalez-Bergonzoni et al.

zona de Nuevo Berlin, Fray Bentos y Las Caas (Periodo
2007-2020). Technical report, UPM S.A. https://www.
upm.uy/siteassets/documents/medioambiente/informe-
pescadores-2020.pdf

Vidal N, D’Anatro A, Gonzélez-Bergonzoni I, de Mello FT,
Naya D (2022) Morphological variation of the digestive
tract: a feeding behaviour response in a freshwater fish
species. Environ Biol Fish 105:717-727. https://doi.org/
10.1007/s10641-022-01283-z

Woodward G, Thompson R, Townsend CR, Hildrew AG
(2005) Pattern and process in food webs: evidence from
running waters. In: Belgrano A, Scharler UM, Dunne J,
Ulanowicz RE (eds) Aquatic food webs an ecosystem
approach. Oxford University Press, New York, USA, pp
51-66

Zaldta N, Naya DE (2014) Digestive flexibility during fast-
ing in fish: a review. Comp Biochem Physiol Part A Mol
Integr Physiol 169:7-14. https://doi.org/10.1016/j.cbpa.
2013.12.006

Zuur AF, Ieno EN, Walker N, Saveliev AA, Smith GM (2009)
Mixed effects models and extensions in ecology with R.
Springer, New York, NY

@ Springer

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

Springer Nature or its licensor (e.g. a society or other partner)
holds exclusive rights to this article under a publishing
agreement with the author(s) or other rightsholder(s); author
self-archiving of the accepted manuscript version of this article
is solely governed by the terms of such publishing agreement
and applicable law.


https://www.upm.uy/siteassets/documents/medioambiente/informe-pescadores-2020.pdf
https://www.upm.uy/siteassets/documents/medioambiente/informe-pescadores-2020.pdf
https://www.upm.uy/siteassets/documents/medioambiente/informe-pescadores-2020.pdf
https://doi.org/10.1007/s10641-022-01283-z
https://doi.org/10.1007/s10641-022-01283-z
https://doi.org/10.1016/j.cbpa.2013.12.006
https://doi.org/10.1016/j.cbpa.2013.12.006

	Historical analysis reveals ecological shifts in two omnivorous fish after the invasion of Limnoperna fortunei in the Uruguay river
	Abstract 
	Introduction
	Material and methods
	Study area
	Sampling design
	Dietary determinations
	Samples for stable isotopes
	Gut morphometry metrics

	Data analysis
	Diet based trophic niche metrics
	Isotopic metrics
	Statistical analysis

	Results
	Discussion
	Acknowledgements 
	References


