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Abstract Previous work has shown that the invasive
bivalve Limnoperna fortunei has had a measurable
impact on local food webs, but knowledge of the
trophic interactions involved is still very limited. On
the basis of samples collected along the lower
Paraguay-middle Parana rivers, we studied the feeding
behavior and selectivity of larval fish, with emphasis
on veligers of the introduced bivalve L. fortunei.
Among feeding larvae (i.e., without a yolk sac), 16.5%
had only Limnoperna veligers in their guts, while
15.6% had veligers and some other prey. Half of the
fish taxa recorded (8 out of a total of 16) consumed
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Limnoperna veligers. The Paraguay and Parana rivers
differed strongly in the proportions of fish larvae that
consumed veligers: 14 and 68%, respectively. This
difference paralleled the availability of veligers in the
water column, which was significantly lower in the
Paraguay (0.8 £ 0.5ind. 1™ ') than in the Parana River
(5.5 £ 2.3 ind. 1"). Conversely, cladocerans, origi-
nally the staple food of fish larvae, were more
abundant in the Paraguay (consumed by 48% of the
individuals) than in the Parana River (26%). These
results indicate that, when widely available, Limno-
perna veligers largely replace the original prey of fish
larvae, especially in their younger stages
(protolarvae).

Keywords Ichthyoplankton - Dietary shift - Feeding
plasticity - Invasive species - Prey selection -
Limnoperna fortunei - South America - Fish larvae

Introduction

Limnoperna fortunei, an Asian mytilid bivalve, was
first discovered in the Rio de la Plata estuary,
Argentina, around 1990 (Pastorino et al., 1993). Two
decades later, Limnoperna had colonized practically
all the Rio de la Plata basin, including areas in
Argentina, Bolivia, Paraguay, Uruguay, and Brazil
(Darrigran, 2002; Boltovskoy et al., 2006). On suitable
substrata, Limnoperna beds can reach very high

@ Springer


http://dx.doi.org/10.1007/s10750-014-2108-x

212

Hydrobiologia (2015) 745:211-224

densities, up to over 200,000 ind. m~2 (Sylvester et al.,
2007), resulting in high veliger concentrations in the
water column (occasionally up to over 100 larvae 17",
normally around 7-20 larvae 1~' (Boltovskoy et al.,
2009; Nakano et al., 2010). Local fishes have rapidly
adjusted to this new resource: at least 50 species have
been observed to feed on adult mussels (Boltovskoy &
Correa, 2014), and 11 larval fishes on Limnoperna
veligers (Paolucci et al., 2007). Laboratory experi-
ments indicate that predation pressure of fish larvae on
Limnoperna veligers depends on the relative avail-
ability of the prey (Paolucci et al., 2010a, b), which has
been shown to vary greatly, both in time and in space
(Boltovskoy et al., 2009; Darrigran et al., 2011;
Oliveira et al., 2011; Boltovskoy et al.,, 2013).
However, in wild communities, the implications of
these experimental results have not been investigated.

Here, we estimate dietary differences in indigenous
larval fishes exposed to dissimilar densities of Limno-
perna veligers, analyzing the mechanisms involved in
the responses of native predators, and interpreting the
impacts on both prey and predators. The objectives of
our study were: (1) To compare the importance of
mussel veligers in the diet of fish larvae from the
Lower Paraguay and the Middle Parana rivers; (2) To
analyze changes in the trophic selectivity of larval
fishes as a function of their developmental stage and
veliger availability; (3) To assess the selectivity of the
fish larvae for indigenous versus introduced prey
items; and (4) To analyze temporal differences in the
impact of veligers on the diet of larval fishes in the
Parana River by comparing these results with a similar
database collected 5 years earlier.

Methods

The study area included the Lower Paraguay River,
from the city of Asuncién, Paraguay (25°15'S,
57°38'W) to its confluence with the Parana River
(27°17'S, 58°37'"W); and the Middle Parand River
from its confluence with the Paraguay River to around
32°18'S, 60°41'W (Fig. 1). This ca. 1,000 km stretch
forms part of one of the largest lotic systems in the
world, discharging around 20,000 m> s~ of water
into the Rio de la Plata estuary. In both rivers, L.
fortunei colonized areas upstream of our sampling
sites since at least 1997 (Boltovskoy et al., 2006). The
Paraguay and Parana rivers host over 400 fish species
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(Quirds et al., 2007), including several large migratory
forms such as Prochilodus lineatus, Leporinus obtu-
sidens, Schizodon fasciatus, Pimelodus maculatus, P.
albicans, Sorubim lima, Pseudoplatystoma fasciatum,
P. corruscans, Salminus brasiliensis, and others.
Mature adults of these species migrate upstream along
the Paraguay-Parana system, spawn (chiefly between
October—March), and larvae drift passively down-
stream until they reach a marginal wetland where they
feed and grow for 1-2 years (de Resende, 2003).
Young adults return to the main river channel and drift
downstream until sexual maturation, when the
upstream migration begins (de Resende, 2003). Unlike
the Paraguay-Parand system, fish migrations between
the Middle and the Upper Parana rivers are interrupted
by a major barrier: the Yacyreta dam (Fig. 1).

Daytime samples of drifting ichthyoplankton (2-3
per site) and zooplankton (1-2 per site) were collected
at 15 locations along the Paraguay and Parana rivers
(Fig. 1). All samples were collected daily during a
cruise of the “Dr. Leloir” research vessel (Prefectura
Naval Argentina—Argentine Coast Guard) between
28 October and 9 November 2005. For the ichthyo-
plankton, flow-metered stationary nets (conical,
0.35 m mouth diameter, 1 m-long, 300 um-mesh)
were deployed for periods of ~ 10 min in open areas
with ~0.3-1.0 m s~'. Zooplankton samples were
obtained filtering 100 1 of bucket-collected surface
water through a 25 um-mesh net. Immediately after
collection samples were fixed with 5% formaldehyde.

Larval fish and zooplankton (Limnoperna veligers,
cladocerans, copepods, and insect larvae) were
counted and measured under a binocular microscope
equipped with an eyepiece micrometer. Counts were
based on the entire volume retrieved (when total
numbers of organisms were below 50) or, for larger
samples, on subsamples obtained with a Folsom
splitter (McEwen et al., 1954) containing at least 50
organisms. In order to better account for the larger
(and scarcer) organisms, most feeding fish larvae were
removed from the sample prior to subsampling (the
abundance figures reported account for this method).
This procedure allowed analyzing ca. 100% of the fish
larvae with gut contents present in the materials
collected.

Identifications of the fish larvae were performed
according to Nakatani et al. (2001). Developmental
stages were assigned to larval fish as follows: proto-
larvae (no median fins); mesolarvae (with rays in some
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Fig. 1 Location of sampling sites along the Paraguay (empty circles;

median fins); and metalarvae (well-developed rays in
all median fins) (Snyder, 1983).

Larval fish were dissected, and their gut contents
examined under a binocular microscope. Food items
were identified, measured, quantified, and assigned to
one of six categories: Limnoperna veligers, cladocer-
ans, copepods, immature insects, fish larvae, and
algae. Unidentifiable remains were combined into an
“‘Unidentified material’’ category. Food items with
clear signs of having been captured shortly before or
during sample collection (undigested and located in
the mouth or anterior section of the digestive tract),
were excluded from the analyses in order to avoid the
bias resulting from accidental predation after capture
(Fuentes & Quiroga, 2012).

For each prey item, frequency of occurrence (FO)
was estimated as the number of stomachs containing
one or more individuals of the corresponding prey
as a proportion of all stomachs with some gut
contents (Hyslop, 1980). For cladocerans, copepods,
and larval insects, the size-to-weight conversions of
Dumont et al. (1975), Bottrell et al. (1976) and

55°

| [
50° 45° W

Stations 1-6) and Parana (filled circles; Stations 6-15) rivers

Masaferro et al. (1991) were used to estimate
biomass. Mean dry weight of Limnoperna veligers
was based on 400 straight-hinged and umboned
veligers oven-dried at 60°C to constant weight. For
the most abundant fish larvae (Prochilodus lineatus
and Pimelodidae) found in the stomach contents of
other fish larvae, the dry weight was estimated in a
similar manner using a total of 383 individuals
grouped into twenty 0.5 mm length categories. Fish
larvae were classified on the basis of the biomass of
the main prey items consumed.

Estimates of the food available to the fish larvae
at each site were based on the zooplankton
samples, except for larval fish (as prey for other
larvae), for which the ichthyoplankton samples
were used.

Selectivity values for each prey item were assessed
using a Chi-square-based index (Pearre, 1982):

(lag - be — ac - bal - (n2))]

==
¢ (a-b-e-d
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Table 1 General information on the diet of fish larvae and zooplankton recorded in the Paraguay and Parana rivers. Biomass values

are in pg dry weight

Variable River Mann-Whitney U test
Paraguay (Stations 1-6) Parand (Stations 7-15) Z value P value

Larvae analyzed 1,275 806

Total larvae with yolk sac [1] 673 [52.8%] 286 [35.5%]

Total feeding fish larvae 602 520

Larvae without gut content [2] 448 [74.4%)] 443 [85.2%]

Larvae with gut contents [2] 154 [25.6%] 77 [14.8%] —0.94 0.3458
Protolarvae [3] 73 [47.1%] 55 [71.4%] —1.30 0.1949
Mesolarvae [3] 62 [40.5%] 15 [19.5%] 1.47 0.1407
Metalarvae [3] 19 [12.4%] 7 [9.1%] - -

Zooplankton (ind. 17'+SD) Mann-Whitney U test

Z value P value

Veligers of L. fortunei 0.8 £ 0.5 55+23 —-3.97 0.0001

Cladocerans 0.5+03 03+ 04 2.86 0.0043

Copepods 0.6 + 04 0.5+05 1.31 0.1891

Larval fish (x1072) 24+ 1.8 0.8 + 04 1.65 0.0990

Insects 0.6 + 0.9 0.1 £ 0.1 0.95 0.3410

Frequency of occurrence t test (df = 13)

t value P

L. fortunei [3] 22 [14.2%] 53 [68.4%] —3.57 0,0034

Cladocerans [3] 74 [48.0%] 20 [26.3%] 3.42 0.0046

Copepods [3] 17 [11.0%] 2 [2.6%] 2.34 0.0356

Larval fish [3] 27 [17.5%] 6 [7.8%] 141 0.1818

Insects [3] 24 [15.5%] 6 [7.8%] 3.17 0.0074

Mean biomass (pg dry weight) Mann-Whitney U test

Z value P

L. fortunei [4] 21.4 [1.4%] 112.5 [19.8%] —2.24 0.0251

Cladocerans [4] 93.8 [4.5%] 12.3 [2.1%] 2.65 0.0080

Copepods [4] 43.5 [2.1%] 2.0 [0.3%] 1.94 0.0518

Larval fish [4] 1896.3 [92.1%] 441.0 [77.5%] 0.94 0.3458

Insects [4] 2.0 [0.1%] 0.4 [0.1%] 1.65 0.9896

[1] Proportion of totals analyzed at each site; [2] Proportion of all feeding fish larvae; [3] Proportion of all non-empty guts analyzed at
each site; and [4] Proportion of total food biomass at each site

Where:

a=aq+ ae
b =be+ by
d=aq+ by
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e =dae + b

n=a+b

where a4 and a. are the numbers of specimens of

prey a in the diet

and

in the environment,

respectively; bq and b., are the summed numbers
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Fig. 2 Mean contribution
of the five main food items
to the diet of fish larvae

Paraguay River

Parana River

% of guts with each prey (of all guts with food)

recorded iI:l t'he Paraguay Veligers = *k *k
and Parana rivers.
Statistically significant Cladocerans X% E*
differences between the two Copepods | |* *
rivers are denoted with
asterisks: *P < 0.05 or Larval fish KNS
ok
Mann-Whitoey 6t for FO escts [_Jxx L S
and biomass, respectively 0 20 40 60 80% 0 20 40 60 80%
Mean number of prey specimens per fish gut
Veligers
Cladocerans
Copepods
Larval fish
Insects
0 1 2 3 0 1 2 3
Mean biomass (ug dry weight) per fish gut
Veligers : F
Cladocerans
Copepods j
Larval fish | 123] 5.8]
Insects
0 1 2 3 0 1 2 3
Mean proportion of total biomass in gut
Veligers | ** *%
Cladocerans *% *¥%
Copepods = I
Larval fish | 93.2] 1 77.7]
Insects [lx% *%
0 10 15 20 25% 0 10 15 20 25%
of all other prey items in the diet and in the corresponding selectivity value was statistically

environment, respectively. This index ranges
between 1 and —1; with significant positive and
negative values indicating that the item is prefer-
entially preyed upon or preferentially rejected,
respectively. Zero indicates lack of selectivity. This
expression was chosen because it is not affected by
the relative abundance of uncommon prey items. In
addition, it allows statistical estimates of signifi-
cance for any sample size, which is especially
important for the scarcest prey items (Lazzaro,
1987; Pearre, 1982). When the expected frequency
of a given prey item was above 5%, the

assessed using y° test and Yate’s correction for
continuity (Pearre, 1982; Zar, 1999).

Differences in zooplankton densities, frequency,
and biomass of prey items between rivers and
between developmental stages were tested using
t tests after arc-sin transformation of the frequency
data (Sokal & Rohlf, 1979). When the assumptions
for parametric tests were not fulfilled, the differ-
ences were assessed with non-parametric techniques
(Mann—Whitney test) (Daniel, 1978). A significance
level of 0.05 or 0.01 was used for all statistical
tests.
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The large proportion of yolk sac fish larvae, as well
as, fish larvae with empty guts recorded by this and
previous studies (de Resende, 2003; Paolucci et al.,
2007) in the main channel of the Parana and Paraguay
rivers indicates that the most abundant fish species
feed chiefly in the marginal environments (Welcom-
me, 1979; Fuentes & Espinach Ros, 1998). In contrast,
the main channel is an important nursery habitat for
several large migratory species (Rossi, 2001; Rossi
et al., 2007), but since their proportion of all fishes is
low, even large sample sizes yield few feeding larvae.
In our samples, only ~ 10% of the >2,000 fish larvae
analyzed contained some gut contents (see below). In
order to assess whether our main conclusions could
have been biased by these low sample sizes, we
repeated all statistical analyses on a reduced dataset
where 50% of the data had been eliminated at random.
The same procedure (randomly eliminating different
subsets of data) was replicated 10 times for each
analysis (See online Resource 1 and 2). The results of
this exercise showed that all major statistically
significant differences obtained with the reduced
datasets paralleled those based on the entire dataset,
suggesting that the trends described are strong and
consistent, and were not affected by sample size.

Results

Of the 2081 fish larvae analyzed (~ 140 per site), 959
(46%) were feeding endogenously (yolk sac), and 891
(43%) had empty guts. In most analyses, these larvae
were only considered in estimates of fish larvae as prey
of other fish larvae, but not in those aimed at assessing
larval fish diets and selectivity (Table 1). Among the
1,122 larvae without a yolk sac, proportions of those
that had some gut contents varied widely between
species, ranging from over 50% (in Siluriformes), to
below 2% (some Characiformes) (Table 2).

Of the 231 larval fish with gut contents, 38 (16.5%)
fed exclusively on Limnoperna veligers, and 36
(15.6%) had veligers, and some other prey in their
guts. Veligers were found in 32% of the feeding larvae
analyzed, whereas cladocerans were recorded in 40%.
Biomass of veligers was first in importance in 66% (24
cases) of the specimens that consumed Limnoperna
veligers and any other food item (36 larval fish).

On the basis of the biomass of the different prey
items consumed, the 16 fish taxa recorded were
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classified into three groups (Table 2). The largest
group, encompassing seven taxa (P. lineatus, Aparei-
odon affinis, Plagioscion sp, Catathyridium jenynsii,
protolarvae of Anostomidae and Pimelodidae, and
other small unidentified siluriformes), had a diet
mostly composed of cladocerans and/or veligers, and
occasionally copepods and insects (Table 2). The
second group, with six taxa (lheringichthys labrosus,
S. lima, Luciopimelodus pati, Pimelodus sp., members
of the Fam. Characidae, and other small unidentified
Characiformes), consumed chiefly copepods and/or
larval fish, and to a lesser extent cladocerans, veligers,
and occasionally other items such as insects (Table 2).
The third group, with three taxa (S. brasiliensis,
Pseuplatystoma sp., and Rhaphiodon vulpinus), was
largely piscivorous consuming larvae of P. lineatus
and Pimelodidae.

Paraguay versus Parana rivers

The Paraguay River yielded higher abundances and
diversities of fish larvae than the Parana (Tables 1 and
2), but the proportions of larvae with gut contents did
not differ significantly between the two rivers
(Table 1). On the other hand, the composition of the
zooplankton and larval fish diets was strikingly
different (Table 1;Figs. 2 and 3). On average, veligers
were over 6 times more abundant in the zooplankton of
the Parand than in the Paraguay River (P < 0.0001,
Mann—Whitney U test; Table 1; Fig. 3). Cladocerans,
copepods, larval fish, and insects were more abundant
in the Paraguay River, but only for cladocerans, were
these differences statistically significant (Table 1).
Both pooled data and average values per fish
species indicate that veligers were ca. 5 times more
common in fishes caught in the Parand (68.4% of
which consumed Limnoperna) than in the Paraguay
River (14.2%) (P < 0.01, t test; Fig. 2; see Online
Resources 1 and 2 for results based on reduced
dataset). Concomitantly, veliger biomass represented
a higher proportion of overall gut contents in fishes
from the Parana (mean: 19.8%) than in those from the
Paraguay River (mean: 1.4%; Fig.2; P <0.01,
Mann—Whitney U test; see Online Resources 1 and
2). As opposed to veligers, cladocerans were more
frequently consumed and represented a higher pro-
portion of the gut contents in the Paraguay River
(P = 0.0046, ¢ test, and P = 0.0080, Mann—Whitney
U test for FO and biomass, respectively; Table 1;
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fish

fortunei

material

fish

fortunei

contents

[3]

River [1]

River [1]

0.0 441.1

0.0

0.0

0.06 0.05 22
[0.3]

[0.1]

0.4

Salminus

[0.0] [0.0] [0.0] [100.0] [0.0]

[0.0] [14.2]

[0.0] [0.0] [85.7]

[0.0]

[58.3]

[12]

brasiliensis

[1] Proportions of larvae retrieved in each river; [2] Total feeding larvae; [3] Proportions of all feeding larvae; and [4] Proportions of all non-empty guts analyzed. Biomass values

are in pg dry weight

Fig. 2). This trend between rivers was observed for 5
of the 6 commonest fish species recorded on this
survey (Fig. 4).

The higher incidence of veligers (in terms of both
numbers and biomass) in fishes from the Parana River
was particularly noticeable among the early develop-
mental stages. Proto- and mesolarval stages of fishes
from the Parana River displayed significantly higher
values of frequency of occurrence than those collected
in the Paraguay River (P < 0.03 and P < 0.04, Mann—
Whitney U test for proto and mesolarval fish, respec-
tively; Fig. 5). In both rivers, the relative FO and
biomass of food items consumed varied with fish size:
small larvae (5-6 mm in length) relied chiefly on
veligers, whereas larger ones (> 11.3 mm) gradually
shifted to cladocerans and fish larvae (Fig. 5).

Differences between the two rivers surveyed were
also strongly reflected by the alimentary selectivity of
their fish larvae (Fig. 6). For most fishes, selectivity
toward Limnoperna larvae was positively associated
with the absolute abundance of veligers in the water
column (Fig. 3 and 6); thus, the more veligers were
available, the more fishes relied on them for their
feeding. In the Paraguay River, none of the fishes
assayed showed statistically significant positive selec-
tivity for veligers, whereas in the Parana, significant
positive figures were found for I labrosus and
Pimelodidae. In the Paraguay River, cladocerans were
usually favored over other prey, often accounting for
significantly higher proportions of all items in the
stomachs than in the water column. In contrast, in the
Parana, higher proportions in the diet than in the water
column were almost invariably shown by veligers
(Fig. 6).

Discussion

A salient result of our survey is that the importance of
veligers of Limnoperna fortunei in the diet of larval
fishes significantly differs between the Middle Parana
and the Lower Paraguay River. On average for all the
fish that had food in their alimentary tract, veligers
were 5 times more important as a food resource in the
Parana. With the only exception of S. lima, which
never consume veligers, all of the most abundant
fishes present in both rivers had a noticeably higher
incidence of veligers in the Parana than in the
Paraguay River (Fig. 4). Between-river differences
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in the taxonomic composition of the ichthyoplankton
were minor (Table 2) and, therefore, unlikely to
explain this contrast. Proportions of protolarval fish
stages, which feed preferentially on veligers
(Table 1), were 1.5 times higher in the Parana, but
this difference was too low to account for the
dissimilarity in the diet.

Conversely, the density of veligers (and, therefore,
their availability as a food resource) was almost 7
times higher in the Parana than in the Paraguay River
(Table 1; Fig. 3). This contrast seems to be a perma-
nent feature of the area: mean annual larval densities
in the Parana are 6-7 larvae/l, whereas for the
Paraguay, they are ca. ten times lower (Boltovskoy
et al., 2009; Oliveira et al., 2011). This difference has
been attributed to less suitable conditions in the
Paraguay River, including reduced availability of hard
substrates for adult mussels (Amsler & Drago, 2009),
lower phytoplankton and calcium concentrations
(Oliveira et al., 2010a, 2011), and recurrent extensive
anoxic events leading to mass mortalities of sessile
adults (Oliveira et al., 2010b). We contend that these
higher densities of veligers in the Parana are most
probably responsible for the dissimilar feeding strat-
egies of fish larvae in the two rivers.

Experimental results with fish larvae of Prochilo-
dus lineatus indicate that increasing the proportion of
veligers in the plankton strongly enhances their
consumption and selectivity by the fish (Paolucci
et al., 2010a). Prey density plays a central role in the
selectivity of the predators, mainly due to an increase

in the rate of predator—prey encounters (Deudero &
Morales-Nin, 2001; Graeb et al., 2004; Fulford et al.,
2006). In fish larvae, this effect can be strong enough
to shift the selectivity behavior from neutral or even
negative—at low prey densities, to positive—when
prey abundance is increased (Dou, 2000; Islam &
Tanaka, 2008). Thus, our results are likely the
expression of this phenomenon, where larvae of the
same fish species avoid feeding on Limnoperna
veligers when these are scarce (Paraguay River), but
select them over other prey when they become
abundant.

Investigation of predator—prey relationships can
offer insightful perspectives of evolutionary mecha-
nisms (Abrams, 2000). In this context, analyses
involving introduced species, either as predators or
as prey, constitute unique opportunities for testing
hypotheses and furthering our understanding of co-
evolutionary processes (Sax et al., 2007; Carlsson &
Strayer, 2009). Current theory recognizes several
mechanisms by which natives may adapt to introduced
species (e.g., learning, phenotypic plasticity, and
contemporary evolution), modulating the strength, or
even direction of the interactions (Carlsson & Strayer,
2009). However, most work on the impact of intro-
duced species on indigenous communities has been
centered on the effects of introduced predators on
indigenous prey, while the effects of introduced prey
on population traits of their indigenous predators are
perceived as a less acute problem, and therefore, has
received less attention (Carlsson et al., 2009). Yet
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Fig. 4 Average frequency
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examples of interactions between species that do not
share an evolutionary history resulting in a positive
outcome for the indigenous one, also termed evolu-
tionary release, are not uncommon (Carroll et al. 1997,
1998; Schlaepfer et al., 2005; Strauss et al., 2006). In
some cases, adjustment of the predator to the new prey
involves an adaptive lag (Carlsson & Strayer, 2009),
but in others, including the one discussed here,
replacement of the original diet is very fast (Mills
etal., 1992; Coulas et al., 1998; Maclsaac et al., 1999).

@ Springer

The introduction of Limnoperna in the Paraguay-
Parana watershed is a relatively recent phenomenon:
colonization of the Pantanal, in the Upper Paraguay
River, occurred around 2000 (Boltovskoy et al., 2006).
Comparison of our current results, based on samples
collected in 2005, with a similar study carried out on
materials collected in the Middle and Lower Parana in
2000-2001 (Paolucci et al., 2007), allows assessing
whether the incidence of veligers on the diet of larval
fishes has increased (for example, because of
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Fig. 5 Average frequency of occurrence and biomass of prey
items found in fish protolarvae, mesolarvae, and metalarvae.
Asterisks denote significant feeding differences between rivers

expanding mussel distribution), or if it has already
stabilized. In 2000-2001, the proportions of fish larvae
with veligers in their guts (56.0%) were similar to
those recorded in 2005 (68.4%). The biomass of
veligers, as a proportion of all food items, was also
very similar in 2000-2001 (20.3%) and in 2005
(19.8%). With the only exception of C. jenynsii, which
was not recorded at all in 2000-2001, the inventory of
taxa that consume veligers was identical in the two
periods. This result underscores the feeding plasticity
and speed in the response of these native predators to
the new trophic resource represented by Limnoperna
larvae.

In agreement with previous data (Boltovskoy et al.,
2006; Paolucci et al. 2007, 2010a, b), these results
suggest that the presence of Limnoperna has favored
native fishes. However, consumption of veligers by fish
larvae is but one of many changes brought about by the
invasion, many of which may have impacts as large as,
or even larger, than the supply of veligers as a food

for the same developmental stage at *P < 0.05 or **P < 0.01,
Mann—Whitney U test

resource. For example, although Limnoperna larvae
may conceivably have decreased fish predation pressure
on other zooplankton, veligers and adult mussels may
compete for food with native zooplankton. Furthermore,
adult mussels have been shown to consume some of the
zooplankters that their veligers have replaced in the fish
diets analyzed (Rojas Molina et al., 2009). Significant
indirect effects may also play key roles in these
interactions. For example, it has been shown that
Limnoperna boosts toxic cyanobacterial blooms (Cat-
aldo et al., 2012), which can cause large-scale fish
mortalities. In Japan, invasion by Limnoperna has been
associated with the introduction of new fish parasites
(Ogawa et al., 2004; Urabe et al., 2008). Thus, while
natural experiments created by invasions are useful for
investigating the role of evolution in community
assembly (Strauss et al., 2006), modifications associated
with species introductions are often too many and too
intricate to be amenable to straightforward cause—effect
interpretations.

@ Springer



222

Hydrobiologia (2015) 745:211-224

Paraguay River

Larval fish Selectivity index
species 03 -02 -01 00 01 0.2
1 1 1 1 11

-0.5
1

Parana River
Selectivity index
-0.1 00 01 02 03 04 0.5
1 1 1 1 1 J

-0.4

-0.3 -0.2
1

Catarhyridium jenynsii

Pimelodidae

Prochilodus lineatus
Characiformes

F

Veligers

Sorubim lima

Iheringichthys labrosus

"

Catarhyridium jenynsii

Pimelodidae

Prochilodus lineatus

*%

Characiformes

*%

Sorubim lima
Iheringichthys labrosus

Cladocerans

Catarhyridium jenynsii

Pimelodidae

Prochilodus lineatus
Characiformes

Sorubim lima

Iheringichthys labrosus

Catarhyridium jenynsii

*
Copebods

ek

Pimelodidae

| Prochilodus lineatus

*%k

| Characiformes

Insects

Sorubim lima

Iheringichthys labrosus

\JJ

Catarhyridium jenynsi
Pimelodidae
Prochilodus lineatus
Characiformes
Sorubim lima
Iheringichthys labrosus

|
[
-:
**:

Fig. 6 Mean selectivity indices for the prey items assessed by
the most abundant species present in the Paraguay and Parana
rivers. Asterisks denote significant differences between

Acknowledgements Esteban M. Paolucci was supported by a
fellowship of the National Scientific and Technical Research
Council (CONICET) to carry out this investigation. This work
was financed by Grants from the University of Buenos Aires,
Argentina (UBA X-020 and 20020100100035) and from the
Argentine Agencia Nacional de Promocién Cientifica y
Tecnoldgica, Argentina (PICT 2007 1968) to DB.

References

Abrams, P. A., 2000. The evolution of predator-prey interac-
tions: Theory and evidence. Annual Review of Ecology
System 31: 79-105.

Amsler, M. L. & E. C. Drago, 2009. A review of the suspended
sediment budget at the confluence of the Parana and Par-
aguay Rivers. Hydrological Processes 23: 3230-3235.

Boltovskoy, D. & N. Correa, 2014. Ecosystem impacts of the
invasive bivalve Limnoperna fortunei (golden mussel) in
South America. Hydrobiologia. doi:10.1007/s10750-014-
1882-9.

Boltovskoy, D., N. Correa, D. Cataldo & F. Sylvester, 2006.
Dispersion and ecological impact of the invasive fresh-
water bivalve Limnoperna fortunei in the Rio de la Plata
watershed and beyond. Biological Invasions 8: 947-963.

Boltovskoy, D., F. Sylvester, A. Otaegui, V. Leites & D. H. Cat-
aldo, 2009. Environmental modulation of reproductive

@ Springer

Larval fish

proportions of the corresponding prey in the water column and
in the gut content at *P < 0.05 or **P < 0.01 (Chi square tests)

activity of the invasive mussel Limnoperna fortunei: impli-
cations for antifouling strategies. Austral Ecology 34:
719-730.

Boltovskoy, D., N. Correa, F. Bordet, V. Leites & D. Cataldo,
2013. Toxic Microcystis (cyanobacteria) inhibit recruit-
ment of the bloom-enhancing invasive bivalve Limnoperna
fortunei. Freshwater Biology 58: 1968-1981.

Bottrell, H. H., A. Duncan, Z. M. Gliwicz, E. Grygierek, A.
Herzig, A. Hillbricht-Ilkowska, H. Kurasawa, P. Larsson &
T. Weglenska, 1976. A review of some problems in zoo-
plankton production studies. Norwegian Journal of Zool-
ogy 24:419-456.

Carlsson, N. O. L. & D. L. Strayer, 2009. Intraspecific variation
in the consumption of exotic prey — A mechanism that
increases biotic resistance against invasive species?
Freshwater Biology 54: 2315-2319. doi:10.1111/j.1365-
2427.2009.02263.x.

Carlsson, N. O. L., O. Sarnelle & D. L. Strayer, 2009. Native
predators and exotic prey — An acquired taste? Frontiers in
Ecology and the Environment 7: 525-532.

Carroll, S. P., H. Dingle & S. P. Klassen, 1997. Genetic dif-
ferentiation of fitness-associated traits among rapidly
evolving populations of the soapberry bug. Evolution 51:
1182-1188.

Carroll, S. P., S. P. Klassen & H. Dingle, 1998. Rapidly evolving
adaptations to host ecology and nutrition in the soapberry
bug. Evolutionary Ecology 12: 955-968.

Cataldo, D., A. Vinocur, L. ()Farrell, E. Paolucci, V. Leites & D.
Boltovskoy, 2012. The introduced bivalve Limnoperna


http://dx.doi.org/10.1007/s10750-014-1882-9
http://dx.doi.org/10.1007/s10750-014-1882-9
http://dx.doi.org/10.1111/j.1365-2427.2009.02263.x
http://dx.doi.org/10.1111/j.1365-2427.2009.02263.x

Hydrobiologia (2015) 745:211-224

223

fortunei boosts Microcystis growth in Salto Grande reser-
voir (Argentina): evidence from mesocosm experiments.
Hydrobiologia 680:25-38.

Coulas, R. A., H. J. Maclsaac & W. Dunlop, 1998. Selective
predation on an introduced zooplankter (Bythotrephes
cederstroemi) by lake herring (Coregonus artedii) in Harp
Lake, Ontario. Freshwater Biology 40: 343-355.

Daniel, W. W., 1978. Applied Nonparametric Statistics.
Houghton Mifflin Company, Boston.

Darrigran, G., 2002. Potential impact of filter-feeding invaders
on temperate inland freshwater environments. Biological
Invasions 4: 145-156.

Darrigran, G., C. Damborenea, E. C. Drago, I. Ezcurra de Drago
& A. Paira, 2011. Environmental factors restrict the inva-
sion process of Limnoperna fortunei (Mytilidae) in the
Neotropical region: A case study from the Andean tribu-
taries. Annales de Limnologie — International Journal of
Limnology 47: 221-229.

de Resende, E. K., 2003. Migratory fishes of the Paraguay-Pa-
rand basin excluding the Upper Parand basin. In Carols-
field, J., B. Harvey, C. Ross & A. Baer (eds) Migratory
Fishes of the Upper Parana River Basin. World Bank.,
Victoria, Canada., 99-156.

Deudero, S. & B. Morales-Nin, 2001. Prey selectivity in
planktivorous juvenile fishes associated with floating
objects in the western Mediterranean. Aquaculture
Research 32: 481-490.

Dou, S., 2000. Feeding behaviour of Japanese flounder larvae
under laboratory conditions. Journal of Fish Biology 56:
654-666.

Dumont, H. J., I. Van de Velde & S. Dumont, 1975. The dry
weight estimate of biomass in a selection of Cladocera,
Copepoda and Rotifera from the plankton, periphyton and
benthos of continental waters. Oecologia 19: 75-97.

Fuentes, C. M. & A. Espinach Ros, 1998. Variacion de la ac-
tividad reproductiva del sdbalo, Prochilodus lineatus
(Valenciennes, 1847), estimada por el flujo de larvas en el
rio Parand Inferior. Natura Neotropicalis 29: 25-32.

Fuentes, C. M. & F. Quiroga, 2012. Net feeding in ichthyo-
plankton samples from the Parand River. Journal of
Plankton Research 34: 967-975.

Fulford, R. S., J. A. Rice, T. J. Miller, F. P. Binkowski, J.
M. Dettmers & B. Belonger, 2006. Foraging selectivity by
larval yellow perch (Perca flavescens): implications for
understanding recruitment in small and large lakes. Cana-
dian Journal of Fisheries and Aquatic Sciences 63: 28—42.

Graeb, B. D. S., J. M. Dettmers, D. H. Wahl & C. E. Caceres,
2004. Fish size and prey availability affect growth, sur-
vival, prey selection, and foraging behavior of larval yel-
low perch. Transactions of the American Fisheries Society
133: 504-514.

Hyslop, E. J., 1980. Stomach contents analysis — a review of methods
and their application. Journal of Fish Biology 17: 411-429.

Islam, M. S. & M. Tanaka, 2008. Diet and prey selection in
larval and juvenile Japanese anchovy Engraulis japonicus
in Ariake Bay, Japan. Aquatic Ecology 43: 549-558.

Lazzaro, X., 1987. A review of planktivorous fishes: Their
evolution, feeding behaviours, selectivities, and impacts.
Hydrobiologia 146: 97-167.

Maclsaac, H. J., I. A. Grigorovich, J. A. Hoyle, N. D. Yan & V.
E. Panov, 1999. Invasion of Lake Ontario by the Ponto-

Caspian predatory cladoceran Cercopagis pengoi. Cana-
dian Journal Fisheries and Aquatic Sciences 56: 1-5.
Masaferro, J., A. C. Paggi & R. A. Capitulo, 1991. Estudio
poblacional de los Quironémidos (Insecta Diptera) de la
laguna de Lobos, Pcia. de Buenos Aires, Argentina. Gra-

ellsia 47: 129-137.

McEwen, G. F., M. W. Johnson & T. R. Folsom, 1954. A sta-
tistical analysis of the performance of the Folsom plankton
sample splitter, based upon test observations. Archiv flir
Meteorologie, Geophysyk und Klimatologie A7: 502-527.

Mills, E. L., R. O’Gorman, J. DeGisi, R. F. Heberger & R.
A. House, 1992. Food of the Alewife (Alosa pseudoha-
rengus) in Lake Ontario before and after the Establishment
of Bythotrephes cederstroemi. Canadian Journal of Fish-
eries and Aquatic Sciences 49: 2009-2019.

Nakano, D., T. Kobayashi & 1. Sakaguchi, 2010. Differences in
larval dynamics of golden mussel Limnoperna fortunei
between dam reservoirs with and without an aeration sys-
tem. Landscape and Ecological Engineering 6: 53—60.

Nakatani, K., A. A. Agostinho, G. Baumgartner, A. Bialetzki, P.
V. Sanches, M. C. Makrakis & C. S. Pavanelli, 2001. Ovos
e larvas de peixes de dgua doce: desenvolvimento e manual
de identificagdo. Eduem, Maringa.

Ogawa, K., T. Nakatsugawa & M. Yasuzaki, 2004. Heavy
metacercarial infections of cyprinid fishes in Uji River.
Fisheries Science 70: 132-140.

Oliveira, M., S. Hamilton & C. Jacobi, 2010a. Forecasting the
expansion of the invasive golden mussel Limnoperna for-
tunei in Brazilian and North American rivers based on its
occurrence in the Paraguay River and Pantanal wetland of
Brazil. Aquatic Invasions 5: 59-73.

Oliveira, M. D., S. K. Hamilton, D. F. Calheiros & C. M. Jacobi,
2010b. Oxygen depletion events control the invasive
golden mussel (Limnoperna fortunei) in a tropical flood-
plain. Wetlands 30: 705-716.

Oliveira, M. D., D. F. Calheiros, C. M. Jacobi & S. K. Hamilton,
2011. Abiotic factors controlling the establishment and
abundance of the invasive golden mussel Limnoperna
fortunei. Biological Invasions 13: 717-729.

Paolucci, E. M., D. H. Cataldo, C. M. Fuentes & D. Boltovskoy,
2007. Larvae of the invasive species Limnoperna fortunei
(Bivalvia) in the diet of fish larvae in the Parana River,
Argentina. Hydrobiologia 589: 219-233.

Paolucci, E. M., D. H. Cataldo & D. Boltovskoy, 2010a. Prey
selection by larvae of Prochilodus lineatus (Pisces: Curi-
matidae): Indigenous zooplankton versus veligers of the
introduced bivalve Limnoperna fortunei (Bivalvia: Mitili-
dae). Aquatic Ecology 44: 255-267.

Paolucci, E. M., E. V. Thuesen, D. H. Cataldo & D. Boltovskoy,
2010b. Veligers of an introduced bivalve, Limnoperna
fortunei, are a new food resource that enhances growth of
larval fish in the Parana River (South America). Freshwater
Biology 55: 1831-1844.

Pastorino, G., G. Darrigran, S. M. Martin & L. Lunaschi, 1993.
Limnoperna fortunei (Dunker, 1857) (Mytilidae), nuevo
bivalvo invasor en aguas del Rio de la Plata. Neotropica La
Plata 39: 101-102.

Pearre, S. J., 1982. Estimating prey preference by predators:
Uses of various indices, and a proposal of another based on
x%. Canadian Journal of Fisheries and Aquatic Sciences 39:
914-923.

@ Springer



224

Hydrobiologia (2015) 745:211-224

Quirds, R., J. A. Bechara & E. K. de Resende, 2007. Fish
diversity and ecology, habitats and fisheries for the un-
dammed riverine axis Paraguay-Parana-Rio de la Plata
(Southern South America). Aquatic Ecosystem Health &
Management 10: 187-200.

Rojas Molina, F., J. C. Paggi & M. Devercelli, 2009. Zoo-
planktophagy in the natural diet and selectivity of the
invasive mollusk Limnoperna fortunei. Biological Inva-
sions 12: 1647-1659.

Rossi, L., E. Cordiviola & M. J. Parma, 2007. Fishes. In Iriondo,
M. H., J. C. Paggi & M. J. Parma (eds), The Middle Parana
River, Limnology of a Subtropical Wetland. Springer-
Verlag, Berlin: 305-325.

Rossi, L. M., 2001. Ontogenetic diet shifts in a neotropical
catfish, Sorubim lima (Schneider) from the River Parana
System. Fisheries Management and Ecology 8: 141-152.

Sax, D., J. Stachowicz, J. Brown, J. Bruno, M. Dawson, S.
Gaines, R. Grosberg, A. Hastings, R. Holt & M. Mayfield,
2007. Ecological and evolutionary insights from species
invasions. Trends in Ecology & Evolution 22: 465-471.

Schlaepfer, M. A., P. W. Sherman, B. Blossey & M. C. Runge,
2005. Introduced species as evolutionary traps. Ecology
Letters 8: 241-246.

Snyder, D. E., 1983. Fish eggs and larvae. In Nielsen, L. & D.
Johnson (eds), Fisheries Techniques. American Fisheries
Society, Bethesda, Maryland: 165-197.

@ Springer

Sokal, R. R. & F. J. Rohlf, 1979. Biometria. Principios y
metodos estadisticos en la investigacion bioldgica.
H. Blume Publishers, Madrid.

Strauss, S. Y., C. O. Webb & N. Salamin, 2006. Exotic taxa less
related to native species are more invasive. Proceedings of
the National Academy of Sciences of the United States of
America 103: 5841-5845.

Sylvester, F., D. Boltovskoy & D. H. Cataldo, 2007. Fast
response of freshwater consumers to a new trophic
resource: predation on the recently introduced Asian
bivalve Limnoperna fortunei in the lower Parana River,
South America. Austral Ecology 32: 403—415.

Urabe, M., K. Nakai, D. Nakamura, M. Tanaka, T. Nakatsugawa
& K. Ogawa, 2008. Seasonal dynamics and yearly change
in the abundance of metacercariae of Parabucephalopsis
parasiluri (Trematoda: Bucephalidae) in the second inter-
mediate host in the Uji-Yodo River, central Japan. Fish-
eries Science 75: 63-70.

Welcomme, R. L., 1979. The Fisheries Ecology of Floodplain
Rivers. Longman, London.

Zar, J. H., 1999. Biostatistical Analysis. Prentice Hall Interna-
tional, New Jersey.



	Native fish larvae take advantage of introduced mussel larvae: field evidence of feeding preferences on veligers of the introduced freshwater bivalve Limnoperna fortunei
	Abstract
	Introduction
	Methods
	Results
	Paraguay versus Paraná rivers

	Discussion
	Acknowledgements
	References


