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Food webs in floodplain ecosystems may be based on a variety of aquatic, terrestrial or amphibious
food resources. Here, we determined which of the basal resources mostly contribute to the food webs
in a floodplain lake of the Middle Parana River using isotopic composition of C and N (8§3C and §'°N)
of potential food sources in the Parana floodplain (Argentina). We analyzed if organic matter sources
isotope of C and N differ between flooding and low water seasons, and analyzed the isotopic niche repre-
sentations of consumers in order to characterize niches width and intraguilds overlapping. To estimate
the contribution of different sources of carbon to primary consumers, we measured the stable isotopic
compositions of bottom sediment organic matter, coarse particulate organic matter, biofilm, suspended
particulate organic matter, epiphyton, phytoplankton, C3 and C4 macrophytes and riparian tree leaves,
benthic macroinvertebrates, aquatic orthopterans and fishes in dry and flooding seasons. The packages
Stable Isotope Analysis and the Stable Isotope Bayesian Ellipses algorithm in R were calculated to compare
the C and N isotopic variability between the primary consumers and their sources. The energy sources
available for benthic organisms mainly originated from autochthonous sources based on the C3 photo-
synthesis pathway. The isotopic signatures of sources and primary consumers did not differ significantly
between low and high water seasons. Our results demonstrated a higher contribution to primary con-
sumers of C3 macrophytes and low contributions of C4 for herbivores; biofilm and benthic organic matter
for gatherer collectors (Oligochaeta and Chironominae); epiphyton for ephemeropterans, amphipods and
fishes, whereas biofilm was the most important source for mussels.

© 2013 Elsevier GmbH. All rights reserved.

Introduction

focuses on the importance of the floodplain as productive areas,
whereas the Riverine Productivity Model (Thorp and Delong, 1994)

Classical concepts for the functioning of riverine systems are
generally based on organic matter flows and carbon pathways. In
the River-Continuum Concept (Vannote et al., 1980) the impor-
tanceis given to the gradual transformation of allochthonous inputs
from the terrestrial part of the catchment (e.g., leaves, wood, ripar-
ian and upland trees, shrubs, and grasses) into fine particulate
organic matter (FPOM) and dissolved organic matter (DOM), and
an increasing production of autochthonous algae along with the
increasing stream order. The Flood Pulse Concept (Junk et al., 1989)
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stresses the importance of benthic production even in lower river
section.

In this context, the study of the relative importance of the dif-
ferent food sources in freshwater food webs stand as a key issue
to understand the ecosystem functioning. For example, whereas
C4 grasses mainly represent the river bank production, C3 macro-
phytes make up most of lakes primary production in Parana River
system (Sabattini and Lallana, 2007). In a similar way the benthic
production is held by detritus inputs (particulate organic matter)
and by biofilm which is a complex of primary producers (diatoms
mainly) and microbes.

The Stable Isotopes Analysis (SIA) in ecological research allows
a quantification of the importance of the individual compart-
ments of organic matter (Fry, 2006). Indeed, this analytical tool
is increasingly used to trace energy flow and describe food web
structures because it integrates both the variation across spatial
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and temporal scales, providing important information to under-
stand food web dynamics (Peterson and Fry, 1987; Paetzold
et al., 2005, 2006; O’Callaghan et al., 2013). Moreover, in recent
years, mixing models have been developed and applied to
SIA in order to determine sources contribution to consumers
(Phillips and Gregg, 2003), being carbon and nitrogen isotope
ratio commonly used in food webs studies (Minagawa and
Wada, 1984; Post, 2002; Rubenstein and Hobson, 2004; Kurle,
2009).

The calculation of proportional contributions of the basal
resources to food webs in floodplain lakes is challenging because
existing isotopic mixing model approaches are generally sensi-
tive to the number of sources they can accommodate, based on
the number of isotopic tracers used (Phillips and Gregg, 2003).
The models (e.g., MixSIR and SIAR) that have recently emerged
based on stable isotope data combined with Bayesian analysis tech-
niques (Moore and Semmens, 2008; Parnell et al., 2010; Solomon
et al.,, 2011) incorporating many sources of variability within
the model can be adequate tools for quantifying such sources
of uncertainty and for estimating the contribution of multiple
sources to floodplain lake food webs. The isotopic values of con-
sumers may be represented in &-space and has been used to
explore questions traditionally resided within the domain of eco-
logical niche theory, formalized in the concept of “isotopic niche”
by Newsome et al. (2007, 2012). Thus, the isotopic axes pro-
vide quantitative information on both resource (bionomic) and
habitat (scenopoetic) factors commonly used to define ecologi-
cal niche space (Newsome et al., 2007; Martinez del Rio et al.,
2009).

Stable isotope studies have tested patterns of food web struc-
ture in large rivers of the neotropics (Arajo-Lima et al., 1986a,b;
Hamilton and Lewis, 1992; Hamilton et al., 1992; Martinelli et al.,
1994; Thorp et al., 1998; Lewis et al, 2001; Wantzen et al.,
2002, 2011; Benedito-Cecilio et al., 2004; Jepsen and Winemiller,
2002, 2007; Lopes et al., 2009; Correa and Winemiller, in press)
and a point of view arising from these studies is that river food
webs have a strong watershed signal embedded in consumer
isotopic compositions (Fry and Allen, 2003). The organic mat-
ter sources of aquatic food webs are highly diverse in space and
time in large river-floodplain-systems. During rising inundation
(the rising limb of the flood pulse), differently organic matter is
driven into the floodplain area (Junk and Wantzen, 2004, 2006;
Wantzen and Junk, 2006). On the other hand, autochthonous mate-
rial (e.g., biomass resulting from primary production by attached
algae, phytoplankton and aquatic macrophytes) produced or accu-
mulated during the dry period is fundamental for energy flow
and carbon stocks in floodplains of large rivers (Martinelli et al.,
1994; Benedito-Cecilio et al., 2000). Although many studies have
documented the major role of allochthonous detritus in low
order streams (Fiireder et al., 2003), autochthonous production
is also a valuable food resource because of its high nutrient and
energy contents (Forsberg et al., 1993; Thorp and Delong, 2002;
Jepsen and Winemiller, 2007). Recent works on stable isotopes
has proved the importance of algal primary production even for
smaller streams in the tropics (Brito et al., 2006; Dudgeon et al.,
2010).

Based on this conceptual background, our goals were to deter-
mine the basal resources that mostly contributed to the food
webs in a floodplain lake of the Middle Parand River, to ana-
lyze if isotopic signatures (C and N) of organic matter sources
differ between flooding and low water seasons, and to analyze
the isotopic niche representations of consumers to character-
ize niches width and intra-guilds overlapping. To address these
questions, we collected different potential energy sources and
primary consumers in a floodplain lake during two hydrological
phases.

Materials and methods
Study site

Samplings were carried out during high (November 2009 and
March 2010) and low water seasons (September and December
2010)inafloodplain lake connected to the main channel of the Mid-
dle Parana River (31°41’S, 60°43’ W). Water temperature ranged
from 24.6 to 27.7 °C during the study period. The floodplain lake
was characterized by low conductivity (62.0-70.3 wS/cm), water
transparency did not exceed 0.8 m, and dissolved oxygen varied
between 3.2 and 7.2 mg/l. The benthic particulate organic matter
ranged from 10.0 to 17.4% (Mesa et al., 2012).

Sample collection and isotope analyses

We collected different energy sources and primary consumers
in a floodplain lake during two hydrological seasons, such as bot-
tom sediment organic matter (BSOM), coarse particulate organic
matter (CPOM), biofilm, suspended particulate organic matter
(SPOM), epiphyton (filamentous green algae attached to macro-
phytes), phytoplankton, macrophytes and riparian tree leaves,
benthic macroinvertebrates, aquatic orthopterans, and fish for
SIA.

Benthic macroinvertebrates were sampled with a Tamura grab
(sampled surface: 322 cm?), the bivalves with a dredge and the
orthopterans with a D-net. After allowing time for gut clearance,
the individuals were rinsed with distilled water to remove attached
inorganic and organic materials. Depending on the body mass of
taxa, samples of multiple individuals (same location, same samp-
ling date) were pooled to provide 3-4 mg samples for replicated
analysis. The legs of orthopterans and the foot muscle in mollusks
were selected for SIA.

The dominant and more frequent C3 and C4 plants in the Parana
River system were selected to analyze the relative contribution
as sources of energy. Several leaves (10-15) of the dominant
C5 floating macrophytes such as, Eichhornia crassipes, Pistia stra-
tiotes, Salvinia biloba, Limnobium laevigatum; rooted plants, such as
Ludwigia peploides, Nymphoides indica, Polygonum sp.; submerged
plants, such as Ceratophyllum demersum and C4 grass Paspalum
repens and Echinochloa sp. were handpicked. Stable isotope data
of riparian vegetation consisted in values of fresh leaves of domi-
nant riparian plants in the floodplain of the Middle Parana River,
such as Salix humboldtiana and Sapium haematospermum. CPOM
was represented by samples of leaf litter collected from the bot-
tom of the lake and sorted with sieves (>1000 pwm). Water-column
SPOM samples were collected from integrated subsurficial water
samples and filtered onto precombusted (450 °C) glass fiber filters
(Whatman® GF/F). Then, filters were frozen until isotope analysis.
Bottom sediment organic matter (BSOM), which is mainly associ-
ated with silt and clay, was taken with a Tamura grab in the upper
2-3 cm of sediment depositions. Stable carbon isotope analysis was
performed separately for epiphytic and planktonic algae. The epi-
phyton filamentous algae were scraped from aquatic plant stems,
whereas phytoplankton was collected with a net of 25 um mesh.
In order to separate epiphytic and planktonic algae from detritus,
we performed density fractionation in colloidal silica Ludox®AM-
50 (density 1.210 g/cm?) diluted with deionized water according to
Hamilton et al. (2005).

Biofilm was sampled with an ooze sucker sampler (Welch,
1963), collecting the interstitial water layer between the bot-
tom sediment and the water column. The biofilm consisted
in amorphous non-living organic matter, mixed with adhering
bacteria and fungi, diatoms, protozoans, and mineral parti-
cles. The selected invertebrates were identified to the lowest
possible taxonomic level, and then associated with different
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functional feeding groups: herbivores (mollusks Pomacea canalic-
ulata and Omalonix sp., and orthopterans Cornops aquaticum), fil-
terers (Bivalvia Diplodon parallelopipedon and Limnoperna fortunei),
gatherer-collectors (Oligochaeta Tubificinae, Diptera Chironom-
inae, Ephemeroptera Campsurus cfr. violaceus. and Amphipoda
Hyalella curvispina). Meanwhile, a detritivorous fish (Prochilodus
lineatus) was also included in the analysis because it is the most
important consumer in terms of production in the floodplain lakes
of the Parana River (Cordiviola de Yuan, 1992; Rossi et al., 2007).
Fishes were collected with fishing nets. The dorsal-lateral mus-
cle (approximately 5g) was excised from adult individual fish to
perform SIA. Scales were removed to obtain only soft tissue sam-
ples. All samples were transported on ice to the laboratory where
they were rinsed with distilled water, placed in sterile Petri dishes
and dried in an oven at 45-50°C to constant weight (minimum
of 48h). After drying, samples were ground to a fine powder
with a pestle and mortar, stored in clean glass vials, and frozen
until further processing in the laboratory. Given that high lipid
levels (indicated by high C:N) can drive §13C in a negative direc-
tion (McConnaughey and McRoy, 1979; Matthews and Mazumder,
2005), the stable carbon data were normalized. For that purpose,
we used the arithmetic equation §'3C=-3.32+0.99 (C:N) outlined
in Post et al. (2007), in which C:N is the elemental ratio. For plants
with >40% of C, we used the equation §'3C=—-5.83+0.14% Carbon
(Post et al., 2007).

SIA was performed in a mass spectrometer (IRMS Finnigan MAT
Delta S) coupled to an elemental analyzer (CATNAS, Montevideo,
Uruguay).

The ratio of stable isotopes was expressed by convention in delta
(8) notation:

R
§=|( =samele ) 1| . 1000
Rstandard

where § is the isotope ratio of the sample relative to a standard.
Rsampie and Rgandarg are the fractions of heavy to light isotopes
in the sample and the standard, respectively. One is subtracted
from the Rgample/Rstandard fraction so that samples with lower ratios
of heavy isotopes than the standard have a negative value and
those with higher ratios of heavy isotopes than the standard have
a positive value. This number is then multiplied by 1000 so that
the § notation is in units of parts per thousand (%.). The mean
trophic fractionation used for §1°N was 3.4%. (SD=1%.) and for
813C was 0.4%. (SD=1.3%), according to Post (2002). Initially,
we compared the data of C and N isotopes using the analysis
of variance (ANOVA, p<0.05) to test differences between low
waters and high waters seasons. One-way ANOVA (p<0.05) and
post hoc Tukey test analyses were performed to determine dif-
ferences in mean isotopic ratios between species pairs. Statistical
analyses were conducted with InfoStat software (Di Rienzo et al.,
2013).

To determine the proportional contribution of each source to
consumers, we used the package Stable Isotope Analysis in R (SIAR
- Parnell et al., 2008, 2010). This model is based on a series of
related linear equations that utilize Bayesian statistical techniques
to identify proportional contributions of source pools (Jackson et al.,
2009; Moore and Semmens, 2008; Parnell et al., 2010; Solomon
et al,, 2011). In contrast to other statistical tools used in SIA (e.g.,
Euclidean methods, IsoSource), outputs from the Bayesian models
are true probability distributions, not just summaries of all feasi-
ble solutions (Layman et al., 2012). The sources were selected and
pooled based on published information on invertebrates and fish
diet(Bowen et al., 1984; Saigo et al., 2009; Capelloetal., 2011,2012;
Galizzi et al.,, 2012; Saigo, unpublished). Sources that did not show
significant differences among them (p <0.05) were jointly consid-
ered in the mixing model of each consumer. The Stable Isotope

Bayesian Ellipses (R package SIBER, Jackson et al., 2011) were cal-
culated to evaluate the distributions of C and N isotopic values of
the primary consumers, providing an estimation of isotopic niche
width.

Results
Isotopic signatures of sources and consumers

The variation range of §13C and §!°N in C3 macrophytes
was considerable large (from —25.44 +0.97%. to —31.33 4+ 1.67%.
and 3.89+2.05%. to 9.06 £+ 1.78%.; respectively) with the emer-
gent N. indica being the most enriched in §3C and Polygonum
sp. in 81°N, and the submerged C. demersum being the most
depleted in §'3C and §!°N (Table 1). Floating macrophytes
(E. crassipes, P. stratiotes, L. laevigatum and S. biloba) were
more depleted in §'3C than emergent macrophytes (L. peploides,
N. indica, Polygonum sp.). The emergent C4 macrophytes (P.
repens and Echinochloa sp.) had 813C and §!°N values rang-
ing from —11.8440.29%. to —11.98 £0.06%. and 6.80+ 1.35%.
to 6.82 4+ 1.39%., respectively. The dominant tree species on the
banks (S. humboldtiana and S. haematospermum) had similar §13C
values as those observed for emergent macrophytes and §1°N
values like submerged macrophytes. Additionally, epiphyton was
the most variable sources with SD of +8.25 §'3C. The source
SPOM showed the highest level of §1°N enrichment (8.51 + 1.59%)
and BSOM exhibited low §1°N enrichment (3.46 +0.46%.). The
813C isotopic signatures of detritivores presented higher vari-
ation among individuals of H. curvispina (—23.17 +£3.69%.), C.
cfr. violaceus (—29.07 £3.50%.) and P. lineatus (—27.33 +£3.12%.)
than Chironominae (—26.98 +1.38%.) and Oligochaeta Tubificinae
(—28.00 £ 1.42%,) indicating large variations among individuals
(Table 1). Four mollusks (P. canaliculata, Omalonix sp., D. paral-
lelopipedon and L. fortunei) had variable §'3C values, with the filter
feeding bivalve D. parallelopipedon showing a more depleted signa-
ture (—28.67 + 0.64%.) compared with L. fortunei (—26.32 + 0.81%.).
An intra-guild variation was also observed for consumers with
aquatic and semiaquatic herbivores (P. canaliculata, Omalonix sp.,
C. aquaticum) from —26.57 +1.31%. to —27.87 +0.30%. (Table 1).
On the other hand, H. curvispina and C. cfr. violaceus exhibited the
highest levels of §1°N enrichment (10.17 = 1.42%o, 9.79 + 1.35%;
respectively)and L. fortunei and Oligochaeta showed the lowest val-
ues of §1°N enrichment (7.15 + 1.34%., 7.19 4 0.76%., respectively)
(Table 1).

On all data of organic matter sources (primary producers and
detritus) and consumers (all taxa), no significant differences were
observed in §'3C and §'°N values between flooding and low water
seasons (ANOVA, p > 0.05). Nevertheless, the basal sources analyzed
were on average slightly more enriched in §'3C and §'°N dur-
ing low water levels than during high water levels. There were
significant differences (ANOVA, p<0.001) in the §13C and §°N
isotope ratios among the types of food sources and only in §1°N
values among primary consumers. The post hoc Tukey test of §13C
values among the sources showed significant differences for C,4
plants (P. repens and Echinochloa sp.) with all the other carbon
sources and between phytoplankton and C. demersum, S. biloba and
epiphyton (Table 1). For the §1°N values, the same test showed
significant differences between BSOM and several food sources
depending on the origin, e.g., epiphyton, phytoplankton, P. stra-
tiotes, L. laevigatum, Polygonum sp. and SPOM (Table 1). On the
other hand, §13C values did not differ significantly among primary
consumers and 81°N showed significant differences only among
H. curvispina, C. cfr. violaceus and Oligochaeta; between L. for-
tunei and P. canaliculata, and between P. canaliculata and P. lineatus
(Table 1).
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Stable isotope ratios of C and N and C:N ratio of sources and consumers analyzed. §'3C values were arithmetically corrected for lipid content in consumers and plants. Values
are mean £ S.E.; means not sharing the same letter are significantly different from each other (post hoc Tukey test, p<0.05). N=number of samples of pool of individuals,
the number with asterisks number of individuals. The number of individuals in a pooled sample was 7-10 Chironominae; 3-7 Campsurus; 10-30 Oligochaeta; 4-6 Omalonix,
7-10 Cornops; 10-20 Hyalella; 20-30 Limnoperna.

Sources Habitat §13C S15N C:N N
Eichhornia crassipes C3 Floating macrophytes —29.13 + 0.49°¢ 6.58 + 1.332b¢ 10.50 + 5.63 5
Ludwigia peploides C3 Emergent macrophytes —27.84 4 0.71>¢ 7.05 + 1.672P< 1231 +2.93 4
Pistia stratiotes C3 Floating macrophytes —29.91 + 0.47P¢ 7.96 &+ 1.45b,c 12.76 £ 1.47 4
Salvinia biloba C3 Floating macrophytes -30.75 + 1.82¢ 6.85 + 1.012b< 9.07 £ 7.61 3
Limnobium laevigatum C3 Floating macrophytes —28.18 + 1.26¢ 8.18 + 1.06¢ 9.70 + 0.69 4
Nymphoides indica C3 Emergent macrophytes —25.44 + 0.97"¢ 6.19 + 0.372b< 12.10 + 2.43 2
Ceratophyllum demersum C3 Submerged macrophytes -31.33 £ 1.67¢ 3.89 + 2.05P 15.01 + 3.02 3
Polygonum sp. C3 Emergent macrophytes —28.18 + 1.25b¢ 9.06 + 1.78c 13.75 + 3.16 3
Riparian tree —26.16 + 0.02b¢ 3.86 + 0.10%P 10.98 + 2.92 2
Paspalum repens C4 grass -11.84 £+ 0.29? 6.80 & 1.352b¢ 12.96 + 0.48 3
Echinochloa sp. C4 grass -11.98 + 0.06* 6.82 + 1.392b¢ 12.70 £ 0.75 3
Phytoplankton —23.29 £+ 2.29P 7.92 + 0.99b< 6.90 + 4.43 3
Biofilm —29.14 + 2.02b¢ 5.20 + 4.912b¢ 9.38 + 1.20 3
Epiphyton Attached to plants —30.93 £ 8.25¢ 7.45 + 2.74b¢ 7.97 +£ 0.95 4
BSOM —25.88 + 1.33b¢ 3.46 + 0.462 10.92 + 0.86 7
CPOM —28.08 + 1.78P¢ 4.92 + 2.473bc 15.81 + 7.60 10
SPOM —25.51 + 0.94P<¢ 8.51 + 1.59P¢ 8.42 +1.47 8
Consumers

Chironominae Benthic -26.98 + 1.38 7.88 + 1.622b< 4.83 + 0.26 5
Hyalella curvispina Benthic-associated to macrophytes -23.17 £3.69 10.17 £ 1.42a 5.51 +£0.39 4
Campsurus cfr. violaceus Benthic —29.07 £+ 3.50 9.79 + 1.352 4.75 + 0.07 3
Prochilodus lineatus Benthic-pelagic -27.33 £3.12 9.13 + 0.823P 4.09 + 0.94 12*
Oligochaeta Tubificinae Benthic —28.00 + 1.42 7.19 £ 0.76bc 4.69 £+ 0.12

Diplodon parallelopipedon Infaunal —28.67 + 0.64 8.60 + 0.622P< 5.08 + 0.59 3*
Limnoperna fortunei Epifaunal —26.32 £+ 0.81 7.15 + 1.34b¢ 4.06 + 0.14 3
Pomacea canaliculata Benthic-associated to macrophytes -26.57 £ 1.31 6.50 + 0.71¢ 3.83 £ 0.37 9*
Omalonix sp. Associated to floating macrophytes —26.89 + 0.96 8.31 + 0.362b< 4.05 £ 0.12 3
Cornops aquaticum Associated to floating macrophytes —27.87 £ 0.30 8.07 + 1.262P<¢ 3.48 + 0.04 3

Isotopic niche width

The isotopic niche width of the functional groups gatherer-
collector (Chironominae, Oligochaeta, C. cfr. violaceus and H.
curvispina), filterers (D. parallelopipedon and L. fortunei) and
herbivores (P. canaliculata, Omalonix sp. and C. aquaticum) were
described.

[sotopic niche of gatherers-collectors was significantly wider
than the herbivores and filterers ones (p <0.05) (Fig. 1a). Among
gatherer collectors, we found that C. cfr. violaceus and P. linea-
tus showed significantly wider isotopic niche than Chironominae
(p<0.05). Although H. curvispina showed wider isotopic niche
than Chironominae and Oligochaeta, no significant differences
were found. The Bayesian ellipses calculated showed a high iso-
topic niche overlap between Chironominae and Oligochaeta among
gatherer-collector while C. cfr. violaceus and H. curvispina exhib-
ited the highest levels of §15N (Fig. 1b). P. lineatus in turn showed
niche overlap with the invertebrates (Fig. 1b). Within the Feeding
Functional Groups (FFG) of herbivores we did not find significant
differences among niche width (p >0.05). The mollusks P. canalicu-
lata and Omalonix sp. did not show isotopic niche overlap and the
orthopterans C. aquaticum showed high levels of §1°N among the
herbivores (Fig. 1c). The filterers did not exhibit isotopic niche over-
lap and although we did not find significant differences in niche
width, L. fortunei showed less variation in §'3C values and D. paral-
lelopipedon slightly higher 81°N values (Fig. 1d).

Isotopic contributions of the sources to consumers

The SIAR model demonstrated that C4, macrophytes (P. repens
and Echinochloa sp.) were not an important source for herbi-
vores (Fig. 2a-c). The proportional contributions of E. crassipes,
L. peploides, and P. stratiotes as C3 sources, C4 and epiphyton for
herbivores (P. canaliculata and Omalonix sp.) indicated a mean
dietary contribution of 37-48%, 26-29% and 26-33%, respectively

(Fig. 2a and b). The importance of C3 plants (data from E. cras-
sipes, L. peploides, P. stratiotes, and Polygonum sp. pooled together)
to C. aquaticum was high, reaching a mean proportion of 90%,
whereas the C4 plants had a small dietary contribution (mean of
10%) (Fig. 2c). Likewise, the most important source for filter feeders
D. parallelopipedon and L. fortunei was the biofilm (mean of 58 and
44%, respectively) followed by phytoplankton (mean of 20 and 28%,
respectively) and SPOM (22-28%, respectively) (Fig. 2d and e). The
most important carbon sources for oligochaetes and chironomids
(gatherer-collectors) were the BSOM + CPOM (mean of 40 and54%,
respectively) and the biofilm (mean 47 and 31%, respectively) with
a lower contribution of epiphyton (mean of 12 and15%, respec-
tively) (Fig. 2f and g). On the other hand, epiphyton (40 and 45%)
and BSOM + CPOM (33-34%) were important sources for C. cfr. vio-
laceus and H. curvispina (Fig. 2h and i). The BSOM + CPOM (mean of
36%)and epiphyton (mean of 35%) were the most important sources
used by P. lineatus (Fig. 2j).

Discussion
Isotopic signatures of sources and consumers

Macrophytes had §!3C and §'5N values ranging in concordance
with values reported in the literature using the C3 photosynthetic
pathway (Smith and Epstein, 1971; Forsberg et al., 1993; Deegan
and Garritt, 1997; Garcia et al., 2006). An unexpected result was
that the §13C and §'°N signals did not show significant differences
between flooding and low water seasons. However, these results
could be explained by the permanent connection of the floodplain
lake with the main channel of the Middle Parana River. An earlier
study focusing on fish isotope signatures in the Pantanal had shown
that §13C ratios of herbivorous and detritivorous fish decreased
from the wet to the dry season (Wantzen et al., 2002, 2011). In
the Pantanal study, the dry season coincided with a complete iso-
lation of the floodplain lake from the river main stem (causing a
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Fig. 1. Bayesian standard ellipse estimated to characterize the isotopic niche width of: (a) different feeding functional groups, (b) gatherer-collectors, (c) herbivorous and

(d) filterers.

situation with the frequent reuse of available organic natter), and
in the wet season the flood water arrived only partially and indi-
rectly via a small floodplain channel from the river, whereas the
flooding of the nearby meadow allowed the consumers to integrate
fresh organic matter into their diets, including the direct and indi-
rect use of C4 plants. A study on sediment isotopes from the Upper
Parana (Gimenes et al., 2012) has shown a visible (however, not
statistically significant) trend from less depleted sites near or more

directly connected to the river main stem to the more depleted sites
in the more remote sections of the floodplain.

When water level increases, the allochthonous organic matter
is carried to the floodplain lakes. In spite of the lack of significantly
isotopic differences between seasons, the relatively enriched §13C
values of SPOM, CPOM, and BSOM obtained during the high water
season indicated that during this season higher carbon inputs prob-
ably comes from C4 plants and from the heavier C sediments loading
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Fig. 2. Results of the Bayesian mixing model SIAR. The shaded boxes represent the 50%, 75%, and 95% credibility intervals from dark to light gray of the proportional
contribution of carbon sources to (a) Gastropoda Pomacea canaliculata, n=9, (b) Gastropoda Omalonix sp., n=3, (c) Orthoptera Cornops aquaticum, n=3, (d) Bivalvia Diplodon
parallelopipedon, n=3, (e) Limnoperna fortunei, n=3, (f) Oligochaeta Tubificinae, n=5, (g) Diptera Chironominae, n=5, (h) Ephemeroptera Campsurus cfr. violaceus, n=4, (i)

Amphipoda Hyalella curvispina, n=4, and (j) Pisces Prochilodus lineatus, n=12.

into the seston. This may be supported by the associations of aquatic
C4 of genera Echinochloa, Paspalum and Panicum that usually cover
large extension of the banks of the main channel of the Parana
River and floodplain channels (Sabattini and Lallana, 2007). Sim-
ilar results were reported by Benedito-Cecilio et al. (2000) for the
Amazonian floodplain and by Wantzen et al. (2002) for the Pan-
tanal.

Isotopic niche width

We have found different levels of isotopic niche overlap and
niche width among the analyzed taxa. We consider that these
differences are yielded by the ecological characteristics of the
organisms. Thus, the isotopic niche width of H. curvispina, C. cfr.
violaceus and P. lineatus could be explained by their distribution on
a variety of habitats, including bottom sediments and submerged
and floating plants as well as by individual displacements through
the water column. The genus Campsurus for example, is known to
perform lateral migrations along with the floodpulse (Takeda and

Grzybkowska, 1996), which may be reflected in its isotope ratios
and therefore, in its isotopic niche. This variety of habitats may
imply a wide range of potential food sources such as BSOM, CPOM,
biofilm and epiphyton. In contrast, oligochaetes and chironomids
that mainly inhabit sediments and feed on surrounding surface
sediments had an intrapopulation isotopic variation lower than
+1.1 (SD). Thus, we consider that the great variation in the isotopic
niche width of gatherer collectors depends upon the accessibility
of different food sources with large isotopic variations. This would
explain the significant differences in niche width found between C.
cfr. violaceus and Chironominae.

Among the herbivores, the Orthoptera C. aquaticum showed the
narrow range of variation in 813C in coincidence with the results of
diet preference on E. crassipes (Capello et al., 2011). On the other
hand, P. canaliculata and Omalonix sp. did not show isotopic niche
overlap. Whereas 813C values of both species were similar, §1°N
values of Omalonix sp. were higher than the ones of P. canaliculata.
This is a surprising result given that both species are considered
herbivores (we assumed that this species have the same trophic
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position). To interpret this result we have to consider that P. canalic-
ulata feeds not only on green live parts of the plants but also on
senescent tissues, whereas Omalonix sp. feed mainly on green parts.
In addition, Fellerhoff et al. (2003) determined that §13C values
of macrophytes do not change significantly along decomposition
process but >N may change largely (£6%.). It is also known that
food quality (which certainly changes along decomposition pro-
cess) affects the trophic enrichment factor (TEF) of §1°N. Indeed,
Vanderklift and Ponsard (2003) found that detritivores present
lower enrichment factors than other functional feeding groups.
Moreover, Kurata et al.(2001) found negative TEF for snails foraging
on litter. We consider that the differences in §1°N found between
P. canaliculata and Omalonix sp. may be explained by the differ-
ent foraging habits of these herbivores. Nevertheless, experimental
testing to accurately measure TEF's of these species is needed to
definitely address this issue.

The isotopic niche analysis of filterers’ mussels showed a clear
segregation between D. parallelopipedon and L. fortunei. This could
be explained by the differences in habitat use between this species.
Whereas D. parallelopipedon is known to be an infaunal mussel, L.
fortunei is considered as epifaunal (Ezcurra de Drago et al., 2007).
These differences in habitat use could imply correlative differences
on resources uptake.

Isotopic contributions of the sources to consumers

In aquatic ecosystems, food resources for benthic invertebrates
have been usually considered to be limited to detritus and microal-
gae in the sediment. However, in this study we have demonstrated
amore diverse use of food sources not only among species, but also
among individuals within populations, as also reported by Doi et al.
(2010) for gastropods and by Fry (2011) for shrimp. Our results
demonstrated that detritus (derived mainly from aquatic plants)
and pelagic primary production contribute to supporting lake food
webs, and that their relative importance varies according to the
species.

The biofilm and BSOM-CPOM presented a higher contribution
principally for the detritivorous oligochaetes and chironomids,
because it constitutes a source with a higher colonization of bacte-
ria and protozoans, as well as benthic algae. The detritus is an
important basal food resource on which many metazoan food webs
are highly dependent. This source is consumed by few fishes in tem-
perate stream systems, but it is ingested by abundant and diverse
groups of specialized fishes in tropical rivers (Winemiller, 1990;
Lujan et al., 2011).

In coincidence with the results of isotopic niche analysis, we
found higher contributions of epiphyton for H. curvispina and C. cfr.
violaceus than for Chironomidae and Oligochaeta. We consider that
the highest displacement capacity of the first ones facilitates the
access to other sources such as epiphytic algae.

In relation to the analysis of source contribution to P. lineatus,
algal contribution such as epiphyton in addition to BSOM + CPOM
was the most important carbon source for this species, which was
considered detritivores by different authors (Angelescu and Gneri,
1949; Bowen et al., 1984; Rossi et al., 2007). Coincidentally with
our results, Lopes et al. (2007) observed that the highest carbon
contribution for P. lineatus was C3 plants (phytoplanktonic and
periphytic algae) in the Upper Parana River floodplain and for detri-
tivorous Characiformes in the Amazonian River basin reported by
Aratjo-Lima et al. (1986a).

In the analysis of sources contribution to herbivores, we found
that C3 plants are more important than epiphyton and C4 grasses.
A study on Ampullaridae snails in the Pantanal (Fellerhoff, 2002;
Fellerhoff et al., 2003) indicated that these snails can switch
between C3 and C4 plants in their diet and Cazzaniga and Estebenet
(1984) reported that P. canaliculata fed on plants and detritus.

According to our findings the macrophytes C3 were the main energy
sources (48%) followed by C4 plants (26%) and epiphyton (26%) for
P. canaliculata indicating that this species consumes a wide variety
of food resources.

Filter feeders composed by mussels constitutes an important
functional group in freshwater ecosystems because it transfers
organic materials and nutrients from the water column to the
surrounding benthic area and stimulates primary and secondary
production (Howard and Cuffey, 2006; Spooner and Vaughn, 2006;
Vaughn et al., 2008). D. parallelopipedon, a native infaunal unionid
mussel, is a filter-feeding consumer that depends on microbes,
algae, and detrital material available in water columns and benthic
habitats. Our results imply a higher contribution of biofilm rather
than phytoplankton and SPOM, for this species. This result is coinci-
dent with previous studies performed for other species of bivalves
such as Diplodon chilensis, that feeds not only on plankton but also
on benthic algae (Lara et al., 2002) and with results reported for
Corbicula fluminea by Atkinson et al. (2010). In contrast, L. fortunei,
an invasive epifaunal Asian clam consumes higher proportions of
SPOM and phytoplankton. These findings could explain the niche
segregation between these two mussels.

Conclusions

Isotopic signatures of sources did not differ between low and
high water seasons. This unexpected result is explained by the
connectivity characteristics of the analyzed system.

Our results demonstrated a higher contribution to primary con-
sumers of C3 macrophytes (mainly E. crassipes, L. peploides and P.
stratiotes) for hebivores, biofilm and BSOM for gatherer collectors
with low displacement capacity (oligochaeta and chironominae),
epiphyton for more mobile collectors, whereas biofilm was the
most important source for mussels and we found very low contri-
bution of C4 sources to herbivores. High concordance between §13C
values of these primary producers and herbivores suggests that the
analyzed macrophytes could constitute a major carbon source sup-
porting aquatic primary consumers in the floodplain lake of the
Middle Parand River. In addition, the principal energy sources avail-
able for benthic organisms mainly originate from autochthonous
sources and derive from the C3 photosynthesis pathway and the
pelagic primary production (mainly epiphyton) contributes to sup-
port the metazoan component of floodplain lake food webs.
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