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Abstract. The goal of our study was to investigate the interaction between the invasive mussel
Limnoperna fortunei and benthic invertebrate communities at different spatial scales and under different
environmental conditions. We analyzed the effects of L. forfunei on benthic invertebrate communities at
different downstream distances (meters) from mussel beds and compared these trends in 2 rivers
characterized by dissimilar chemical disturbance levels. In areas distant from L. fortunei beds, invertebrate
composition at the 2 rivers differed strongly, probably in response to different levels of environmental
pollution. In areas near L. fortunei beds, invertebrate composition at the 2 rivers was similar, suggesting
that golden mussels have strong homogenizing effects on faunal makeup. We also found that facilitation
was species specific and, in contrast to the general paradigm, weaker (rather than stronger) under more
stressful conditions. Our results show that understanding the effects of L. fortunei requires accounting for

scale- and species-specific effects.
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The spread of invasive nonindigenous species can be
one of the most harmful and least reversible distur-
bances in ecosystems (Strayer 1999, Ricciardi and
Maclsaac 2000, Rahel 2002). Proliferation of invasive
species is a major component of global environmental
change (Vitousek et al. 1996, Sala et al. 2000), but the
specific effects of invasive species on native biota are
often unpredictable and depend on the properties
of the invading species and the invaded ecosystem
(Parker et al. 1999, Sakai et al. 2001, Crooks 2002).
In freshwaters, invasive species have had large effects
on community structure and ecosystem function
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(Lodge et al. 1998, Strayer 1999, Ricciardi 2003). Some
of these changes arise from biotic interactions between
invasive and native species, including competition
(Kerans et al. 2005, Riley et al. 2008), facilitation
(Sylvester et al. 2007, Ward and Ricciardi 2007, Sardifia
et al. 2008), and predation (Grosholz et al. 2000,
Nystrom et al. 2001).

The invasive golden mussel, Limnoperna fortunei,
was introduced in South America around 1990
through the Rio de la Plata (Pastorino et al. 1993).
This mussel is unique among the Rio de la Plata
watershed freshwater bivalves in possessing free-
swimming larval stages and byssate adults. These
characteristics have facilitated rapid dispersal and
allowed the species to become the dominant macro-
invertebrate on hard substrates along a >3000 km
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stretch of the Paraguay-Parand-Rio de la Plata
system. During the reproductive period (September—
April) when recently settled juveniles are abundant,
densities can be >200,000 mussels/ mz, but density of
adults and subadults (7-10 mm in length) usually
ranges from 5000 to 10,000/ m? (Darrigran 2002,
Boltovskoy et al. 2006, Sylvester et al. 2007). High
initial abundance is often a characteristic of invaders
that have profound ecosystem-level effects (Simon
and Townsend 2003). The full ecological effects of
L. fortunei on aquatic communities are still poorly
known, but this ecosystem engineer has direct and
indirect effects on the several physical, chemical, and
biological properties of the environment. For exam-
ple, colonization of L. fortunei has been associated
with significant reductions in zooplankton abundance
and chlorophyll a4 concentration (Rojas Molina and
José de Paggi 2008, Boltovskoy et al. 2009), an increase
in water transparency (Boltovskoy et al. 2009), and
changes in trophic interactions (Paolucci et al. 2010).
Positive interactions between L. fortunei and associated
invertebrates also have been documented (Sylvester
et al. 2007, Sardina et al. 2008). However, the strength
of these interactions at different spatial scales and
under different environmental conditions has not yet
been studied.

Positive interactions between ecosystem-engineer
species and associated invertebrates are common in
ecological communities (Norkko et al. 2006). These
species often modify habitats both physically and
biologically and facilitate conditions for associated
organisms by reducing stress or by increasing the
flow of resources (Karatayev et al. 2007, Ward and
Ricciardi 2007, 2010, Sardina et al. 2008). The balance
between positive and negative interactions can shift
along environmental gradients, with facilitation
being more important in harsh environments where
ecosystem-engineer species alleviate conditions and
act as an environmental buffer for associated organ-
isms (Bertness and Callaway 1994, Greenlee and
Callaway 1996, Bertness and Leonard 1997, Bruno
and Bertness 2001, Bruno et al. 2003).

We investigated the interaction between L. fortunei
and benthic invertebrate communities (exclusive of L.
fortunei) at different spatial scales and under different
environmental conditions. We analyzed the effects of L.
fortunei on associated invertebrates in and at different
distances (meters) from mussel beds and compared
these trends across 2 sites several kilometers apart
characterized by dissimilar environmental conditions
(i.e., different pollution levels). Our study was de-
signed to test the following hypotheses: 1) effects of L.
fortunei on benthic communities are stronger near
the mussel beds, chiefly because of enhancement of
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deposit feeders that benefit from L. fortunei feces and
pseudofeces, and 2) positive interactions between L.
fortunei and the associated invertebrates are stronger in
Rio Lujan, where environmental conditions are harsher
than in Canal del Este.

Methods
Study site

The Rio Paran4 has the 2"%-largest drainage basin in
South America (2.6 X 10° km?), stretching from lat
~15°S to the Rio de la Plata estuary at lat 34°S, where
it discharges >470 km> water/y (Depetris and Kempe
1993). Upon receiving the Rio Paraguay (at lat ~27°S),
the Parana develops a large floodplain composed of
streams, oxbow lakes, and ponds, which stretches all
the way to its mouth. The southern part of this
floodplain forms the Parana delta, which is 60 km
wide, extending between the Rio Uruguay in the
north to the Rio Lujan in the south (Fig. 1). In this
region, the Parand branches into several major
streams and hundreds of minor waterways (Fig. 1).

The Rio Parana receives considerable loads of
polluted wastes from several heavily industrialized
and populated cities, but its high discharge has a
strong cleansing power. As a result, pollution levels in
most of the Parana delta, including the Canal del Este,
where we had a sampling site (lat 34°20'41”S, long
58°31'13"W; Fig. 1), are generally moderate (Boltovs-
koy et al. 1997). The other sampling site was in the Rio
Lujan (lat 34°2543"S, long 58°32'56"W; Fig. 1), which
receives extremely high loads of industrial and
sewage contaminants directly and through its tribu-
taries, in particular the Rio Reconquista (Loez and
Salibian 1990, Cataldo et al. 2001) (Fig. 1). Suspended
particulate matter (49.7 mg/L) and dissolved organic
C (8.2 mg/L) are higher at Rio Lujdn and decrease
gradually towards Canal del Este (31.6 and 6.8 mg/L,
respectively). Sediment-associated contaminants (chlo-
rinated pesticides, polychlorinated biphenyls [PCBs],
aliphatic hydrocarbons, aromatic hydrocarbons, and
metals) also decrease from Rio Lujan to Canal del
Este and Rio Parand de las Palmas (Fig. 1). This
decrease reflects the major input sources: industrial
plants along the upper Rio Reconquista and Rio
Lujdn and port-related activities in the lower Rio
Lujan (Cataldo et al. 2001). Despite these differences,
mean temperature (27.9°C at both rivers), conductiv-
ity (261 uS/cm at both rivers), and dissolved O,
(7.23 mg/L at Rio Lujan, 7.3 mg/L at Canal del Este)
were identical or very similar across sites and in the 2
rivers during our study.

Physical conditions were similar at the Rio Lujan
and Canal del Este sites. Mussel beds occurred on
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Fic. 1. Locations of the sampling sites in the Parana River delta (stars).

concrete revetments that had only a small amount of
overlying sediment composed of silt (mean = 68%)
and clay (32%). Downstream of mussel beds, sedi-
ments were dominated by silt (66%) and clay (17%).
Immediately downstream of mussel beds (0 m), the
proportion of sand was low (<5%) but sand increased
further from the beds (5-15 m, 17-29%). Depth in
mussel beds was ~0 m (i.e., water surface) in both Rio
Lujan and Canal del Este. Bottom depths at down-
stream sites increased with increasing distances from
the beds. Direction and intensity of flow in each site
vary with tide and wind conditions, but predominant
water motion is toward the Rio de la Plata estuary.
Maximum estimated flow speeds at the surface are
~0.5 to 0.8 m/s.

Sample collection and processing

Samples were collected from Rio Lujan (L) and
Canal del Este (CE) in December 2008. At each river,
benthic samples were obtained from mussel beds on

concrete revetments (LBED and CEBED) and sedi-
ments at different distances downstream from the
mussel beds: 1) immediately downstream (0 m; LO
and CEO), 2) 5 m downstream (L5 and CE5), and 3)
15 m downstream (L15 and CE15). Samples in mussel
beds were collected from 10 X 10-cm frames. Mussels
and associated invertebrates were carefully scraped
into plastic containers, and care was taken not to
lose fine sediment and mobile invertebrates. Samples
downstream of beds were collected with a Peterson
grab. Mean density and shell length of L. fortunei in
the beds did not differ between rivers (L: density =
18,000 + 1291 mussels/m? [mean *+ SE], L: length =
16.97 = 0.27 mm, CE: density = 18,400 * 2400, CE:
length = 16.29 = 0.29 mm; t-tests, p > 0.05).

Four replicates were obtained at each sampling site.
Three were used for faunal analyses and 1 for
sediment analysis, except at site L0 where only 1
sample was available because of high amounts of
waste in the bottom (i.e., plastic bags and bottles),
which made it difficult to collect more sediment
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samples with the grab. This single sample was
divided into 2 halves: one half was used for faunal
analysis, and the other was used for sediment
analysis.

In the laboratory, sediments of each of the 3 faunal
replicates were sieved through a 300-um mesh. All
invertebrates were identified to the lowest taxonomic
category possible (Appendix), counted, and mea-
sured, and their mass was estimated. Nematodes,
oligochaetes, and chironomids were identified to
species, but their abundance and mass were summed
within each group. Mass of Nematoda, Ostracoda,
Hydracarina, Turbellaria, Oligochaeta, and Tanaida-
cea was estimated volumetrically according to meth-
ods published by Feller and Warwick (1988). Wet to
dry mass conversions for Oligochaeta were based
on a factor of 0.15 (Sylvester et al. 2007). Mass was
estimated from size-mass relationships for all other
groups including Copepoda and Cladocera (Dumont
et al. 1975), Corbicula fluminea (Stites et al. 1995),
Amphipoda, Gastropoda, Ephemeroptera (Smock
1980), Coleoptera (Meyer 1989), Odonata (Pavlov
and Zubina 1990), Trichoptera, Chironomidae, and
other Diptera (Benke et al. 1999). Density and mass
values were standardized to numbers of individuals
(ind.)/m? and g/m?, respectively, and are reported as
mean *1 standard error (SE).

Sediment samples were analyzed for median grain
size, sorting and composition (proportions of sand,
silt, and clay), and organic matter content. Organic
matter (ash-free dry mass [AFDM]; g/ m?]) was
assessed as the difference between dry and ash mass
(ignition at 500°C for 3 h). Organic matter exclusive of
invertebrates >300 um (see previous) was estimated
by subtracting mean invertebrate biomass in the 3
faunal samples from the total organic matter mass in
the sediment sample.

Data analysis

Limnoperna fortunei was absent from sites 5 m and
15 m downstream from mussel beds in both rivers. At
0-m-downstream sites, small juveniles (4.8 = 0.17,
mean total shell length = SE) were present at very low
abundances (116 * 39 ind./m?) in Rio Lujan but not at
Canal del Este. These individuals were not included
in estimates of richness, abundance, or biomass. For
each site Chao-2 richness was calculated, and esti-
mated values within each river were compared by
means of 95% confidence intervals. Chao-2 estimates
and confidence intervals were computed using
EstimateS (version 8.2; R. K. Colwell, http://purl.
oclc.org/estimates). In addition, differences in abun-
dance and biomass were evaluated among sites
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within each river with single-factor analysis of
variance (ANOVA) and Tukey multiple comparisons
(STAT, version 7.0; StatSoft, Tulsa, Oklahoma).

To compare the strength of the interactions between
L. fortunei and associated organisms under different
environmental conditions, the average ratio of total
invertebrate abundance and total biomass (excluding
L. fortunei) were calculated between mussel beds
(BED) and sites 5 m and 15 m downstream (e.g.,
abundance at LBED vs abundance at L5) for each
river. We compared these ratios (dependent variable)
between rivers and sites (independent variables) with
a 2-way ANOVA. Data were log(x)-transformed to
homogenize variances. Sites at 0 m were excluded
from this analysis because they showed a clear
influence of the mussel beds above them (see
nonmetric multidimensional analysis [NMDS] below).
Comparisons of individual taxa between the mussel
beds and each downstream site were evaluated with
t-tests or Mann-Whitney U tests (when homogeneity
of variances was not reached after transformation of
the data) to identify those taxa that contributed most
to differences in abundance and biomass among sites
in each river.

Invertebrate community structure was described
using PRIMER v.6 (Clarke and Gorley 2006). Classi-
fication (group average sorting of Bray-Curtis sim-
ilarity measures based on */(x)-transformed abun-
dance data) and ordination (NMDS on the above
similarity matrices) were used to group sampling
sites based on their faunal content (Field et al. 1982,
Clarke and Warwick 2001). The adequacy of the
NMDS representation obtained was measured using
the stress coefficient (Clarke and Warwick 2001). Low
stress (<0.1) gives confidence that the 2-dimensional
plot is an accurate representation of the sample
relationships. For values >0.1, the combination of
NMDS and cluster analysis is suggested (Clarke and
Warwick 2001). The statistical significance of the
defined groups was analyzed using the SIMPROF
routine. This similarity profile permutation test
identifies statistically significant clusters in a set of
samples (Clarke and Warwick 2001). The similarity
percentage procedure (SIMPER) was used to exam-
ine the relative contribution of individual taxa to the
separation between sample groups, and % contribu-
tion of individual species was listed in decreasing
order (Clarke and Warwick 2001). The BIO-ENV
procedure was used to identify the environmental
variables (similarity calculated with the Euclidean
distance coefficient on log[x]-transformed data) that
best explained the biological structuring (Clark and
Warwick 2001). Before this analysis, the intercorrela-
tion among variables was evaluated. Proportions of
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5 m, and 15 m downstream of the beds at Rio Lujan and
Canal del Este (note different scales for abundance and
biomass). * indicates significant differences (p < 0.05)
among sites within rivers. The site at 0 m in Rio Lujan
could not be tested because no replicates were collected.

clay and sand were omitted from the BIO-ENV
analysis because of their high correlation with mean
grain size (Spearman’s correlation coefficient: clay,
pw = —0.933; sand, p,, = 0.971). Differences in
environmental characteristics associated with the
sample groups defined in the NMDS were assessed
by a Kruskal-Wallis test followed by a Dunn test.
Only variables that were best correlated with the
NMDS were tested.

Results

In both Rio Lujan and Canal del Este, Chao-2
richness was, on average, 1.7X higher in the mussel
beds than at all downstream sites, but no significant
differences were found among sites in either river
(Fig. 2A). In Canal del Este, mean total invertebrate
abundance and biomass appeared to decline with
increasing distance from mussel beds (Fig. 2B, C). In
Rio Lujan, this trend was observed only for biomass.
However, only biomass at Rio Lujan differed signif-
icantly among sites (between LBED and L15; Fig. 2C).

The river X site interaction did not affect abun-
dance or biomass ratios (Table 1). The magnitude of
increase in invertebrate abundance in mussel beds
relative to at downstream sites (i.e., the degree of
facilitation by L. fortunei) was higher in Canal del
Este than in Rio Lujdn, and at 15-m than at 5-m
downstream sites. No differences were found in
invertebrate biomass ratios between rivers or sites
(Table 1).

Snails (Heleobia piscium), tanaidaceans (Sinelobus,
probably S. stanfordi), amphipods (Hyalella spp.), and
harpacticoid copepods were significantly more abun-
dant and had significantly higher biomass in mussel
beds than at downstream sites in both rivers
(Appendix, Table 2). Oligochaetes, isopods, caddis-
flies (Trichoptera), and flatworms (Turbellaria) fol-
lowed the same pattern at Canal del Este. At Rio
Lujan, the abundance and biomass of other snails
(Potamolithus sp.), ostracods (Cyprideis hartmanni),
nematodes, and chironomids were significantly lower
in mussel beds than at downstream sites. In Canal del
Este, only chironomids were less represented in the
mussel bed than in downstream sites (Appendix,
Table 2).

Invertebrate communities were similar among
rivers in L. fortunei beds and at sites immediately
downstream (0 m), but communities differed widely
between beds and downstream sites (Fig. 3; results
were identical for NMDS and cluster analysis, so only
results of the NMDS are presented). Farther away
from the mussel beds, faunal dissimilarity between
rivers was strong, yielding a sharp separation between
Canal del Este and Rio Lujan (Fig. 3).

Oligochaeta and Nematoda were generally the most
important contributors to intragroup similarity, al-
though their relative contribution varied among
sample groups (Table 3). Oligochaetes were the most
abundant organisms in L. fortunei beds and immedi-
ately downstream of the beds (0 m), where they
accounted for 54% of all invertebrates (Fig. 4A). In
terms of biomass, oligochaetes were of lesser impor-
tance (<25% of the biomass) at these sites, and faunal
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TasLe 1. River and site mean (* SE) abundance and biomass of invertebrates and results of 2-way analysis of variance
comparing the ratios of total invertebrate abundance and biomass between mussel beds (BED) and sites 5 and 15 m downstream
from the beds (BED/5 m vs BED/15 m) between Rio Lujan and Canal del Este. * = p < 0.05; ** = p < 0.01.

Abundance Biomass
Effect Mean p F df Mean p F df
River X site 0.11 2.68 1 0.83 0.04 1
River 0.02* 5.62 1 0.82 0.05 1
Rio Lujan 1.65 = 0.21* 2.06 = 0.20
Canal del Este 2.69 * 0.45% 3.10 = 0.64
Site 0.004** 9.57 1 0.10 2.92 1
5m 1.65 = 0.30** 2.17 = 0.43
15 m 2.69 = 0.39** 3.00 = 0.53

composition differed more widely (Fig. 4B). In L.
fortunei beds, oligochaetes, tanaidaceans (Sinelobus
sp.), snails (H. piscium), and amphipods (Hyalella
sp.) each composed roughly equal percentages of
biomass. Immediately downstream of beds, assem-
blages were dominated by H. piscium (50% of
biomass), with smaller and roughly equal represen-
tation of oligochaetes, limpets (Ancylidae), and other
snails (Planorbidae). Communities at 5 m and 15 m
downstream of beds in both rivers were dominated
numerically by oligochaetes and nematodes. Howev-
er, patterns of biomass differed widely between rivers
at these sites. Biomass was dominated by oligochaetes
at Rio Lujédn sites but by the snail Heleobia parchappei in
Canal del Este. Subdominant taxa overlapped be-
tween rivers at these sites, but did not overlap
between L. fortunei beds or 0-m beds in both rivers
(Fig. 4B).

Organic matter content, mean grain size, and depth
were most strongly correlated with community
differences among sites (p,, = 0.661). Organic matter
was significantly higher in mussel beds than in all
downstream sites (Table 4). It also was significantly

higher at 0-m sites (downstream L. fortunei [0 m] in
Fig. 3) and at 5- and 15-m sites in Rio Lujan than in
Canal del Este. However, the magnitude of these
differences was small compared to the much higher
organic matter content in mussel beds. Mean grain
size and depth tended to be greater at increasing
distances from the mussel colonies, but these vari-
ables did not differ significantly between groups
(p > 0.05; Table 4).

Discussion

Invertebrate composition differed strongly between
rivers at sites 5 m and 15 m downstream of L. fortunei
beds. This result suggests that differences in water
quality or other habitat variables largely determined
faunal composition, and effects of mussels did not
extend far beyond the beds. However, we do not
know the composition of these communities before
invasion or at sites without upstream mussel beds.
Within and immediately downstream of mussel beds,
the mussels had a strong homogenizing effect that
forced a convergence in faunal makeup. However,

TasLE 2. Comparisons of taxon abundance and biomass among samples from Limnoperna fortunei beds (BED) and sites 5 m and
15 m downstream from the mussel beds in Rio Lujan and Canal del Este. Unless specified, p values are for both rivers and for both

downstream sites. * = p < 0.05, ** = p < 0.01.

Taxa with higher abundance and
biomass in the mussel beds

Taxa with higher abundance and
biomass in downstream sites

Heleobia piscium*®

Sinelobus sp.**

Hyalella sp.**
Harpacticoidea*”
Oligochaeta: Canal del Este*?
Isopoda: Canal del Este**
Trichoptera: Canal del Este*”
Turbellaria: Canal del Este*®

Potamolithus sp.: Rio Lujan: 5 m > BED**®

Cyprideis hartmanni: Rio Lujan: 15 m > BED**

Nematoda: Rio Lujan: 15 m > BED**®

Chironomidae: Rio Lujan: 15 m > BED @ Canal del Este: 5 and 15 m > BED*®

# Mann-Whitney test
b f test
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Fic. 3. Nonmetric multidimensional scaling (NMDS)
plot of invertebrate communities in Limnoperna fortunei
beds (LBED, CEBED), and from sites 0 m (L0, CEQ), 5 m (L5,
CE5), and 15 m (L15, CE15) downstream of the beds at Rio
Lujan (L) and Canal del Este (CE). Final stress = 0.12,
separation is supported at p < 0.05.

communities differed strongly between mussel beds
and sites immediately downstream, suggesting that
effects of mussels differ even at this small scale.
Differences in benthic communities between hard
substrates in mussel beds and soft substrates at
downstream sites could largely reflect vastly different
habitat characteristics. In the Rio Parand delta, L.
fortunei is the most abundant macroinvertebrate, both
in abundance and biomass, on hard substrates. This
mussel has occupied an essentially vacant niche and
has spread rapidly and colonized hard substrata
throughout the area and provides a continuous
microenvironment to the associated organisms
(Boltovskoy et al. 2006). The recent and widespread

BeNnTHIC COMMUNITY RESPONSES TO L. FORTUNEI

1015

i Chironomidae larvae

Potamolithus sp

Nematoda

% abundance

Heleobia pisciunt

Sinelobus sp.

Oligochaeta

Others
Ancylidae

100

Preeoe

80 P

Planorbidae
Heleobia parchappei

Hyalella sp

604 Cyprideis harmanni

204

Chironomidae larvae

% biomass

Potamolithus sp

Nematoda

Heleobia piscium

Sinelobus sp.

W[ EHEMEI AL

Oligochaeta

L. fortunei
beds

downstream
of L. forfunei
(0 mj

Rio Lujan  Canal del Este

Mean values for 5 m and 15 m

Mean values for both rivers

Fic. 4. Percent abundance (A) and % biomass (B) of
invertebrates for groups defined by nonmetric multidimen-
sional scaling (NMDS) and cluster analyses. L. fortunei beds
= Limnoperna mussel bed samples from Rio Lujan and Canal
del Este, downstream of L. fortunei = samples from sites 0 m
downstream of the beds in both rivers, Rio Lujan = samples
from sites 5 and 15 m downstream of the beds in Rio Lujan,
Canal del Este = samples from sites 5 and 15 m downstream
of the beds in Canal del Este.

TaBLE 3. Similarity analysis (SIMPER) for groups defined by nonmetric multidimensional scaling (NMDS) and cluster
analyses. L. fortunei beds = Limnoperna mussel bed samples from Rio Lujan and Canal del Este, downstream of L. fortunei =
samples from sites 0 m downstream of the beds in both rivers, Rio Lujan = samples from sites 5 and 15 m downstream from the
beds in Rio Lujan, Canal del Este = samples from sites 5 and 15 m downstream from the beds in Canal del Este. Values indicate %
contribution of each taxon to the groups’ similarity (only the most important taxa are presented for each group).

Downstream of L.

Taxa L. fortunei beds fortunei (0 m) Rio Lujan Canal del Este
Oligochaeta 76.5 85.18 48.00 25.00
Nematoda 3.01 8.27 33.19 32.24
Sinelobus sp. 4.83 0.00 0.00 0.00
Heleobia piscium 4.54 3.79 0.00 0.00
Harpacticoidea 4.36 0.00 0.00 0.00
Hyalella sp. 2.49 0.00 0.00 0.00
Potamolithus sp. 1.32 0.00 10.22 10.52
Chironomidae 0.00 0.00 0.44 23.68
Culicoides sp. 0.00 0.00 0.00 4.60
Heleobia parchappei 0.00 0.00 0.00 3.29
Total 97.05 97.24 91.85 99.34
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TaBLE 4. Mean (SE) values of environmental variables for groups of sites defined by nonmetric multidimensional scaling and
cluster analyses. L. fortunei beds = Limnoperna mussel bed samples from Rio Lujan and Canal del Este, downstream of L. fortunei =
samples from sites 0 m downstream of the beds in both rivers, Rio Lujan = samples from sites 5 and 15 m downstream from the
beds in Rio Lujdn, Canal del Este = samples from sites 5 and 15 m downstream from the beds in Canal del Este. Only variables
that best correlated with the nonmetric multidimensional scaling ordination (BEST, PRIMER v.6) were tested for statistical
differences between groups (organic matter [OM], mean grain size [MGS], and depth). MGS and depth did not differ among
groups. Means with the same letters are not significantly different.

oM
Group (g OM/g dry sediment) % clay % silt % sand MGS (um) Depth (m)
L. fortunei beds 0.38% (0.001) 32.1 (1.6) 67.7 (1.9) 0.2 (0.3) 12.2 (0.0) 0.0 (0.0)
Downstream of 0.033" (0.002) 23.3 (2.1) 74.3 (0.2) 24 (2.0) 19.3 (3.0) 1.5 (0.0)
L. fortunei (0 m)
Rio Lujan 0.032° (0.001) 11.5 (1.5) 63.4 (3.3) 25.1 (4.8) 45.4 (8.0) 2.0 (0.0)
Canal del Este 0.019¢ (0.001) 16.7 (5.3) 60.7 (0.1) 22.6 (5.2) 442 (13.4) 6.0 (0.0)

availability of this microenvironment appears to have
facilitated higher abundances of several other inver-
tebrate taxa.

In both rivers, L. fortunei had positive effects on
epibenthic crustaceans, large scrapers (H. piscium),
and deposit-feeding taxa. Some predatory inverte-
brates, such as isopods and flatworms, also were
positively affected by L. fortunei in Canal del Este,
probably because of increased prey availability. On
the other hand, density and biomass of small scrapers
(Potamolithus), chironomidae larvae, nematodes, and
ostracods were lower in the presence of L. fortunei,
although the latter 2 groups may have been underes-
timated because of the sieve aperture size used.
Invertebrate communities associated with L. fortunei
largely reflect assemblages typical of rocky substrata.
These organisms probably were restricted in occur-
rence before the invasion of L. fortunei because they are
unable to occupy soft sediments, which dominate the
Parana delta. Mobility also may affect faunal compo-
sition in different habitats. Highly mobile epifauna
may colonize mussel beds quickly (Mortl and Roth-
haupt 2003), but infaunal species, such as nematodes,
are less mobile (Merritt and Cummins 1984). This lack
of mobility may limit the ability of infauna to colonize
and persist in L. fortunei beds (Ward and Ricciardi
2007). The distribution of small scrapers, such as
Potamolithus, could result from intra- or interspecific
competitive displacement by larger individuals (e.g.,
H. piscium), a behavior previously observed elsewhere
(Stewart et al. 1999, Sylvester et al. 2007).

In accordance with its high filtration rates (Sylvester
et al. 2005), L. fortunei removes large amounts of
suspended organic matter from the water column and
shunts C to the benthos in the form of feces and
pseudofeces. Field experiments carried out in Rio
Lujan demonstrated that sedimentation rates are
increased by 3.4 to 9.6X and sediment organic content

by 1.3 to 7X in the presence of L. fortunei than in their
absence (i.e., passive physical sedimentation alone;
D. Cataldo, Universidad de Buenos Aires, and PS,
unpublished data). This pattern is corroborated in our
study, where samples from L. fortunei beds had higher
organic matter content and lower mean grain size,
characteristic of biodeposits, than all other sites
(Norkko et al. 2006).

Biodeposits are normally rich in C and N (Kautsky
and Evans 1987), both of which enrich the sediments,
stimulate algal and microbial growth (Grenz et al. 1990,
Stoeck and Albers 2000), and thereby provide an
important food resource for the surrounding benthos
(Norkko et al. 2006), especially large scrapers and
deposit-feeders which dominate mussel beds. The
increase of these functional feeding guilds on substrates
colonized by L. fortunei has been reported previously
(Sylvester et al. 2007, Sardifia et al. 2008) and is
concordant with observations from Dreissena polymor-
pha (Ward and Ricciardi 2007, Nalepa et al. 2009).

As expected, transport of organic material caused
increases in abundance of deposit-feeders and scrapers
at sites immediately downstream of mussel beds
(0 m). However, communities differed strongly be-
tween mussel beds and sites immediately downstream.
At immediately downstream sites, communities were
dominated by oligochaetes and snails (H. piscium,
limpets, and other snails), and epibenthic crustaceans
were absent or scarce. These differences may be the
result of lack of protection outside the mussel beds.
Protection from predation via reduction of foraging
efficiency of fishes and crabs in mussel beds probably
plays a significant role in modulating the distribution
and abundance of epibenthic fauna (Reise 1978, Stoner
1980, 1982, 1983, Lewis and Stoner 1982).

At greater distances from the colonies (i.e., 5 and
15 m), site-specific environmental conditions seemed to
be the primary factor structuring faunal communities.
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Differences in community structure at Rio Lujan
and Canal del Este reflected dissimilar degrees of
environmental disturbance in these rivers. Oligo-
chaetes had the highest densities and biomass at
downstream sites in Rio Lujan, and many species
(50%) occurred only in this river. Some of these
species, such as Limnodrilus hoffmeisteri and Limno-
drilus claparedeanus, typically are associated with high
levels of organic pollution (Lauritsen et al. 1985,
Verdonschot 1996, Lang 1997, Fletcher et al. 2001).
Rio Lujan also was characterized by comparatively
low numbers of Chironomidae and the absence of
Tanytarsini, which are typical of oligomesotrophic
conditions. In contrast, Chironomidae were impor-
tant in the cleaner and less organic-matter-enriched
Canal del Este. These findings are in agreement with
many studies showing that organic enrichment
results in an increase of oligochaetes and a reduction
of Chironomidae (Brinkhurst and Cook 1974, Mil-
brink 1980, Saether 1980, Mastrantuono 1986).

Ecosystem effects of L. fortunei under different
environmental conditions

Contrary to expectations, facilitation by L. fortunei was
stronger in Canal del Este than in Rio Lujan, but only in
terms of invertebrate abundance. Richness, mean total
abundance, and mean total biomass of benthic inverte-
brates tended to be higher in mussel beds than
downstream of beds, but differences were not signifi-
cant because of high variation among samples at Canal
del Este. At Rio Lujan, snails (H. piscium) and epibenthic
crustaceans (tanaidaceans, amphipods, and harpacti-
coid copepods) responded most markedly to L. fortunei-
related enhancement. At Canal del Este, those taxa and
oligochaetes, isopods, caddisflies, and flatworms were
better represented in the mussel beds than downstream
of them. These results suggest that facilitation by L.
fortunei is highly species- and site-specific, in contrast to
theory that proposes more general facilitative effects
under more stressful conditions.

One of the main environmental differences brought
about by L. fortunei is the transfer of organic matter
from the water column to the surrounding sediments.
In Rio Lujan, pollution levels are high and these
biodeposits could be of lower quality than in Canal del
Este and even than other organic deposits in Rio Lujan.
Ingestion of biodeposits also might carry higher risks
to other invertebrates than ingestion of sediment
detritus. This increased risk may result from a selec-
tion process whereby contaminants or contaminant-
rich particles are selectively rejected by mussels and
deposited as pseudofeces. This redirection of contami-
nants could result in biomagnifications of contaminants,

as previously found for zebra mussels. For exam-
ple, gammarid amphipods fed hexachlorobiphenyl-
contaminated zebra mussel feces had 20X higher tissue
concentrations than did tissue from zebra mussels
exposed to contaminated algae (Bruner et al. 1994).
Other investigators have found that zebra mussel
pseudofeces were equally or more polluted than
ingested particles (Reeders and de Vaate 1992, Gossiaux
et al. 1998).

Our results suggest that L. fortunei strongly affects
benthic communities in the Rio Parand delta but
these effects are highly variable. Like some other
ecosystem engineers (Karatayev et al. 2007), L.
fortunei may influence benthic invertebrate commu-
nities by providing refuge from predation, reducing
physical stress (e.g., currents and waves), and
enhancing food availability (Sylvester et al. 2007,
Sardina et al. 2008). Our results show that under-
standing the effect of L. fortunei requires accounting
for scale- and species-specific effects. Temporal
fluctuations in environmental conditions were not
measured in our study but may result in changes in
the magnitude (direction) of the interactions between
L. fortunei and benthic communities. More detailed
studies are needed to provide better understanding
of the effects of L. fortunei under different environ-
mental conditions that can influence the outcome of
the species interactions.
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