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Abstract The invasive golden mussel Limnoperna
fortunei is known to strongly affect benthic communi-
ties in South American freshwaters, but the evolution of
these effects after the early invasion stages is poorly
understood. Using predator exclusion (covered with 15-
and 40-mm meshes) and inclusion (unprotected) sub-
strates, we investigated the interaction between golden
mussels and benthic invertebrate communities at dif-
ferent levels of exposure to predators in the Parana River
delta. Colonization of the substrates was largely
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dominated by the mussels. Oligochaeta, Nematoda,
and Hirudinea were the most abundant accompanying
groups, while Rotifera, Tardigrada, Copepoda, Clado-
cera, Chironomidae, Gastropoda, Hydracarina, Amphi-
poda, and nauplii appeared sporadically. Regardless of
their different trophic modes and functional attributes,
the numbers and biomass of associated invertebrates
were not only enhanced by protection against predators,
but also by the presence of mussel colonies. Enhance-
ment of invertebrate densities associated with mussel
colonies was higher on unprotected than protected
substrates, suggesting that invertebrate facilitation
increases with increasing predation pressure. Compar-
isons with a similar study carried out a decade earlier
suggest that, after two decades of invasion, the repro-
ductive potential of the mussel, the predation pressure
on its colonies, and its facilitation effects on other
invertebrates have increased in the Parana River delta.

Keywords Argentina - Limnoperna fortunei -
Benthic invertebrates - Facilitation - Multiannual
changes - Predation

Introduction

Since its introduction in the Rio de la Plata estuary
(Argentina) around 1990 (Pastorino et al., 1993), the
golden mussel, Limnoperna fortunei (Dunker, 1857),
has rapidly spread northwards and westwards upstream
the Uruguay and Parana-Paraguay rivers, and is
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presently a dominant component of benthic commu-
nities throughout two major watersheds (Rio de la Plata
and Sao Francisco), as well as several smaller basins
(Guaiba, Tramandai, Patos—Mirim, Mar Chiquita) in
Argentina, Bolivia, Brazil, Paraguay, and Uruguay
(Oliveira et al., 2015; Barbosa et al., 2016). Coloniza-
tion of other large South American river systems,
including the Amazonas, Orinoco, and Magdalena, as
well as Central and North America, is probably only a
matter of time (Kluza & McNyset, 2005; Oliveiraet al.,
2010; Boltovskoy, 2015). In the lotic and lentic
environments invaded, L. fortunei can reach densi-
ties > 200,000 ind. m~2 (Sylvester et al., 2007a;
Spaccesi & Capitulo, 2012), and strongly interacts
with the local ecosystems through multiple pathways
(Boltovskoy & Correa, 2015).

Several previous studies showed that the impacts of
L. fortunei on the benthic fauna are particularly strong
(Sylvester & Sardina, 2015), but so far no information
has been available on the temporal evolution of these
impacts. This issue is critical for our understanding of
the long-term influences of invasive species in general,
and of mussels in particular, because their populations
and the interactions they establish with resident
organisms change significantly with the time elapsed
after introduction (Stanczykowska, 1977; Burlakova
et al., 2006; Strayer & Malcom, 2006, 2014). Further,
the effects of mussel beds on resident invertebrates
have been shown to change as a function of several
variables (Sardifia et al., 2011; Boltovskoy & Correa,
2015), including protection against predators. In South
America, L. fortunei has encountered a large array of
predators that crop significant fractions of its produc-
tion (Sylvester et al., 2007a; Cataldo, 2015). This high
level of consumer pressure likely plays a role in the
modulation of other interactions of the mussel with
different ecosystem compartments, including its facil-
itation of benthic invertebrates (Bruno & Bertness,
2001), but these relationships have so far not been
examined.

The invasion of the golden mussel in South
America has traditionally been compared with that
of the zebra mussel in North America and Europe,
largely because the two species share several salient
traits (Karatayev et al., 2015), and because of the bulk
of knowledge gathered during decades of intensive
zebra mussel research (Nalepa & Schloesser, 2014).
While using the experience on the zebra mussel was a
useful starting point that guided the progress of
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research on the golden mussel, mounting evidence
indicates that some of the effects caused by the two
bivalves can be very dissimilar, partly because of
species-specific differences, and partly because of
differences between the ecosystems invaded (Bol-
tovskoy & Correa, 2015; Margal et al., 2015),
underscoring the need for first-hand experimental
work on L. fortunei in the waterbodies invaded.

In the present work, we use artificial predator
exclusion/inclusion substrates deployed for over a
year in the lower Parana River delta, and compare
these data with a similar experiment conducted
10 years earlier to investigate changes in L. fortunei
population densities and their facilitation effects on
resident benthic invertebrates under different condi-
tions of protection against predators ~ 10 and
20 years after the mussel was introduced in South
America. Our primary goal was testing whether
facilitation of invertebrate fauna by L. fortunei is
greater as predation pressure increases, as predicted
by current hypotheses that propose stronger positive
interactions under more stressful conditions (e.g.,
Bruno & Bertness, 2001). We also assess whether in
the time elapsed the predation pressure on the
introduced species and its facilitating effects on the
invertebrates associated with its colonies had
changed, and, if so, attempt to identify the sign of
the trend, its magnitude, and its probable causes.
Finally, we explore hypotheses that evaluate the
importance of the enhanced food and shelter con-
ferred by the mussel’s beds to other organisms
under different conditions of exposure to predation.
In this context, two opposing effects are analyzed:
(1) L. fortunei provides shelter and food for other
invertebrates, which are therefore more abundant
among the mussels than elsewhere, vs. (2) L.
fortunei beds are themselves an attractor for preda-
tors, which feed on the mussels and on the fauna
associated with them, and therefore the hazards
involved in seeking refuge and nourishment in the
colonies outweigh the benefits.

Materials and methods

Twelve experimental cages (Fig. 1) were deployed for
colonization by L. fortunei mussels in the Carapachay
River (lower section of the Parana River delta,
Argentina; 34°23'51”S, 58°38'41"W) on 29 March
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2012. Substrates consisted of PVC frameworks delim-
iting three 300 cm? sections: two areas protected from
predators by plastic meshworks with pores of 15 and
40 mm, and one unprotected. Each substrate had a
fourth section protected by a 5-mm mesh, but these
sections were clogged by extensive silta-
tion ~ 3-4 months after deployment, and were
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therefore not used in our analyses. Mesh-protected
areas were assumed to represent conditions where
predation on benthic organisms was restricted to a
degree proportional to the size of the potential
predators, whereas unprotected areas were represen-
tative of “natural” conditions of unrestricted preda-
tion. A potential shortcoming of a predator inclusion—
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exclusion field experiment such as conducted here is
that predation was inferred from differences in mussel
population densities in protected and unprotected
cages, rather than based on direct observations of
predation. It could be argued that the protective
meshes could have affected mussel densities through
mechanisms unrelated with predation, such as changes
in the water flow, food availability, sediment retention,
and larval settlement. While these effects cannot be
ruled out, field observations (e.g., Correa et al., 2015)
and experimental results (Sylvester et al., 2007a;
Nakano et al., 2010) clearly show that physical
protection from predators has a dramatic effect on
mussel densities. Thus, even assuming that the
protective meshes on our substrates might have had
some accessory effects, we contend that their major
influence was by far precluding the access of predators
to the mussels.

Substrates were suspended at approximately 1.2 m
from the water surface and 0.5 m from the river
bottom. The tidal regime at this site is around + 0.5
m, although wind action occasionally increases this
range to 2-3 m. Thus, throughout the study, the
substrates spent a few short (up to 4-5 h) periods
outside of the water, but such situations are common
for natural substrates colonized by the mussel in the
area, with no apparent harmful consequences.

After deployment, substrates were retrieved at 42-
to 61-d intervals; thus, the last of the 12 cages,
retrieved on 17 October 2013, had spent 567 days in
the water (Fig. 1D). Upon retrieval, we photographed
all three sections of the cages before and after removal
of the protective nets to assess mussel coverage on the
substrates. We used the AutoCAD software (Autodesk
2007) to measure the surface area of zones covered by
large (> 1 mm) mussels and of zones barren of them
to the naked eye (henceforth termed zones with and
without large mussels, respectively; Fig. 2) from the
pictures.

Immediately after the protective nettings were
removed, adhering mud and biological material was
collected from all three sections. Collection was
performed by gently scraping with a blade the surface
of zones with and without large mussels separately
(Fig. 2). Often no > 1-mm animals were visible in the
“no large mussels zone,” but upon processing the
corresponding materials for counts of the small
mussels and other invertebrates a few L. for-
tunei > 1 mm and up to ~ 5 mm were detected

@ Springer

Fig. 2 Image of a partly colonized substrate; line separates area
with large (> 1 mm) mussels from area without them. Substrate
protected by a 40-mm mesh (removed in the photograph)
recovered on 30 March 2013

(~ 40 per sample, on average < 6% of all large
individuals on the substrates). Also, occasionally the
“no large mussels zones” hosted one or a few isolated
large mussels, but these were never clumped together
forming a colony. Thus, mussels > 1 mm are often
reported for the areas without large mussels, and the
values may seem rather high (see Supplementary
material), but it should be borne in mind that our
figures are all expressed in individuals m ™2, whereas
the surface of our substrates was only ~ 3% of 1 m”.

All samples were preserved in 70% ethanol imme-
diately after collection. The first three retrieval dates
yielded no large (> 1 mm) mussels, and therefore
their entire surfaces were considered as areas without
large L. fortunei (Fig. 3D). Cages protected by 15-mm
meshes were totally colonized by large mussels
after ~ 200 days in the water, thus leaving no areas
without L. fortunei (Fig. 3D). These samples (i.e., first
three dates and cages protected by 15-mm meshes)
were therefore excluded from the analyses comparing
invertebrate colonization in areas with and without
large mussels.

In the laboratory, samples were wet-sieved through
a 75-um mesh to get rid of silt and fractioned into
small (< 1 mm) and large (> 1 mm) organism size
classes using sieves. In samples with up to ~ 300
large (> 1 mm) L. fortunei, all mussels were counted
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and measured, whereas in more abundant samples
density estimates were based on gravimetrically
calibrated splits containing ~ 300 large animals.
Small mussels (< 1 mm) were quantified using sub-
samples (Folsom sample splitter, McEwen et al.,
1954) containing ~ 50 individuals. Mussels were
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measured to the nearest 0.1 mm with a digital caliper
(large individuals), or under a binocular microscope
(small individuals). Following Sylvester et al. (2007a),
for mussels < 1 mm, a single conversion factor to
biomass was used (4.78 pg tissue dry weight ind.™"),
whereas for those > 1 mm biomass was estimated in
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two size classes according to the following relation-
ships (Sylvester, 2006):

Mussels < 10 mm: Tissue dry weight (g)
= 0.000119 x e0.416><mm shell length

Mussels > 10 mm: Tissue dry weight (g)
= 0.00396 x e0.113><mm shelllength.

Invertebrates collected from areas barren of mus-
sels were assessed using subsamples with at least 50
individuals of each dominant taxon (see below), or one
half of the sample for samples with fewer organisms.
Invertebrates were classified into major taxonomic
units (family to phylum). The biomass of the accom-
panying invertebrates was estimated on the basis of
published data for biovolume or size to dry weight
conversions. Biovolumes (in cm3, and their corre-
sponding volume to dry weight conversions) were
used for Oligochaeta (0.1695; Sylvester et al. 2007b),
Nematoda (0.2825), Hirudinea (0.2260), Rotifera,
Copepoda, Tardigrada, and Hydracarina (0.226)
(Feller & Warwick, 1988). For the remaining groups,
we used the length to dry weight conversions proposed
by Benke et al. 1990 (Chironomidae), Smock, 1980
(Gastropoda and Amphipoda), and Bottrell et al. 1976
(Cladocera and Nauplii). The latter are probably less
precise because they are based on northern hemisphere
species, but all these groups were very scarce in our
samples, for which reason they were not used in our
detailed analyses of seasonal and protection-related
variations, and therefore the uncertainties involved are
of minor importance for our conclusions.

Between-cage differences in the abundance and
biomass of L. fortunei were analyzed with Generalized
Linear Models (GLM) and LSD Fisher contrasts.
Differences in the abundance and biomass of accom-
panying invertebrates between cages and zones with
and without L. fortunei were also tested using GLMs.
A Poisson distribution of errors, recommended for
count data and confirmed graphically and with the
dispersion parameter (McCullagh & Nelder, 1983),
was used in most cases, except when data were over-
or sub-dispersed, in which cases quasi-Poisson distri-
butions were used. A significance level of o = 0.05
was used in all statistical analyses.

Temporal comparisons were hindered by the fact
that all cages retrieved on each sampling date were
part of the same framework, and therefore potentially
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not independent. Assessments of the effects of the
presence of L. fortunei (areas with vs. without large
mussels) on the abundance and biomass of accompa-
nying invertebrates were based on unprotected cages
and cages protected by the 40-mm mesh and the nine
retrieval dates when these two areas were present and
clearly distinguishable (mussels visible to the naked
eye, i.e., areas with large L. fortunei, did not appear
until after the third retrieval date; Fig. 3D). The
15-mm-mesh cages were excluded from this analysis
as they were entirely colonized by mussels for > 50%
the experimental period (i.e., no areas without large L.
fortunei were present; Fig. 3D).

Although our data were unreplicated because the
feasibility of setting up true replicates in our exper-
imental conditions was questionable, in our experi-
mental design the result of each successive retrieval is
the outcome of the cumulative effects of all previous
periods (recorded in previous retrievals), plus those of
the period elapsed since the last retrieval (Fig. 1D). In
this respect, each data point “replicates” the past
history of each parameter. Gross errors in these
measurements would obviously have appeared as
discontinuities in our time series, which did not
happen (see below). Thus, we contend that uncertain-
ties associated with the lack or replicates did not affect
the overall trends reported, although because of this
caveat our conclusions should be considered as
provisional.

Results
Temporal changes in mussel populations

All cages were colonized by L. fortunei. The size of the
bivalves ranged from < 1 mm to > 28 mm. On aver-
age, small mussels (< 1 mm) were more abundant
(57-71%) than larger ones, but, as opposed to the
latter, their numbers showed a very marked seasonal-
ity. In the cages protected by 15 and 40 mm meshes,
early recruits peaked between October 2012 and
March 2013, dropping sharply thereafter (Fig. 3A).
These reproductive peaks were very conspicuous in
the protected cages, but hardly noticeable in the
unprotected ones, where the densities of early recruits
were very low and lacked a seasonal trend (Fig. 3A).

In contrast to small mussels, the abundance and
biomass of large (> 1 mm) mussels increased
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throughout the experimental period yielding similar
profiles in both protected cages (Fig. 3B, C). The
15-mm cage was completely colonized by large L.
fortunei towards half of the experimental period,
leaving no areas free of mussels. In the 40-mm cage,
colonization was more gradual, yet after ~ 400 days
of deployment it reached 80-90% of the space
available, leaving only a few, small isolated spots
without mussels (Fig. 3D). In sharp contrast with the
protected cages, in the unprotected ones colonization
was always practically restricted to crevices around
the angles of intersection between the plates (Fig. 3A—
D, 4).

Predation on L. fortunei

After ~ 4 months in the water, protected cages
hosted significantly higher abundances and biomass
of L. fortunei than unprotected cages, suggesting a
strong predation impact in the latter (Table 1, Figs. 3,
4). On average for the entire experimental period, in
the unprotected cages densities of small (< 1 mm)
mussels were 5 and 17 times lower than in the 40- and
15-mm-mesh cages, respectively (Table 1). Large
(> 1 mm) animals were 7-12 (40- and 15-mm
meshes, respectively) times more abundant in pro-
tected than in unprotected cages. Biomass values for
small mussels were based on a single conversion
factor (see Materials and methods) and therefore their
abundance and biomass temporal profiles were iden-
tical (Fig. 3A). On the other hand, for large mussels
(whose biomass was based on size-frequency values),

Unprotected

40 mm mesh

Fig. 4 Typical appearance of a protected (left; mesh removed
in the photograph) and an unprotected (right) cage partially
colonized by L. fortunei (cages retrieved on 17 July 2013)

time-averaged differences in biomass between cages
were even more marked than those based on densities,
with figures 19 (40 mm) and 32 (15 mm) times higher
than in the unprotected cages (Table 1, Fig. 3C).

Temporal changes and predation of accompanying
invertebrates

The invertebrates recorded in association with L.
fortunei comprised a wide array of groups including
Oligochaeta, Nematoda, Hirudinea Rotifera, Tardi-
grada, Copepoda, Cladocera, Chironomidae, Gas-
tropoda, Hydracarina, Amphipoda, and nauplii, yet
only the first three were common and abundant enough
across sampling dates and cages to allow analyses of
their abundance as a function of protection against
predators and the presence of mussels (see Supple-
mentary material).

Oligochaeta and Nematoda shared the following
conspicuous trends: (1) abundances of both groups
exhibited a marked seasonal pattern, dropping during
the summer and peaking in late winter-spring (Fig. 5);
(2) protected cages hosted significantly higher abun-
dances and biomass than unprotected cages (Table 1,
Fig. 6); and (3) cages protected by 15-mm meshes
yielded significantly more animals than those pro-
tected by 40-mm meshes (Table 1, Fig. 7).

Hirudinea were much scarcer than Oligochaeta and
Nematoda, their seasonal behavior was less consistent,
and their densities were more closely associated with
those of large mussels and the concomitant gradual
increase in mussel biomass (Fig. 5C), than with
reproductive cycles, presumably responsible for the
seasonal pattern of Oligochaeta and Nematoda
(Fig. 5A, B) (see below). Unprotected cages yielded
much lower (yet not statistically significant) densities
and biomass of Hirudinea than cages protected against
predation, and differences between the latter (15- and
40-mm meshes) were smaller and less consistent than
for Oligochaeta and Nematoda (Fig. 7C).

Effects of large L. fortunei on young recruits
and associated invertebrates

Within each cage, time-averaged densities of young
(< 1 mm) mussels and of the other invertebrates
assessed were invariably higher in areas colonized by
large mussels than in those barren of them (Table 2,
Fig. SE-H). Enhancement of the densities of
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Table 1 Statistical tests (Generalized Linear Models, Poisson/quasi-Poisson distribution) of the differences between the density and

biomass of mussels and other common invertebrates in protected and unprotected cages

Mean 15-mm Mean 40-mm Mean F P LSD fisher contrasts
mesh mesh unprotected
Abundance (ind. m™2)
All mussels 109,405 43,344 7,344 5.960 0.006 15 mm # 40 mm # unprot
Mussels < 1 mm 78,102 24,609 4,728 4.390 0.020 15 mm # 40 mm # unprot
Mussels > 1 mm 31,303 18,736 2,616 11.050 0.000 15 mm # 40 mm # unprot
Oligochaeta 65,111 35,299 2,152 5.660 0.008 15 mm # 40 mm # unprot
Nematoda 70,926 27,397 1,430 8.780 0.001 15 mm # 40 mm # unprot
Hirudinea 990 1390 39 1.600 0.218 15 mm = 40 mm = unprot.
Biomass (mg dry weight m~?)
All mussels 650,495 400,245 20,611 5.100 0.012 15 mm # 40 mm # unprot
Mussels < 1 mm 373 118 23 4.390 0.020 15 mm # 40 mm # unprot
Mussels > 1 mm 650,121 400,128 20,589 5.410 0.009 15 mm # 40 mm # unprot
Oligochaeta 685 372 23 5.660 0.008 15 mm # 40 mm # unprot
Nematoda 22 9 8.780 0.001 15 mm # 40 mm # unprot
Hirudinea 206 289 1.600 0.218 15 mm = 40 mm = unprot

The means shown are average values for the entire experimental period (N = 12)

Oligochaeta and Nematoda in areas with large mussels
(as compared with those without them) were much
stronger when the communities were exposed to
predation (unprotected cages), than when they were
protected (40-mm cages). Thus, while in the protected
cages areas with large L. fortunei hosted ~ 5-6 times
more Oligochaeta and Nematoda than areas without
them, in those exposed to predation Oligochaeta and
Nematoda were 22-31 times (respectively) more
abundant in areas with large mussels than in those
without them (Fig. 6A, B). Differences in biomass
followed a same pattern (Fig. 6C, D).

The effects of beds of large mussels, but apparently
less so those of mesh protection in the presence of
large mussels, were also reflected by the abundances
of small (< 1 mm) recently settled L. fortunei. In areas
with large musses, not only protected (40 mm), but
also unprotected cages, hosted very high densities of
juveniles (~ 66,000 and 68,000 ind. m~?2, respec-
tively, overall means). Thus, facilitation of small
mussels by large conspecifics was even higher than
facilitation of other invertebrate groups: while in
protected cages areas with large mussels hosted 4
times more small mussels, in unprotected cages the
same figure was up to 41 times (Fig. SH; Table 2). In
areas with large mussels, temporal profiles for these
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recruits were also generally similar in protected and
unprotected cages (Fig. 5D).

Hirudinea were only common in areas colonized by
large L. fortunei, especially in the protected (40 mm)
cages (Fig. 5C, G), but these densities did not differ
significantly from those recorded in areas barren of
large mussels and in unprotected cages (Tables 1, 2).

Discussion
Facilitation effects

This work is the first survey to assess the facilitation of
benthic invertebrates by L. fortunei at different levels
of predation pressure. Previous investigations on the
effects of the golden mussel on benthic invertebrates
reported both negative (e.g., Darrigran, 2002; Mansur
et al., 2003; Rojas Molina & Williner, 2013; Linares
et al., 2017) and positive impacts (Botts et al., 1996;
Sylvester et al., 2007b; Karatayev et al., 2010;
Sylvester & Sardina, 2015), as well as neutral effects
(Margal et al., 2015), but none of them investigated the
combined effects of mussel beds and exposure to
predation on the invertebrates surveyed. Our results
suggest that L. fortunei is a strong facilitator, and that
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Fig. 5 Temporal profiles (A-D) and average (E-H) abundance
of dominant invertebrate groups in areas colonized by L.
fortunei (with L. f.) and areas barren of them (without L. f.). First

its facilitation effect increases with increasing expo-
sure to predation.

It should be stressed that most publications report-
ing negative effects have either focused on a single
taxon or extrapolated the putative effects of L. fortunei
from the literature on Dreissena spp. in North America
and Europe. A recent review of the information
available on the effects of L. fortunei on benthic
invertebrates in invaded South American water bodies
concluded that evidences are mixed, but positive
effects prevail (Sylvester & Sardiiia, 2015).

Facilitation of benthic fauna by invasive bivalves is
typically associated with the provision of substrate,

unprotected, without large mussels

three retrieval dates are not shown because no large mussels
were still present on the substrates

shelter, and food from the enrichment of sediments
with organic matter from the bivalve’s feces and
pseudofeces (Botts et al., 1996; Stewart et al., 1998;
Sardifia et al., 2008; Boltovskoy & Correa, 2015), but
the impacts are not alike across taxa. Our results
suggest that facilitation is highest for leeches, which
are virtually absent from areas barren of mussels
(Fig. 5C, G; Sylvester et al., 2007b). In addition to the
protection conveyed by the mussels, this pattern can
respond to the fact that predatory leeches thrive where
their prey is more abundant (i.e., within mussel beds),
whereas deposit-feeding leeches benefit from the
enhanced food availability provided by the mussel’s
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Oligochaeta Nematoda

25

Abundance

Times more in area with mussels than in area
without large mussels (facilitation)

40 mm Unpr.
16 C
12
3 20
©
g 81
2
104
m 4
0- 0-
40 mm Unpr. 40 mm Unpr.
Cages

Fig. 6 Ratios between the abundance (A, B) and the biomass
(C, D) of Oligochaeta and Nematoda for areas with and without
L. fortunei in cages protected by the 40-mm mesh and in the
unprotected cages. Notice that in all cases abundance and
biomass were higher in areas colonized by large mussels than in
those barren of them, but increases in the mussel beds (with
respect to values outside of the beds) were much higher in cages
open to predation (unprotected), than in those protected from
predators (40-mm mesh)

feces and pseudofeces (Sylvester et al., 2007b).
Similar to leeches, nematodes include species with
different feeding habits, and thus facilitation of this
group is also likely the result of a combination of
mechanisms (Sardifia et al., 2008). Oligochaeta, by
contrast, are chiefly deposit-feeders, and as such are
expected to mainly respond to the increased food
supply (Sardifia et al., 2008). This benefit may chiefly
affect epifaunal detritivorous oligochaetes, whereas
for infaunal animals the sign of the effect is less clear,
due to the detrimental effects of oxygen depletion
associated with high levels of organic matter within
the mussel colonies (Karatayev et al., 2010).
Although the other invertebrate groups recorded in
our samples (rotifers, copepods, chironomids, tardi-
grades, gastropods, cladocerans, and amphipods) were
too scarce to allow reliable comparisons between
treatments (see Materials and methods and Supple-
mentary material), it is noteworthy that, in the
unprotected cages, their abundances were invariably
higher (3—-95-fold) in areas with large mussels than in
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Fig. 7 Temporal changes in the abundance of associated
invertebrates in protected and unprotected cages (areas with
and without L. fortunei pooled) (A-C)

those barren of them (Tables 3, 4, and Supplementary
material).

Judging from differences in mussel colonization as
a function of the size of the protective mesh (Fig. 3),
predators that consume L. fortunei span a wide range
of sizes. Comparison of the yields of the cages
protected by the 15-mm mesh (considered as a base-
level representative of predation-free conditions)
indicated that, on average, 60% and 93% of the
mussels (in terms of numbers; 38% and 97% in
biomass) were eliminated from the cages protected by
40-mm-mesh nets and from the unprotected cages,
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Table 2 Statistical tests (Generalized Linear Models, Poisson/quasi-Poisson distribution) of the differences in the density and
biomass of small (< 1 mm) mussels and common invertebrates recorded in areas with and without large (> 1 mm) mussels

Abundance (ind. mfz)

Biomass (mg dry weight m~?)

Mean for areas
with large
(> 1 mm) mussels

Mean for areas
without large
(> 1 mm) mussels

Mean for areas F P
with large
(> 1 mm) mussels

Mean for areas
without large
(> 1 mm) mussels

40 mm mesh

Mussels < 1 mm 17,660 66,034
Oligochaeta 11,435 67,580
Nematoda 10,256 47,605
Hirudinea 14 2178
Unprotected
Mussels < 1 mm 1644 67,701
Oligochaeta 708 15,329
Nematoda 364 11,259
Hirudinea 8 469

84 316 2950  0.105
120 711 6.560  0.021
3 15 8.820  0.009
3 453 1.790  0.199

324 3.050  0.100

161 11.200  0.004
0.1 3 2300  0.149
2 97 2.860  0.110

The means shown are average values for the nine retrieval dates when areas with and without mussels were clearly distinguishable

respectively (Table 1, Fig. 3). Not surprisingly, the
invertebrates facilitated by L. fortunei followed a very
similar trend: ~ 46-97% of the abundance and
biomass of the oligochaetes, and 61-98% of the
nematodes were eliminated from the same cages when
compared with those protected with the 15-mm mesh
(Table 1, Fig. 7). These two meiofaunal groups are
largely dominant in the communities associated with
freshwater mussel beds (Sylvester et al., 2007b; our
results), and have been observed to be intensively
predated upon by fish in similar experimental settings
(Weber & Traunspurger, 2014, 2015). The Parana
River basin hosts a rich fish fauna including several
hundred species, ca. 50 of which have been reported to
consume golden mussels (Cataldo, 2015). Predation

on L. fortunei is most probably not restricted to fishes.
Crabs, reptiles, waterfowl, and mammals have been
suggested or observed to consume mussels as well
(Bujes et al., 2007; Sylvester et al., 2007a; Boltovskoy
et al., 2009; Torres et al., 2012; Carvalho et al., 2013).
Fishes and other predators may impact populations of
the invertebrates associated with mussel beds as well,
either by actively selecting them or by ingesting them
along with the mussels, in which case the mussel bed
itself might represent an important attractor for these
predators. However, our data suggest that these
potential effects do not override those of the mussels
as a facilitator.

Contrasts in the numbers of oligochaetes and
nematodes in areas with and without large mussels

Table 3 Average density
and biomass of the rare

Abundance (ind. m™2)

Biomass (mg dry weight m~2)

invertebrates retrieved from 15 mm 40 mm Unprotected 15 mm 40 mm Unprotected

the experimental substrates

(areas with and without L. Rotifera 2,052 4,127 565 0.87 1.75 0.24

fortunei pooled; N = 12) Copepoda 567 556 80 1.38 1.36 0.20
Chironomidae 438 309 177 56.91 40.13 23.00
Tardigrada 824 153 36 0.32 0.06 0.01
Gastropoda 0 108 16 0.00 19.81 3.02
Cladocera 162 141 44 0.12 0.10 0.03
Amphipoda 299 22 17 1.51 0.11 0.08
Nauplii 0 47 6 0.00 0.00 0.00
Hydracarina 6 6 0 0.01 0.01 0.00
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Table 4 Average densities (ind. m™~?) of the rare invertebrates retrieved from the unprotected experimental substrates, and substrates
protected with a 40-mm mesh, in areas colonized by large mussels and areas barren of them

40 mm

Unprotected

Mean for areas
with large
(> 1 mm) mussels

Mean for areas
without large
(> 1 mm) mussels

Mean for areas
without large
(> 1 mm) mussels

Mean for areas
with large
(> 1 mm) mussels

Rotifera 1,088 1,885
Copepoda 845 372
Chironomidae 521 179
Tardigrada 142 238
Gastropoda 130 115
Cladocera 187 57
Amphipoda 31 0
Nauplii 62 57
Hydracarina 0 45

1,526 264
1075 8
1968 70

161 25
158 8
549 0
114 9
57 0
0 0

Data are based on the nine retrieval dates when areas with and without mussels were clearly distinguishable

were substantially lower when the substrates were
protected from predation (40-mm mesh), than under
the more stressful (“natural”) conditions of the
unprotected cages, where predators had access
(Fig. 6). In other words, facilitation by the mussels
was particularly strong when the communities were
exposed to predation, but less so when mussels and
accompanying fauna were artificially protected from
them. Facilitators (typically ecosystem engineers)
alleviate harsh conditions to a large number of
organisms, which would otherwise wane or disappear
altogether. Our results provide support to the notion
that the harder the conditions, the larger the gap
between the population densities supported with and
without the facilitator. The mechanisms by which the
facilitator can improve otherwise unsuitable living
conditions for other organisms are numerous, includ-
ing the provision of food and shelter, substrate,
protection against disturbances, such as current and
wave action, enhanced retention of propagules, etc.
(Bruno & Bertness, 2001; Bruno et al., 2003; Sardina
et al., 2008).

The predation values observed in our experiment
are likely underestimated because our “no predation”
reference, the 15-mm mesh-protected cages, has most
probably suffered at least some predation pressure,
both from larval and juvenile fishes, and by inverte-
brate predators (e.g., leeches, nematodes) within the
cages (Sylvester et al., 2007a; see below).
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Decadal comparisons

For the assessment of decadal changes of the impact of
L. fortunei, we compared the results of the present
work (2012-2013) with those of a similar survey
conducted in the same area 10 years earlier
(2002-2004, Sylvester et al., 2007a, b). A potential
caveat of this exercise is the fact that the two
experiments were started at different times of the year
(in spring in 2002-2004, and in autumn in
2012-2013), for which reason the contrasts discussed
below are limited to the most clear trends only.

The most striking difference between the two
surveys is that consumption of L. fortunei in the
unprotected cages and in those protected by the 40-mm
mesh increased substantially in the time elapsed. On
average, the amount of mussels eliminated from these
cages (with respect to the ones protected by the 15-mm
mesh) increased from 2—4 to 6-15 times in terms of
abundance, and from 4-5 to 19-32 times in biomass
(Fig. 8). Interestingly, while in cages open to predators
yearly average mussel abundances decreased by ~
50% between 2002-2004 and 2012-2013, densities in
those protected by the 40-mm mesh increased ~ 50%,
and in the 15-mm cages ~ 140% (Fig. 8). These
figures suggest that the relentless geographic spread of
the golden mussel since its introduction in South
America around 1990 (Oliveira et al., 2015) has been
accompanied by enhanced reproductive potential, but
resident predators have responded to this presence,
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such that they currently exert a more intensive control
on mussel populations than during earlier stages of the
invasion.

In Lake Ohshio (Japan), 32-89% of the mussels
present on substrates protected with a 25-mm mesh
were eliminated by predators from simultaneously
deployed unprotected substrates (Nakano et al., 2010).
The golden mussel was first detected in this lake only
2 years earlier; thus, if the introduction had effectively
occurred so recently, the highest predation values
(89%, at 6 m depth) leave little room for further
increase with time. On the other hand, predation at 18
and 12 m was much lower (45 and 32%, respectively),
and could conceivably increase with time. Method-
ological and environmental differences, including
depth and dissolved oxygen concentrations, as well
as mesh pore size of predator exclosures, complicate
interpretation of the dissimilarities between mussel

120,000

100,000 -

)

<~ 80,000 4 Times less without protection (2002-2004)

- 60,000

d.m

n

(

40,000 -

20,000 -

Mean annual abundance

0 A

Times less without protection (2012-2013)

15 mm 40 mm Unpr.

Times less without protection (2002-2004)

Mean annual biomass
2
(g m?)

Times less without protection (2012-2013)

2002-2004

- 2012-2013

Fig. 8 Mean annual abundance and biomass of L. fortunei in
cages protected by 15- and 40-mm meshes, and in unprotected
cages, as recorded in the present survey (2012-2013) and
10 years earlier (2002-2004; data from Sylvester et al.,
2007a, b)

consumption rates in Japan and in Argentina, where L.
fortunei was introduced at about the same time (Ito,
2015; Oliveira et al., 2015). Yet these dissimilarities
may also point at the fact that ecosystem responses are
context dependent, whereby the same invader may
engender quite dissimilar responses depending on the
ecosystem invaded (Boltovskoy & Correa, 2015).

Close comparisons between the facilitation effects
recorded in this study and those of the one conducted
10 years earlier (Sylvester et al., 2007a, b) are
hindered by the fact that the two experiments were
started in different seasons (see above). Further,
Sylvester et al. (2007b) analyzed temporal changes
in the invertebrates recorded in areas with and without
colonies of large mussels on substrates protected by a
5-mm mesh (in contrast with the present results, where
these cages had to be discarded due to extensive
siltation shortly after deployment, see Materials and
methods; in Sylvester’s study siltation and clogging
were much lower). Nevertheless, some broad conclu-
sions on the effects on the mussel beds on other
invertebrates can be drawn. First, both studies clearly
indicate that L. fortunei strongly facilitates oligo-
chaetes and nematodes: abundances of these groups
are consistently higher in areas with mussels than in
those without them (Fig. SE, F, cf. Figure 3 in
Sylvester et al., 2007b). Second, facilitation seems to
be extensive to practically all invertebrates recorded in
the two studies (Supplementary material, Fig. 4 in
Sylvester et al., 2007b). Third, Hirudinea depict the
highest dependency on the mussels, as they occur
exclusively (Fig. 4 in Sylvester et al., 2007b) or almost
exclusively (Fig. 5C, G) in association with beds of
large L. fortunei, which may respond to the fact that
they feed on other invertebrates (Nematoda, Oligo-
chaeta), and their numbers increase after these prey
become abundant (Fig. 7). Fourth, the two studies
coincide in that facilitation is greatest in “natural”
conditions (i.e., unprotected cages), and drops as
protection from predators increases (40- and 5-mm-
mesh cages). While differences in the experimental
periods and treatments involved constrain these com-
parisons, they seem to confirm the tenet that facilita-
tion is highest under more stressful conditions (Bruno
& Bertness, 2001; Bruno et al., 2003).
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Concluding remarks

Invasive species are often seen only as competitive
dominants that threaten native biodiversity (Pimentel,
2002; Simberloff, 2003). Our findings challenge this
standpoint insofar as, judging from their densities,
aquatic invertebrates thrive better in association with
the invader’s colonies, where habitat heterogeneity,
shelter, and food are higher than elsewhere. Further
species-specific studies are necessary to assess
whether facilitation by the mussel enhances species
diversity as well, or if facilitation affects only a few
species that end up reducing a pre-invasional more
diverse taxocoenosis. Our results also seem to disagree
with the hypothesis that, in the areas invaded, intro-
duced species fare better than indigenous ones because
they have fewer predators and competitors (Colautti
et al., 2004). Our results show that, in its invasive
range (South America, Japan), golden mussels endure
a tremendous predation pressure albeit, admittedly, we
do not know whether this pressure is indeed higher
than that on native prey, or if it is higher in South
America and Japan than in their native range. These
conclusions by no means imply that the overall
impacts of L. fortunei in the areas invaded are
negligible or positive. Rather, we contend that its
effects on the ecosystem are large and significant, but
while some are clearly undesirable (e.g., promotion of
cyanobacterial blooms, introduction of fish parasites;
Cataldo et al., 2012; Baba & Urabe, 2015), others
suggest that this bivalve plays the role of a foundation
species, by virtue of which in some ecosystem
compartments facilitation effects may have a compa-
rable importance or even prevail over the negative
ones (Bertness & Callaway, 1994; Bruno et al., 2003).
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