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Abstract  Laboratory and field experiments indicate that the presence of Limnoperna 
fortunei decreases concentrations of particulate organic matter and increases ammo-
nia, nitrate, and especially phosphate. Long-term series of field data partially con-
firm these results. After having been colonized by the mussel, a 47 km2 reservoir 
developed higher concentrations of ammonia and phosphates, a higher P:N ratio, 
more transparency, less seston, and less phytoplankton and primary production. 
Phytoplankton clearance rates by the mussel vary widely, suggesting that “normal” 
values for adult organisms are around 100  mL/ind./h, or ca. 2–4  mL/mg DW/h. 
Data on grazing selectivity are inconclusive, but seem to indicate highest impacts 
on small (< 1 mm) particles. Large plankton are negatively selected, but they may 
account for greater proportions of total biomass in the diet. Studies on consumption 
of toxic cyanobacteria yield conflicting results, but large golden mussel popula-
tions significantly enhance blooms of colonial Microcystis spp. through changes 
in nutrient availability, size-selective grazing, promotion of colony formation, and 
reduced grazing of toxic cells. These toxic blooms, in turn, suppress reproduction 
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of the mussel, most probably killing the larvae. Growth of periphyton and aquatic 
macrophytes are enhanced significantly by the golden mussel.

Keywords  Limnoperna fortunei · Golden mussel · Ecological impact · Nutrient 
recycling · Phytoplankton grazing · Grazing selectivity · Cyanobacterial blooms · 
Microcystis

Introduction

The influence of filter-feeding organisms on water-column properties, in particular 
the concentration of bioseston and modifications in the concentration and propor-
tions of nutrients, has been investigated for decades in both marine and freshwater 
environments. Interest in this topic stems from the fact that filtration is among the 
most widespread feeding modes in a vast array of aquatic animals (Jørgensen 1966), 
and because it profoundly affects many water-column traits, as well as sediment 
characteristics. Filtration-related changes brought about by introduced species, in 
particular bivalves, have received special attention because they modify histori-
cal, preintroduction conditions, and because some nonindigenous species can attain 
very high densities and become invasive, thus enhancing their otherwise moder-
ate impact on waterbodies. Figure 1 offers a visual overview of some of the most 
important modifications observed in association with the introduction of zebra and 
quagga mussels in Europe and North America (MacIsaac 1996; Karatayev et  al. 
2002; Kelly et al. 2010; Nalepa and Schloesser 2014), and of the golden mussel in 
Asia and South America (Mansur et al. 2012; Boltovskoy and Correa 2015). Even 
though this diagram includes but a fraction of the actual relationships that come 
into effect when one of these species colonizes a hitherto uninvaded waterbody, the 
maze of interactions is remarkable. It is noteworthy that the same ecosystem trait, 
process or component can be influenced by several different effects associated with 
the presence of mussels, and that the directions of these impacts can often be op-
posing. Further complications in pinpointing and quantifying impacts stem from the 
fact that many of these effects are site-dependent, which means that they can vary 
widely among waterbodies, or even in different areas of the same waterbody, and 
also as a function of time elapsed after initial introduction. Some shifts can be very 
strong during the initial postintroduction years and wane thereafter; others persist 
through time, and still others only become evident several years after introduction 
(Burlakova et al. 2005; Burlakova et al. 2006).

This section reviews current knowledge of the effects of the introduction of Lim-
noperna fortunei on nutrients and phytoplankton abundance and composition, as 
well as some consequences of the observed changes. As elsewhere in this volume, 
this chapter focuses on the golden mussel, rather than on invasive freshwater bi-
valves in general. As discussed below, while the mechanisms by which L. fortunei 
influences waterbodies are practically identical to those of the dreissenids, the final 
outcome of these interactions is often very dissimilar (Boltovskoy et al. 2006, 2013; 
Boltovskoy and Correa 2015).
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Nutrient Recycling

Short-term (24 h) experiments investigating effects of L. fortunei on nutrient con-
centrations and proportions have been carried out in laboratory settings and in field-
deployed mesocosms (Cataldo et al. 2005; Cataldo et al. 2012a).

Laboratory experiments were conducted using plastic containers with 60 L. for-
tunei 18–27 mm in length in 15 L of water obtained in the Río de la Plata estuary 
(Cataldo et al. 2005). Nutrient concentrations were measured at 0, 3, 6, 12 and 24 h. 

Fig. 1   Generalized schematic diagram of some salient effects of filter-feeding mussels on freshwa-
ter bodies (excluding relationships with fishes). Effects analyzed and demonstrated for L. fortunei 
are denoted in bold characters. Notice that several of the impacts shown have opposite effects on 
the same process or component; for example, clarification of the water and nutrient recycling can 
favor phytoplankton growth, but grazing and enhancement of periphyton and macrophytes can 
depress phytoplankton abundance (conflicting effects are denoted with the same color)
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In controls without mussels, none of the measurements at 24 h differed significantly 
from initial (0 h) conditions. In containers with mussels, only total N and total P 
remained constant. Particulate N and P dropped to  < 25 % of their initial values (N 
from 1149 to 0 µg/L, and P from 122 to 31 µg/L). Ammonia, nitrate and phosphate, 
on the other hand, increased conspicuously (ammonia from 1190 to 1620  µg/L, 
nitrate from 1532 to 2333 µg/L, and phosphate from 121 to 212 µg/L) (Figs. 2a, b 
and 3a, b).

A similar experiment was performed in 400 l mesocosms deployed in a shallow, 
coastal area of the reservoir Embalse de Río Tercero, a medium-sized (47 km2), 
meso-eutrophic waterbody (chlorophyll a around 3–6  µg/L; Boltovskoy et  al. 
2009a) located in central Argentina (32.37ºS, 64.77ºW) (Cataldo et al. 2012a). Four 
polyethylene terephthalate cylindrical mesocosms (75 cm in diameter, 105 cm high) 
with their bottoms sealed off with a polyethylene liner were filled with reservoir 
water to about 15 cm from the rim. Each of two of the mesocosms were stocked 
with ~ 1700 mussels 14–35 mm in length, collected nearby, whereas the other two 

a c

b d

Fig. 2   Changes in the concentrations of nitrogen with and without L. fortunei in Río de la Plata 
waters (laboratory, a, b) and in the reservoir Embalse de Río Tercero (mesocosms, c, d) throughout 
a 24-h period. (a and b based on data from Cataldo et al. 2005; c and d from Cataldo et al. 2012a)
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were used as controls (no mussels). As in the previous experiment, nutrient concen-
trations were measured at 0, 3, 6, 12, and 24 h. All variables remained practically 
constant in the controls (as in the lab experiments). In the mesocosms stocked with 
mussels, total N and P changed negligibly. Particulates dropped significantly (par-
ticulate N from 25 to 13 µg/L, particulate P from 122 to 31 µg/L), and ammonia, 
nitrate and phosphate increased strongly (ammonia from 0 to 220 µg/L, nitrate from 
10 to 40 µg/L, and phosphate from 1 to 13 µg/L) (Fig. 2c and d; 3c and d).

It is noteworthy that, after 24 h, in both lab and mesocosm experiments, increas-
es in the concentration of phosphate were much higher than those of nitrate (Figs. 2 
and 3), thus modifying not only the total amount of major nutrients available for the 
autotrophs, but also their proportions. These results are generally similar to those 
obtained by Kawase (2011) in his 6-h filtration experiments with L. fortunei, where 
he recorded significant drops in turbidity and in the concentrations of particulate 
organic C and N.

Results obtained with longer incubations agreed with the above trends during the 
initial 24-h period, but subsequently the behavior of nutrients changed significantly. 
Cataldo et al. (2012b) assessed the effects of L. fortunei on water column properties 
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Fig. 3   Changes in the concentrations of phosphorus with and without L. fortunei in Río de la Plata 
waters (laboratory, a, b) and in the reservoir Embalse de Río Tercero (mesocosms, c, d) throughout 
a 24-h period. (a and b based on data from Cataldo et al. 2005;c and d from Cataldo et al. 2012a)
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of Salto Grande Reservoir (Uruguay River, Argentina-Uruguay) using three pairs of 
floating 400-L mesocosms (Fig. 4a and b) stocked with either 100 or 300 mussels 
16–20 mm in length, and without mussels (controls). Immediately after deployment 
(day 0), and on days 1, 2, 3, 7, 14, 21, 28, and 35 the following parameters were 
assessed (Fig.  4c): water temperature, concentrations of ammonia, nitrate, phos-
phate, and chlorophyll a, quantification and identification of phytoplanktonic algae, 
and evaluation of the size and density of Microcystis spp. colonies. Accumulated 
sediments were retrieved from each mesocosm at the end of the experiment to as-
sess their wet and dry weight, and organic matter contents. All mesocosms were 
provided with four PVC plates suspended within the enclosure; these plates were 
retrieved on day 35 and periphytic organic matter and chlorophyll a were measured.

In the absence of L. fortunei, ammonia dropped from ca. 10 µg/L to below de-
tection levels by the end of the incubation. In the mesocosms with mussels, on the 
other hand, ammonia increased from 10 µg/L (on day 0) to around 20–30 µg/L (on 

Fig. 4   Sketch (a) and photograph (b) of the mesocosms, and general scheme of the experimental 
setup and sampling design (c) used in experiments of phytoplankton grazing and nutrient regen-
eration in Salto Grande Reservoir by Cataldo et al. (2012b). (Modified from Cataldo et al. 2012b)
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day 35; Fig. 5a). For nitrate the pattern was different; in agreement with short-term 
studies, the presence of mussels enhanced nitrate concentrations until day 3, but 
from then on nitrate decreased gradually until termination of the experiment (day 
35), when it was at around 40–60 % of initial values (Fig. 5b). In the controls, nitrate 
concentrations dropped from day 1, and by day 35 were at ~ 20 % of initial values. 
Phosphate concentrations increased on day 1 (in the mesocosms with 100 mussels; 
as in the short term surveys), or day 3 (in mesocosms with 300 mussels), and from 
there on showed moderate variations (with the exception of a second peak on day 
28 in the mesocosms with 300 mussels). In the controls, phosphate values were very 
low throughout the entire experimental period (Fig. 5c).

While the usefulness of short and medium-term experiments for identifying the 
effects of invasive mussels on nutrients and the biota is beyond doubt, their abil-
ity to predict impacts over the long term (years to decades) is limited. Long-term 
impacts cannot be unequivocally assessed through laboratory tests or enclosure ex-
periments, whereas field sampling programs very seldom cover periods long enough 
for such analyses. Furthermore, many of the variables that play fundamental roles 
in lakes, rivers and reservoirs (e.g., nearshore vs. offshore partitioning, external in-
puts of nutrients and organic matter, regional differences in substrate type, vertical 
mixing, and many others, see reviews in Kelly et al. 2010, Bootsma and Liao 2014) 
are not effective in experimental settings. For L. fortunei, the only survey available 
where the effects of this mussel were quantified on the basis of a long-term series of 
field data is the one carried out in Embalse de Río Tercero reservoir by Boltovskoy 

Fig. 5   Changes in the con-
centrations of ammonia (a), 
nitrate (b), and phosphate (c) 
in mesocosms with and with-
out L. fortunei throughout a 
35-day experimental period. 
(From Cataldo et al. 2012b)
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et al. (2009a). This reservoir, which was colonized by the golden mussel around 
1998, has been monitored regularly since 1996. In 2006, average mussel densities 
over the entire reservoir were estimated at 960 ind./m2 (see Fig. 11 in Chapter “Lim-
noperna fortunei Colonies: Structure, Distribution and Dynamics” in this volume), 
suggesting that these populations could potentially filter a volume equivalent to that 
of the entire water body every 2–8 days (Boltovskoy et al. 2009a). Comparison of 
data collected between 1996 and 2008 point at significant changes in several water 
column properties, especially at the station located in the area of highest mussel 
densities. Total N in the water increased 300 % (most probably largely on account of 
ammonia), ammonia increased ca. 400 %, and phosphate increased 200 %. Nitrate 
remained at pre-2000 levels. The phosphate:nitrate ratio increased from 0.061 (be-
fore 2000) to 0.112 (after 2000) (Fig. 6), probably as a result of high rates of phos-
phate release due to mobilization of iron-bound phosphorus in the anoxic guts of 
the mussels (Turner 2010). These shifts are particularly noticeable when contrasting 
the periods 1996–2000 versus 2002–2007, which suggests that it took the mussel 
around four years to build up a population large enough to start affecting the reser-
voir water (see Chapter “Limnoperna fortunei Colonies: Structure, Distribution and 
Dynamics” in this volume).

These results generally confirm previous information based on studies with 
Dreissena spp. (Karatayev et al. 2002; Turner 2010; Zhang et al. 2011), yet their 
effects on phytoplankton are different (see below).

Enhanced mineralization associated with the presence of mussels is not restricted 
to organic matter, but may also affect other substances present in the water, includ-
ing pesticides. Di Fiori et al. (2012), concluded that concentrations of glyphosate, 
a phosphonate compound widely used as an herbicide for weed control of several 
genetically modified crops (soybean, maize, cotton, canola) decreased by 40 % in 
the presence of large mussels. The pathways responsible for this decrease, however, 
are still poorly understood.

Fig. 6   Mean concentrations of N and P in the reservoir Embalse de Río Tercero in 1996–2000 
(before the waterbody was influenced by the presence of L. fortunei, which invaded in 1998), and 
in 2002–2007 (with high L. fortunei population densities). (Based on data from Boltovskoy et al. 
2009a)
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Phytoplankton Grazing: Rates and Impact

Clearance rates of L. fortunei have been estimated in several studies, but the range 
of values reported is very large: 0.2 to 725 mL/ind./h, or 0.1 to 29.5 mL/mg dry tis-
sue (DT)/h (Table 1). This spread is largely associated with differences in method-
ology. With very few exceptions (e.g., Gazulha et al. 2012a, b), studies did not dif-
ferentiate actually ingested particles from those discarded as pseudofeces; the latter 
are embedded in mucus, rejected and settled on the bottom, thus disappearing from 
the water column and ending up being included in the estimates of consumption. 
Differences in food type and toxicity, pre-experiment starvation times, mussel size, 
experiment duration, amount of suspended solids, temperature, resuspension mech-
anisms used, pH, and water flow, among other factors, also strongly affect grazing 
estimates (Morton 1983). Despite their spread, these data suggest that normal filtra-
tion rates for adult individuals 15–25 mm in length range around 100 mL/ind./h, or 
ca. 2–4 mL/mg DW/h. Younger individuals and warmer temperatures yield higher 
specific filtration rates (Sylvester et al. 2005).

These figures are roughly within the range of those reported for many other 
freshwater mussels (Karatayev et al. 1997; Sylvester et al. 2005), very few of which, 
however, attain densities similar to those observed in L. fortunei beds. On suitable 
substrates golden mussel densities normally range around 5000  ind./m2, and can 
occasionally exceed 200,000 ind./m2 (Sylvester et al. 2007; Spaccesi and Rodrigues 
Capitulo 2012; see Chapter “Limnoperna fortunei Colonies: Structure, Distribution 
and Dynamics” in this volume). Thus, strong impacts on the water column are due 
to high mussel densities, rather than to exceptional individual filtration rates.

Results of laboratory and mesocosm experiments indicate strong drops in algal 
numbers over short periods. Studies carried out in a laboratory recirculating system 
and in 400-l mesocosms (Cataldo et al. 2005; 2012a; see above) showed dramatic 
drops in phytoplankton cell numbers over 24 h (Fig. 7a, d). Clearance and grazing 
rates were not monotonic, but changed over the course of the experiment. Clear-
ance was found to be highest at 6 h, and decreased afterwards (Fig. 7b, e). Similar 
trends have been reported for L. fortunei by other authors (Pestana et al. 2009; Frau 
et al. 2013). However, because algal densities decrease with time, the numbers of 
algae eliminated from the water column (either ingested or rejected as pseudofe-
ces) decrease very sharply (Fig. 7c, f). Decreased pumping (= clearance) rates are 
probably a response to satiation (Fig. 7a), low phytoplankton densities (Fig. 7d), or 
both. Longer-term experiments, however, indicate that after this initial decline algal 
numbers recover partially, most probably stimulated by higher nutrient availability 
and increasing light penetration (Cataldo et al. 2012b; Fig. 8). These results seem 
to mimic natural conditions; the few colonized waterbodies for which there are 
adequate historical records dropped in phytoplankton abundance and production 
after having been invaded by L. fortunei. The reservoir Embalse de Río Tercero 
lost about 30–40 % of its seston load, represented chiefly by algae (Fig. 9b), >40 % 
of its planktonic primary production (Fig.  9d), and became significantly clearer 
(Fig. 9a) (Boltovskoy et al. 2009a). Information on potential impacts in the main 
South American waterbodies colonized by the mussel—the large floodplain rivers 
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(see Chapter “Colonization and Spread of Limnoperna fortunei in South America” 
in this volume) is still scant. Based on data from two tributaries of the Middle 
Paraná River collected before and after colonization by the mussel, Rojas Molina 
and José de Paggi (2008) concluded that zooplankton abundance (especially Ro-
tifera) and chlorophyll a declined as a result of the invasion of L. fortunei (see 
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Fig. 8   Changes in the concentrations of chlorophyll a (a) and algal cells (b) in mesocosms with 
and without L. fortunei throughout a 35-day experimental period. (From Cataldo et al. 2012b)
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Fig. 9   Changes in several water-column properties in the reservoir Embalse de Río Tercero 
between 1996 and 2007. Curves (3-point running means; 5-point for d) are based on measure-
ments at approximately 3-month intervals (ca. 70 data points). Shaded areas indicate periods with 
modified conditions (presumably due to colonization by the mussel). Red broken lines denote 
means for each period (significantly different at p = 0.05 for all parameters except chlorophyll a, 
where p = 0.069; Scheffé´s post hoc tests). Inset map shows the position of the sampling station in 
the reservoir ( star). (Modified from Boltovskoy et al. 2009a)
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Chapter “Impacts of Limnoperna fortunei on Zooplankton” in this volume). Similar 
trends have also been suggested for a marginal lagoon and a tributary of the Middle 
Paraná River (Devercelli and Peruchet 2008). However, these rivers and associated 
marginal floodplains are relatively open systems strongly influenced by variable 
conditions in their upper reaches, and are subject to wide seasonal and interannual 
variations largely depending on precipitation and runoff regimes (see below), which 
complicates interpretation of causal relationships. Furthermore, in recent decades 
their catchment basins have been strongly modified by growing human populations 
and increasing land use for agricultural purposes, with the enhancement of the input 
of fertilizer-derived nutrients, pesticides and waste products, which further hinders 
pinpointing the concomitant effects of the invasive mussel.

Phytoplankton Grazing: Selectivity

Several surveys have addressed the issue of selectivity in L. fortunei grazing, us-
ing both natural, mixed plankton, and various combinations of cultured algae, with 
somewhat dissimilar results. In the 24-h mesocosm experiment performed in Em-
balse de Río Tercero described above, Cataldo et al. (2012a) found no association 
between prey cell size (across a range of 5–280,596 µm3) and consumption rate. 
Laboratory experiments with Microcystis viridis, Pseudoanabaena sp. and Sele-
nastrum capricornutum also yielded similar filtration rates for the three species 
(Rückert et al. 2004). On the other hand, strong selectivity was found when the mus-
sel was fed a wider range of planktonic organisms, including zooplankton. Fachini 
et al (2012) reported negative selection for large (1–20 mm) filamentous algae and 
copepods, and positive selection for Rotifera, small (< 1 mm) filamentous algae, 
and several solitary algal cells, concluding that small to moderately sized particles 
and organisms with limited escape responses are favored by the mussel (see Chap-
ter “Impacts of Limnoperna fortunei on Zooplankton” in this volume). Filtration 
experiments (72 h) performed in 200-L containers with natural plankton suggested 
that small flagellates are avoided by the mussel, whereas diatoms are positively 
selected (Frau et al. 2013).

Contrasting results may be partly explained by the fact that most studies did not 
differentiate particles actually ingested from those that are collected, embedded in 
mucus, and rejected as mucus-bound clumps that do not return to the water-column, 
but settle on the bottom. Gazulha et  al. (2012b) differentiated between ingested 
particles and particles expelled as pseudofeces, and concluded that filtration rates 
of single-celled, colonial and filamentous cyanobacteria are similar, but while sin-
gle cells are ingested, filamentous, and colonial forms are massively rejected as 
pseudofeces. A similar result was obtained when feeding L. fortunei with a mixture 
of cyanobacteria and diatoms. The diatom Nitzschia palea was found to disappear 
from the water faster than the cyanobacterium Microcystis aeruginosa, but inges-
tion rates were significantly higher for the latter, whereas N. palea was rejected 
(Gazulha et al. 2012a).
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In summary, results available to date are still scarce and contradictory. Aside 
from the fact that the proportions of large organisms, especially those with well-de-
veloped avoidance abilities, are lower in the diet than in the water (although positive 
selection for several planktonic animals was also reported; see Chapter “Impacts of 
Limnoperna fortunei on Zooplankton” in this volume), data on grazing selectivity 
of the golden mussel are inconclusive. Furthermore, while impacts on larger plank-
ton are probably lower than those on smaller particles, selectivity studies based on 
filtration experiments can be misleading with regard to the relative importance of 
the different items in the diet of L. fortunei, because the proportion of total biomass 
ingested may be dominated by large prey items (Rojas Molina et al. 2010; see Chap-
ter “Impacts of Limnoperna fortunei on Zooplankton” in this volume).

Enhancement of Cyanobacterial Blooms

Blooms of toxic cyanobacteria, especially Microcystis spp., are usually associated 
with eutrophication and, in particular, with elevated P:N ratios (Smith 1983; Smith 
and Bennett 1999). Extensive river damming worldwide has created thousands of 
new waterbodies where stagnancy, enhanced vertical stratification, and growing 
nutrient input from agricultural land use boosts growth of cyanobacteria (Pizzolón 
et al. 1999; Jeong et al. 2003; Ruibal Conti et  al. 2005; Relyea 2006). In recent 
decades, an additional bloom-enhancing effect has been described: some waterbod-
ies have been observed to develop more frequent and stronger toxic cyanobacterial 
blooms after having been colonized by the zebra mussel (Bykova et al. 2006). Ob-
servational and experimental data on the effects of L. fortunei show that it also has 
a very significant impact on the abundance of Cyanobacteria.

In the experiment described above using 400-L mesocosms (Fig. 4), Cataldo 
et al. (2012a) found that Microcystis spp. densities increased from undetectable 
levels to ca. 1500–2000  cells/mL after 35 days in enclosures without mussels 
(Fig. 10a); however, in mesocosms with mussels, Microcystis spp. numbers soared 
to > 200,000 cells/ml (Fig. 10b). Most significantly, colonial forms almost exclu-
sively accounted for this increase, whereas solitary cells of Microcystis spp. re-
mained at very low levels throughout the experiment (Fig. 10b). During the first 
week, only solitary cells of Microcystis spp. were found in all mesocosms. After 
2 weeks, in the mesocosms without mussels the proportion of solitary Microcystis 
cells dropped to 34 %, and varied around 20–50 % until the end of the experiment. 
In contrast, in the mesocosms with mussels, solitary cells were dominant until 
week 3, being completely replaced thereafter by colonial individuals (Fig. 10b). 
Most significantly, this growth in the presence of mussels was accompanied by a 
strong increase in the size of Microcystis spp. colonies (Fig. 10c). In controls with-
out mussels, the mean size of Microcystis spp. colonies remained around 50 µm 
(maximum dimension) throughout the entire experimental period. In the meso-
cosms with mussels, on the other hand, on week 4 all Microcystis cells were in 
colonies  ~ 135 µm in size, and by week 5, they attained a mean size of  ~ 179 µm 
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(Fig. 10c). Other cyanobacterial species present in the enclosures ( Anabaena cir-
cularis, Aphanocapsa delicatissima, Chroococcus minutus, Pseudoanabaena mu-
cicola) also grew more in the presence of L. fortunei than in the controls, but their 
densities remained low.

Interpretation of these results suggests that there are several mechanisms con-
verging to enhance Microcystis spp. densities in the presence of the mussels: (1) 
Changes in nutrient availability, (2) changes in the P:N ratio, (3) size-selective graz-
ing, whereby small, solitary cells are eliminated more effectively than colonies, 

c

b

a

Fig. 10   Changes in the abundance of Microcystis spp. solitary cells and cells belonging to a col-
ony in 400-L mesocosms without L. fortunei (a) and stocked with 300 mussels (b). Changes in 
mean size of Microcystis spp. colonies through time in mesocosms without mussels and in the 
presence of 300 mussels (c). (From Cataldo et al. 2012b)
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(4) promotion of colony-formation by chemical signals that trigger aggregation of 
solitary cells in order to avoid grazing, and (5) Microcystin toxicity, deterring graz-
ing as Microcystis spp. biomass builds up (Cataldo et al. 2012b).

Nutrient availability and higher P:N ratios have long been identified as cyano-
bacterial bloom-enhancing triggers (Smith 1983; Smith and Bennett 1999). Pro-
motion of colony-formation in various autotrophs, including Microcystis spp., by 
predator-produced chemical signals has been described repeatedly (Yang et  al. 
2005). Selective grazing of solitary cells is supported by some previous results with 
L. fortunei (see above). Grazing of toxic Microcystis spp. by the golden mussel, on 
the other hand, is still a debatable issue. Some surveys have concluded that both 
toxic and nontoxic strains of Microcystis spp. are actively consumed by adult mus-
sels (Rückert et  al. 2004; Gazulha et al. 2012a). Fachini (2011) found that toxic 
and nontoxic strains of Microcystis aeruginosa are consumed alike (at microcys-
tin LR concentrations in water around 6–9 ppb), but at lower ingestion rates than 
other algae ( Monorhaphidium sp.). In contrast, preliminary tests performed in Salto 
Grande Reservoir, where very dense blooms of Microcystis spp. are a recurrent 
summer through autumn phenomenon (Chalar 2009; O’ Farrell et al. 2012; Boltovs-
koy et  al. 2013), indicate that at dissolved microcystin LR concentrations above 
2 ppb the mussel ceases to filter, whereas at levels above 8 ppb significant mortality 
is observed (at 8 ppb 5 % of the mussels die after 2 h, whereas at 30 ppb mortal-
ity reaches 90 %) (Boltovskoy et al. 2009b). Interestingly, a similar controversy is 
also found in studies on the effects of Microcystis spp. on Dreissena polymorpha. 
Some surveys concluded that zebra mussels fed Microcystis spp. show significantly 
reduced grazing and acute irritant responses (Juhel et al. 2006a; Juhel et al. 2006b), 
or selectively reject them, especially large colonial aggregates of the unpalatable 
toxic strains (Vanderploeg et al. 2001), whereas others concluded that toxic Micro-
cystis spp. are consumed as effectively as other algae, suggesting that the mussel 
could control cyanobacterial blooms (Dionisio Pires et al. 2010). This suggests that 
consumption of toxin-producing strains of these cyanobacteria varies depending on 
conditions that we still do not fully understand.

In any case, regardless of L. fortunei's tolerance to microcystin, the results of 
Cataldo et al. (2012b) strongly suggest that the golden mussel boosts the growth of 
cyanobacteria. A major difference with the zebra mussel, however, is that while D. 
polymorpha enhances cyanobacterial numbers only in lakes with low to moderate P 
concentrations (< 25 µg total P/L; Nicholls et al. 2002; Raikow et al. 2004; Sarnelle 
et al. 2005; Knoll et al. 2008), L. fortunei in South America does so at very high 
total P levels (between 50 and > 100 µg total P/L in the reservoir where these experi-
ments were carried out, Chalar 2006; Cataldo et al. 2012b; O’ Farrell et al. 2012).

A remarkable consequence of mussel-induced toxic cyanobacterial growth is 
that these blooms suppress the bivalve’s reproduction. This effect has been sug-
gested by several laboratory and field studies (Boltovskoy et al. 2009b; Gazulha 
2010; Gazulha et al. 2012b), and confirmed by the analysis of 9 years of obser-
vational data in Salto Grande reservoir. Recurrent blooms of Microcystis spp. in 
Salto Grande Reservoir interrupt production of larvae at a time when in all other 
waterbodies investigated (without cyanobacterial blooms) mussel reproduction is 
maximum (late spring–early autumn; Boltovskoy et al. 2013).
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Periphyton and Aquatic Macrophytes

An indirect consequence of fast nutrient regeneration rates and clarification of the 
water column by elimination of suspended organic and inorganic matter (including 
nutrient-consuming phytoplankton) through filter feeding is enhanced growth of 
periphyton and aquatic macrophytes (Fig. 1; Pillsbury and Lowe 1994; Karatayev 
et al. 1997; Zhu et al. 2006; Karatayev et al. 2007; Kelly et al. 2010). Data for the 
golden mussel indicate that it has also had these effects in some of the reservoirs 
surveyed.

In the mesocosm survey in Salto Grande Reservoir (Fig. 4; Cataldo et al. 2012a), 
periphytic chlorophyll a in the enclosures with mussels was ca. 16 times higher 
than in those without L. fortunei 5 weeks after deployment. Periphyton biomass 
increased in both control and experimental enclosures, but the proportion of algal 
biomass was significantly higher in the latter, indicating a shift from heterotrophic 
to autotrophic dominance.

Since it was first filled in 1934, the reservoir Embalse de Río Tercero had no sig-
nificant macrophyte populations. It was colonized by L. fortunei in 1998, and since 
around 2000 the macrophyte Elodea callitrichoides has been a dominant feature of 
this waterbody, forming large beds along several coastal stretches (Boltovskoy et al. 
2009a). At approximately the same time, coot and grebe ( Fulica leucoptera, Fulica 
armillata, Podilymbus podiceps) populations in the reservoir increased noticeably, 
most probably in response to the expansive growth of the beds of aquatic plants on 
which the birds feed. Coots and grebes have also been observed to retrieve clusters 
of L. fortunei from the bottom (M. Hechem, pers. comm.), suggesting that they 
also feed on the mussel too (as other coot species feed on D. polymorpha in North 
America; Molloy et al. 1997).

Concluding Remarks

Functional similarities between freshwater invasive byssate mussels, including L. 
fortunei and Dreissena spp., are responsible for similar forcing mechanisms, partic-
ularly in their effects on nutrient recycling and pelagic-benthic coupling (Karatayev 
et al. 1997; Boltovskoy et al. 2006; Ward and Ricciardi 2007; Kelly et al. 2010; Bur-
lakova et al. 2012). However, intrinsic differences between L. fortunei and dreis-
senids, as well as environmental differences between the waterbodies invaded, are 
responsible for significant contrasts in ecosystem responses. For example, consider-
ably higher calcium concentrations in European and North American waters than 
in South American waters (Karatayev et al. 2007) are presumably responsible for 
the fact that in the former empty mollusc shells represent an important source of 
substrate for D. polymorpha (Strayer et al. 1996; Burlakova et al. 2006; Strayer and 
Malcom 2006), whereas in South America dead mussels shells dissolve before they 
are colonized (Boltovskoy et al. 2006; Karatayev et al. 2007) (see Chapter “Lim-
noperna fortunei Colonies: Structure, Distribution and Dynamics” in this volume). 
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For reasons we still do not fully understand, in North American waterbodies Dreis-
sena spp. enhance cyanobacterial blooms only when total P concentrations are be-
low 20–25 µg/l (Nicholls et al. 2002; Raikow et al. 2004; Sarnelle et al. 2005; Knoll 
et al. 2008), but in South America L. fortunei boosts growth of Microcystis spp. 
even at levels as high as 50–100 µg P/L (Cataldo et al. 2012b).

Impacts of bivalve grazing on phytoplankton obviously depend on mussel densi-
ties and on the abundance of particulate organic matter (POM) in the water column. 
While mussel densities are generally comparable for these invaders (Karatayev 
et al. 2010), the attributes of the water bodies invaded are not. The Río de la Plata 
floodplain river system invaded by L. fortunei has very marked differences with the 
colder, clearer and more oligotrophic North American waterbodies colonized by 
Dreissena. One salient difference are the concentrations of POC, typically around 
0.15–1 mg/L in the Great Lakes (Fanslow et al. 1995; Barbiero and Tuchman 2004; 
Johengen et al. 2008), but several times higher in the Río de la Plata watershed—
about 3.5 mg/L (Depetris 1976; Depetris and Paolini 1991; Depetris and Pasquini 
2007). Sylvester et al. (2005) estimated the energy that can be obtained by a filtering 
mussel from the phytoplankton and from the seston in general in the lower delta of 
the Paraná River. Their assessment indicates that phytoplankton alone cannot meet 
the energetic demands of L. fortunei, but when POM is considered the requirements 
of juvenile and adult mussels are exceeded 15–22 fold. Furthermore, although fresh-
water suspension feeding organisms are generally thought to be inefficient at using 
dissolved organic carbon (DOC) as a source of food (Lopez 1988), both veligers 
and adults of D. polymorpha have been shown to use DOC intensively, obtaining 
up to 50 % of their metabolic needs for carbon from this source (Roditi et al. 2000; 
Banard et al. 2006; Baines et al. 2007). No data are available for the golden mussel, 
but functional similarities with zebra mussels indicate that L. fortunei may also be 
able to use DOC. This suggests that filter-feeding organisms in these riverine sys-
tems are not food-limited (but they may be food-limited in some of the lentic bodies 
of water colonized: Boltovskoy et  al. 2009b). This assumption contrasts sharply 
with some of the described impacts of Dreissena spp. in the northern hemisphere, 
where competition for food with the invader has been found to have strong effects 
on zooplankton and fish communities (Lozano et  al. 2001; Bartsch et  al. 2003; 
Strayer et al. 2004).

Indigenous filter-feeding benthic animals and fishes in the Paraná watershed are 
scarce, and the dominant feeding modes are associated with detrital and sedimen-
tary organic matter (José de Paggi and Paggi 2007; Rossi et al. 2007). Thus, much of 
the organic matter carried downstream (around 1 Tg/y, Depetris and Pasquini 2007), 
is flushed out into the ocean through the Río de la Plata estuary. Since the 1990s, 
L. fortunei, the first abundant macrobenthic filter-feeder in this system, has been 
intercepting an important proportion of this POM and retaining it in the system for 
use by a wide array of animals. This trophic shift involves not only L. fortunei lar-
vae and adults, but also many other invertebrates whose abundances are enhanced 
by L. fortunei beds, and the organic matter-enriched sediments derived from the 
“shunt” of suspended POM to the bottom as feces and pseudofeces (Sardiña et al. 
2008; Kelly et al. 2010) (see Chapter “Relationships of Limnoperna fortunei with 
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Benthic Animals” in this volume). These organic matter-rich sediments are the main 
source of food for many organisms, including some of the most abundant fish spe-
cies, like Prochilodus lineatus, whose biomass represents > 60 % of the overall fish 
biomass in the Paraná-Uruguay system (Bonetto 1998). On local scales some of 
the consequences of this invasion have been explored, but on the ecosystem scale 
we still know very little. Boltovskoy et al. (2006) suggested that enhanced feeding 
conditions for larval and adult fishes may be responsible for the three-fold increase 
in Argentine freshwater fish landings after introduction of L. fortunei. However, 
interpretation of these cause-effect relationships should be made with caution be-
cause several factors, including changes in fishing regulations, fishing pressure, fish 
export trends, etc. changed during the same period.
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