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Abstract
Habitat modification and the establishment of non-native species are two major
causes of biodiversity loss. Reservoirs modify habitat, can restrain the occurrence
of native species, and allow the establishment of non-native undesirable organisms.
Non-native species are widespread. However, the status and distribution of some
invaders in these man-made systems remains unclear, especially in the Neotropics.
In this study, we surveyed digital databases to determine the distribution of nonnative molluscs in Brazilian reservoirs. Studies on non-native molluscs in Brazilian
reservoirs had been increasing steadily until they reached their peak in 2015. Eight
non-native mollusc species were recorded in reservoirs in all river basins except for
the Amazonas River. Non-native molluscs were reported in 74 reservoirs, mostly
located within the Paraná River basin. The co-occurrence of multiple non-native
molluscs was common. Time lapsed since first introduction of species was not
correlated with their distribution in Brazilian reservoirs. This study was a first step
toward understanding the distribution of non-native molluscs, and their possible
impacts, in Neotropical reservoirs.
Key words: invasive species, dams, reservoir, distribution, Mollusca, Brazil

Introduction
Establishment of non-native species is commonly found to impact the
environment negatively (Crowl et al. 1992; Simberloff 2005; Vitule et al.
2009; Kovacs et al. 2012); non-native species have been frequently associated
with species extinction since at least 1500 AD (Bellard et al. 2016),
although a wide range of other effects are possible (Davis and Chew 2017;
Boltovskoy et al. 2018). Non-native species can compete with natives for
essential resources, alter nutrient cycling, decrease the diversity of native
communities, and exert strong predation pressure on native prey species
(Salo et al. 2007; Pelicice and Agostinho 2009; Rocha et al. 2011; Cataldo et
al. 2012; Paolucci et al. 2013; Fleming and Dibble 2015; Pereira et al. 2015).
The gradual replacement of native by non-native species, along with severe
habitat modification, has led to the biotic homogenization, which is
considered one of the most prominent forms of biotic impoverishment
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worldwide (Olden et al. 2004). The establishment of non-native species
and environmental modifications are two leading causes of molluscan
biodiversity loss (Lydeard et al. 2004; Lopes-Lima et al. 2014; Vogler et al.
2016; Cowie et al. 2017). These are also the two main sources of molluscan
extinctions particularly common in reservoirs, as river damming causes
hydrological, limnological, and habitat disturbances, such as the removal of
physical barriers, natural competitors, and predators, and as they act as
stepping stones for the spread and establishment of non-native species
(Havel et al. 2005; Johnson et al. 2008; Oliveira et al. 2015; Thomaz et al.
2015). The Neotropical region is a large area, which can facilitate the
spread of non-native aquatic species; as most countries, particularly Brazil,
rely widely on hydroelectric power, the construction of several new dams is
planned, especially in the Amazonas and Tocantins rivers basins (Ansar et
al. 2014; Winemiller et al. 2016; Pereira et al. 2018). Dam construction also
favors certain non-native molluscs that, overall, succeed in more lentic and
eutrophic systems (Thiengo et al. 2005; Johnson et al. 2008; Fernandez et
al. 2014). The few documented records of mollusc extinctions in South
America are associated with the construction of dams (Vogler et al. 2015,
2016). As a consequence, freshwater molluscs are among the most
threatened taxa in the world (Lydeard et al. 2004; Pereira et al. 2012, 2014;
Regnier et al. 2015; Cowie et al. 2017).
Non-native molluscs are, overall, opportunistic species that can reach
high population sizes. One example is the golden mussel Limnoperna
fortunei (Dunker, 1857), which has modified benthic habitat (e.g.,
Boltovskoy et al. 2006; Darrigran et al. 2007; Mansur et al. 2012). Other
non-native mollusc species have different impacts on native species
(Mansur et al. 2003, 2012; França et al. 2007; Braga et al. 2014; Thomaz et
al. 2015; Ferreira-Rodriguez et al. 2018). Seven freshwater mollusc species
were registered in the official Brazilian list of non-native species (Latini et
al. 2016). Since this report was published, other non-native species have
been registered (Lacerda et al. 2015). Due to the recent introduction of some
non-native species in Brazilian reservoirs (Pereira et al. 2018), their status
and the temporal evolution of the invasion process are little known. The aim
of this study was to evaluate these trends for non-native molluscs recorded
in Brazil through an extensive literature survey. The invasion dynamics of
freshwater molluscs in the Neotropics was evaluated in Brazil, as this is the
country harboring the highest number of reservoirs in the region.

Materials and methods
A literature search was conducted using Google Scholar (access: https://
scholar.google.com.br) owing to the broader coverage it offers on the topic
non-native molluscs in Brazil in comparison with other similar databases.
Other scientific databases, such as Scopus (https://www.scopus.com/), do
not include several Brazilian scientific journals, where most studies on
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non-native mollusc species in Brazil have been published. Theses, reports,
and other materials were used when well substantiated. The keywords
“reservoir” OR “dam” AND “name of non-native mollusc – see below”
AND “Brazil” were used to perform the search, with November 30, 2017
set as the deadline of the literature search. The listed species in the official
list of Ministry of the Environment of Brazil (Latini et al. 2016) were
Corbicula fluminalis (Müller, 1774), Corbicula fluminea (Müller, 1774),
Corbicula largillierti (Philippi, 1844), Limnoperna fortunei, Melanoides
tuberculata (Müller, 1774), Physa acuta Draparnaud, 1805 and Helisoma
duryi (Wetherby, 1879). The authority names were not used to fulfill the
searches. Ferrissia fragilis (Tryon, 1863), Helisoma sp., and Corbicula sp.
were not nominated in the official list but appeared in our primary search,
so new searches, using the same criteria applied previously, were performed
for these three non-native species. The SpeciesLink database (http://splink.
cria.org.br), a network of scientific collections, was also searched using the
names of all non-native species as keywords. In all reports where no clear
reference was made to the place of origin, geographical coordinates were
used to determine whether the record was obtained from a reservoir. Thus,
our keywords were designed to detect mollusc records in reservoirs of all
types and sizes. We did not search for specific reservoirs.
The records obtained from the literature and SpeciesLink were classified
into eight catchments: the Amazonas River, North/Northeast Atlantic
coastal rivers (including Parnaíba River), São Francisco River, Tocantins
River (including Araguaia River with which it converges), East Atlantic
coastal rivers (including the Paraíba do Sul and Doce rivers), Paraná River
(including Paraguay River with which it merges), Uruguay River, and
South Atlantic coastal rivers (including Guaíba Lake).
The searches described above returned positive records; to assess the
representativity of these records, an estimate of the overall number of
Brazilian reservoirs was required. The exact number of Brazilian reservoirs
is unknown, as these come in different sizes and are built for distinct
purposes, and information about them, when available, is usually fragmented
and inconsistent (Agostinho et al. 2007). According to ANEEL (2019), there
are 987 planned, under construction, or operating medium to large
hydroelectric power plants (UHEs) and small hydroelectric power plants
(PCHs) in Brazil. For the purposes of this study, only active dams were
taken into account, i.e., those reservoirs with start of operation data in the
ANEEL (2019) database (see also Supplementary material). Some reservoirs
that appeared on the literature search, but were not recorded in the ANEEL
database were included in the Supplementary Material list of reservoirs, as
these were probably constructed for reasons other than energy production.
The reservoirs were distributed on the following catchments: 58 in the
Amazonas River, 16 in North/Northeast Atlantic coastal rivers, 32 in São
Francisco River, 26 in Tocantins River, 103 in East Atlantic coastal rivers, 173
in Paraná River, 50 in Uruguay River, and 50 in South Atlantic coastal rivers.
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Figure 1. Papers on the topic of non-native freshwater molluscs in Brazilian reservoirs between
1987 and 2017. Only the results retrieved from Google Scholar were showed.

Maps on the geographic distribution of non-native molluscs (i.e., plots
of the records retrieved from the literature search) were built in the software
R Programming Environment (R Core Team 2019), using the “maptools”
(Bivand and Lewin-Koh 2018) and “ggplot2” (Wickham 2016) packages.
The expansion rate of non-native molluscs in dammed environments was
estimated using the number of years that passed since the first record of a
species in Brazil (i.e., the time that lapsed since its introduction) and the
number of reservoirs in which the species was recorded.

Results
A total of 75 documents and 85 records on non-native molluscs in Brazilian
reservoirs were retrieved from Google Scholar and SpeciesLink searches,
respectively (see Supplementary Material for details). Most papers were
published after 2005; since this time, the number of studies on this topic has
had a clear increasing tendency (Figure 1, Supplementary material). Only
one paper was published in the 1980s, two during the 1990s, and four between
2001 and 2002, while all the remaining papers were published after 2005.
A total of eight non-native mollusc species were recorded in Brazilian
reservoirs: M. tuberculata, P. acuta, F. fragilis, Helisoma sp., C. fluminea,
C. largillierti, Corbicula sp., and L. fortunei. The molluscs were distributed
in 74 reservoirs in all catchments, except for the Amazonas River basin
where no non-native species were recorded in reservoirs (Figure 2). This is
equivalent to almost 15% of the total estimated dams (including Amazonas
basin). The Paraná River basin harbored the greatest number of reservoirs
in which non-native molluscs were recorded (N = 40 which represented
23% of the estimated total number of reservoirs in this basin). Despite the
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Figure 2. Overall distribution of non-native freshwater molluscs in Brazilian reservoirs.
Intense dark red means higher number of records of non-native molluscs in reservoirs, whereas
the lighter colors means the opposite situation, and white absence. Filled circles – reservoir with
at least one record of non-native molluscs; open circles – reservoirs without non-native molluscs
records. Numbers inside the map mean basin codes: 1 – Amazonas River, 2 – Tocantins River,
3 – North/Northeast Atlantic coastal rivers, 4 – São Francisco River, 5 – East Atlantic coastal
river, 6 – Paraná River, 7 – Uruguay River, and 8 – South Atlantic coastal river.

lower absolute number of invaded reservoirs in the North/Northeast
coastal rivers (N = 11), this basin included the highest percentage of
reservoirs with non-native species (69%). In the East Atlantic coastal rivers
and the Uruguay River (N = 2 and 1, respectively, which represented 2%
and 2% of the estimated total number of reservoirs for this basin,
respectively) lower numbers of non-native molluscs, in terms of absolute
numbers and percentages, were obtained. The other basins (São Francisco
River, the South Atlantic coastal rivers, and Tocantins River) had
intermediate values (N = 11, 5, and 4, respectively, which represented 34%,
10%, and 15% of the estimated total number of reservoirs, respectively).
Most molluscs introduced in Brazilian reservoirs were native to Asia,
although two species originated from other regions (one from the USA and
the other from France) (Table 1).
Melanoides tuberculata was the most widespread molluscan species in
reservoirs recorded in all Brazilian basins, except for the Amazonas and
Uruguay basins. Limnoperna fortunei and C. fluminea were found in half of
the basins (Figure 3). Corbicula largillierti and P. acuta were recorded in
three basins each. Ferrissia fragilis, Helisoma sp., and Corbicula sp. were
rarer in reservoirs; Ferrissia fragilis was found in two basins (the Tocantins
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Table 1. Expansion of non-native molluscs in Brazilian reservoirs. Helisoma sp. and Corbicula sp. were not included. * – Based
on original data by Leme (1966), Vaz et al. (1986), Mansur et al. (1999), Callil and Mansur (2002), Mansur et al. (2004, 2012),
Lacerda et al. (2015). ** – There is a historic record of Physa sowerbyana recoded by d’Orbigny to Peru, Brazil, Chile, Argentina
and Uruguay, that Paraense (1987) considered this as a synonym of Physa cubensis (= P. acuta).
Species

Introduction
First record in Brazil*
in Brazil*

Melanoides
tuberculata

1967

Physa acuta

1966**

Ferissia fragilis

2012

Corbicula
fluminea

1979

Corbicula
largillierti

1988

Limnoperna
fortunei

1998

Santos (São Paulo)
artificial lake in Rio de
Janeiro
localities in Rio de
Janeiro and Minas
Gerais
Porto Alegre (Rio
Grande do Sul)
Itaqui and São Borja at
the margins of Uruguay
River
Corumbá (Mato Grosso
do Sul); Lagoa Guaíba
(Rio Grande do Sul)

Years in Brazil
(as of 2017)

Colonized
reservoirs

Reservoirs
colonized by year

East of Africa
and South of Asia

50

49

0.98

France

51

9

0.18

USA

5

2

0.40

Asia, Korea and
Southeast Russia

38

35

0.92

China and
Korean Peninsula

29

6

0.21

Asia

19

32

1.68

Origin*

and São Francisco rivers basins), while Corbicula sp. and Helisoma sp. were
observed in a single basin (the Paraná and São Francisco rivers basins).
The southernmost basins (those of the Uruguay and the South Atlantic
coastal rivers) were characterized by the presence of L. fortunei, the single
non-native mollusc species recorded in these basins. The other two coastal
basins (East and North/Northeast) were characterized by the presence of
M. tuberculata, with some records of C. largillierti, and a single report of
P. acuta and C. fluminea in the basins of East Atlantic coastal rivers. Other
basins located at the central region of Brazil (Paraná, São Francisco, and
Tocantins) presented higher richness of non-native molluscs, as six species
were detected in the São Francisco River and five in the Paraná and Tocantins
rivers basins.
Melanoides tuberculata, C. fluminea, and L. fortunei were the three most
widespread invasive molluscs in reservoirs. These same three species were
also the fastest in expanding their domains. Limnoperna fortunei was the
quickest spreading species in Brazilian reservoirs (1.68 reservoirs per year).
Melanoides tuberculata and C. fluminea also had high expansion rates (0.98
and 0.95, respectively). Physa acuta and C. largillierti were the species with
the lowest expansion rates (0.18 and 0.21, respectively) (Table 1). Melanoides
tuberculata was the species with the broadest distribution along the colonized
reservoirs of the North Atlantic coastal rivers (100% of reservoirs had
records at this basin, N = 11), the São Francisco River basin (100%, N = 11),
the East Atlantic coastal rivers (100%, N = 2), and the Tocantins River basin
(75%, N = 3). Limnoperna fortunei occurred in 100% of reservoirs with
records of non-native molluscs in the basins of the South Atlantic coastal
(N = 5) and the Uruguay rivers (N = 1). Corbicula fluminea predominated
in the Paraná River basin (73% of reservoirs, N = 29) followed by L. fortunei
(55%, N = 22) and M. tuberculata (51%, N = 21).
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Figure 3. Detailed distribution of non-native freshwater molluscs in Brazilian reservoirs. Intense dark red means higher number of
records of the considered non-native molluscs in reservoirs, whereas the lighter colors mean the opposite situation. Filled circles –
reservoir with at least one record of non-native molluscs; open circles – reservoirs without non-native molluscs. Corbicula spp.
refers to: C. fluminea and C. largillieti records. Others refers to those species with the lowest number of occurrences: Ferrisia
fragilis, Helisoma sp. and Physa acuta. For basin codes see Figure 2.

Melanoides tuberculata, C. fluminea, and L. fortunei occurred
simultaneously in seven reservoirs of the Paraná River basin and in the
Sobradinho reservoir (São Francisco River basin). Two of these three
species, in different combinations, occurred in 23 more reservoirs; thus,
42% of the reservoirs with reports of non-native species included multiple
records of at least two of these three species. The Três Irmãos Resevoir
(Paraná River basin) had the highest number of non-native species (N = 5),
which were M. tuberculata, Helisoma sp., P. acuta, C. fluminea and
L. fortunei. Four non-native species occurred simultaneously in six reservoirs
Miyahira et al. (2020), Aquatic Invasions 15(3): 455–472, https://doi.org/10.3391/ai.2020.15.3.06
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(four within the Paraná River basin, and in a single reservoir in each of the
São Francisco and the East coastal rivers basins). Most reservoirs had either
one (N = 32) or two (N = 29) non-native species records.

Discussion
Recent interest in non-native species is reflected in studies on Brazilian
reservoirs. However, this concern has been addressed belatedly in Brazil
compared with the rest of the world (Quiroz et al. 2009; Lowry et al. 2013;
Frehse et al. 2016). Thus, the body of knowledge concerning non-native
freshwater molluscs in Brazilian reservoirs is more recent.
Almost all non-native species found in Brazil have also been observed in
Brazilian reservoirs. Corbicula fluminalis, an introduced clam registered in
Brazil (Mansur et al. 2004, 2012; Latini et al. 2016; Martins et al. 2006), was
not recorded in reservoirs. Additionally, an unidentified Corbicula species
found in Brazilian waters, is restricted to Rio Grande do Sul state (not
listed in Latini et al. 2016, see Santos et al. 2012) and, apparently, it is not
related to the Northeast Brazil Corbicula sp. records, probably owing to
taxonomical limitations. If this relationship was confirmed, the number of
introduced molluscs in reservoirs would drop to seven. Indeed, the taxonomy
of Corbicula spp. is still confusing and requires more research (e.g.,
Pigneur et al. 2011; Komaru et al. 2013). It is quite probable that H. duryi
accounted for most of the Helisoma sp. records in reservoirs, despite the
occurrence of another congener in Brazil, Helisoma trivolvis (Say, 1817),
which is restricted to the Rio de Janeiro state (Fernandez et al. 2010; Santos
et al. 2012). In Brazil, most reservoirs had few introduced species (one or
two), rarely attaining a maximum of five species, a number that is quite
similar to those of other reservoirs. In some Russian reservoirs, the number
of non-native mollusc species (Bivalvia and Gastropoda) ranged from two
to six (Yakovleva and Yakovlev 2010; Zinchenko and Kurina 2011).
Most of the impacts related to non-native freshwater molluscs in Brazilian
reservoirs could be attributed to M. tuberculata, C. fluminea and L. fortunei
(e.g., Freitas et al. 1987; Fernandez et al. 2003; Mansur et al. 2003, 2004;
Giovaneli et al. 2005; Suriani et al. 2007; Santos et al. 2012; Braga et al.
2014; Pereira et al. 2014). Limnoperna fortunei can cause a decrease in the
particulate nitrogen and phosphorus levels and a simultaneous increase in the
ammonium, nitrate, and phosphate concentrations, and water transparency
(Cataldo et al. 2011, 2012; Mariñelarena et al. 2014). All of these modifications
can contribute to toxic cyanobacterial blooms, as has been observed in Salto
Grande reservoir (Cataldo et al. 2011), which can also affect the feeding
and survival of fish larvae in the same reservoir (Paolucci et al. 2017) or
even the reproduction of L. fortunei (Boltovskoy et al. 2013). Melanoides
tuberculata has been used widely as a potential biological control agent of
Biomphalaria spp., the major vectors of schistosomiasis; despite controversial
results regarding the effectiveness of this species, non-native M. tuberculata
Miyahira et al. (2020), Aquatic Invasions 15(3): 455–472, https://doi.org/10.3391/ai.2020.15.3.06

462

Non-native molluscs in Brazilian reservoirs

populations always flourish (Pointier et al. 1989; Cowie 2001; Santos et al.
2012; Braga et al. 2014). Freitas et al. (1987) observed the overgrowth of
M. tuberculata over native molluscs in Pampulha reservoir; additionally,
high densities of this invasive snail altered the substrate composition of an
Asiatic reservoir (Dudgeon 1982). Limnoperna fortunei, C. fluminea, and
M. tuberculata can reach high population levels as invasive species. In
extreme cases, these high populations can cause die-offs that lead to
hypoxia and increased concentrations of toxic ammonia owing to the
decomposition of dead animals, although these events can benefit adjacent
terrestrial environments (Bódis et al. 2014). These die-offs can also result
from low water levels, a common feature of dammed systems (Darrigran et
al. 2004; Cherry et al. 2005; Cooper et al. 2005; Oliveira et al. 2006; Ilarri et
al. 2011; Paschoal et al. 2015).
The ecological impact of the three most widespread non-native species
found in Brazilian reservoirs (M. tuberculata, L. fortunei, and C. fluminea)
is possibly synergistic (Johnson et al. 2009; Linares et al. 2017). One possible
hypothesis is that L. fortunei and Corbicula spp. filter large volumes of
water, increasing water transparency and favoring biofilm growth (Way et
al. 1990; Pigneur et al. 2014; Cataldo et al. 2012; Boltovskoy and Correa 2015);
these biofilms can be used as a food source by M. tuberculata (BenthemJutting 1956; Beeston and Morgan 1979) and other snails, including
Helisoma spp. and P. acuta. The predictability of this scenario is even higher
for dammed environments, where low flows and lentic zones prevail. On
the other hand, L. fortunei grows over any available hard substratum, such
as C. fluminea shells (Mansur et al. 2003, 2008; Boltovskoy and Correa
2015). However, C. fluminea is smaller and buried deeper than most large
native mussels (Unionida), which makes individuals of these latter species
easier targets for golden mussel larvae. Moreover, M. tuberculata can use
the clusters of golden mussels as a refuge, as has been observed in other
native and non-native snails (Mansur et al. 2008; Spaccesi and Capítulo 2012).
Finally, it has been suggested that the establishment of M. tuberculata is
facilitated by the introduction of non-native bivalves in some reservoirs of
Southeast Brazil (Linares et al. 2017), while non-native macrophytes could
facilitate the establishment of golden mussels in reservoirs of the upper
Paraná River (Michelan et al. 2014).
The prevalence of records of non-native molluscs on the Paraná River
basin matched the distribution pattern found for non-native freshwater
species in Brazil (Pereira et al. 2018). Since impoundments usually favor
non-native species, Paraná River is the most prone to invasions, owing to
having the highest number of impoundments in Brazil (Agostinho et al.
2007; Thomaz et al. 2015; Linares et al. 2017; Pereira et al. 2018). Our
records of non-native mollusc species were concentrated in the Paraná
River mainstem, in contrast to the few records concerning Paraguay River
(i.e., the second largest contributor to this basin), which also held a lower
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number of reservoirs (Agostinho et al. 2007). The least-altered conditions
in the upper Paraguay River (e.g., the Pantanal wetlands), with prolonged
wet and dry periods, may be a limiting factor for the establishment of nonnative species, including molluscs (Oliveira et al. 2006). An increase in the
number of reservoirs in this river could modify the flood pulse regime
(Junk and Cunha 2005), thus increasing the invasibility of such an
ecosystem. On the other hand, the shortest flood pulse on less modified
areas of the Paraná River can indeed facilitate golden mussel larvae
dispersal (Ernandes-Silva et al. 2016).
Although the highest number of records concerned the Paraná Basin,
the highest percentage of invaded dams was observed on the
North/Northeast Atlantic coastal river basin. The basin is dominated by
small-sized catchments and reservoirs that are naturally poor in freshwater
molluscs. This lack of native competitors can represent a “vacant niche” to
be filled by invasive molluscs. Nevertheless, there are fewer research
centers in the North/Northeast Atlantic coastal river basins compared to
South/Southeast Brazil. These findings may thus suggest that the
occurrence of non-native molluscs in reservoirs of the East/South Atlantic,
Uruguay and, possibly, Tocantins rivers basins are underestimated. The
lack of records for a widely distributed species, such as C. fluminea, in
reservoirs of the Uruguay and South Atlantic coastal rivers basins appears
to be related more to low sampling efforts than to the absence of these
invaders per se. A recent survey on Guandu reservoir (East Atlantic coastal
rivers basin) revealed a large number of non-native molluscan species
(Miyahira et al. 2017); a similar trend is expected for other nearby reservoirs.
To our knowledge, there is only a single study that has reported the
absence of a non-native mollusc in Brazilian waters. The absence of golden
mussels in the Piraquara I reservoir, located in the Paraná basin, was
attributed to the low propagule pressure in the region, as this reservoir is
closed to recreational activities (e.g., sport fishing, sailing, and boats are
not allowed; Frehse et al. 2018). Molluscs are generally introduced by
chance (unwanted introductions); thus, higher movement of people and
boats (increased propagule pressure) raises the chances of finding introduced
molluscs. Moreover, some reservoirs are unexplored from a malacological
point of view and may represent false negatives. Additional studies in other
reservoirs for which there are no records of non-native molluscs would
thus be of importance in determining whether the absence of records can
be attributed to a lack of studies or, as in the case of the Piraquara I
reservoir, if there is a singular condition that increases the reservoir’s
resistance against invasions.
The reservoirs of the Amazonas River basin are apparently free of nonnative molluscs. However, it should be highlighted that several dams are
planned or under construction in this basin (Ansar et al. 2014; Winemiller
et al. 2016), which increases the chances of the introduction and establishment
Miyahira et al. (2020), Aquatic Invasions 15(3): 455–472, https://doi.org/10.3391/ai.2020.15.3.06

464

Non-native molluscs in Brazilian reservoirs

of these species in the near future. Nevertheless, in a limiting factor to the
establishment of non-native molluscs in this region is the naturally or
human-induced acidic waters of the Amazon (Pimpão and Martins 2008).
In the Curuá-Una reservoir, for example, the pH ranges from 4.6 to 5.7
(Fearnside 1989; Vieira and Darwich 1999).
Until 2015, L. fortunei was limited to southern Brazilian basins (i.e., the
Paraná, Uruguay, and South Atlantic coastal rivers basins). However, this
species was recently recorded at Sobradinho reservoir in São Francisco
River (Barbosa et al. 2016). The recent transposition of São Francisco River
waters to the Northeast coastal rivers basin can facilitate the dispersal of
this and other non-native mollusc species. Some L. fortunei individuals
were found near the channels that carry water to the inner semi-arid
regions (Barbosa et al. 2016) in the North/Northeast coastal rivers basin.
Melanoides tuberculata, C. fluminea, and C. largillierti were also found in
the water channels and reservoirs near cities supplied with water from São
Francisco River (Azevêdo et al. 2014, 2015; Thiengo et al. 2017). There are
small reservoirs used for water storage along the water channels that can
yield golden mussel populations. Thus, these are clear cases of reservoirs
acting as stepping stones for non-native species; golden mussel can
reproduce and grow at Sobradinho reservoir, a large and more stable water
body, which could provide larvae for sink populations into small reservoirs.
Knowledge of the origin of non-native molluscs introduced in reservoirs
can facilitate the development of protocols to prevent and avoid future
introductions. It is possible that P. acuta, originally described as indigenous
to France, is actually native to the USA, being thus described during its
early invasion stages throughout Europe (Taylor 2003). Considering this
alternative hypothesis, all non-native mollusc species in Brazil may have
originated primarily from Asia and secondarily from the USA. In a
financial limitation scenario, the vessels arriving from freshwater piers of
areas that have already donated molluscan species, may deserve special
attention with respect to ballast water management, for example. This is
not a solution to the problem but could help decrease propagule pressure,
thus preventing new introductions. Regulation measures on the aquarium
industry should also be enforced, as this is also a usual manner of mollusc
introductions. This trade is generally unregulated and favors the spread of
non-native species (Padilla and Williams 2004; Duggan 2010; Duggan et al.
2018). On the other hand, ballast water can only be used to explain the
initial arrival of these bivalves in Brazil, but not their expansion (except for
a few cases in large rivers) throughout the country. Their regional spread
was probably facilitated by the careless transport of vessels, boats, fish
cages, fishing devices, and water transfer facilities (of larvae and juveniles)
among reservoirs and basins (Johnson et al. 2001; Santos et al. 2012; Barbosa
et al. 2016; Boltovskoy 2015, 2017; Costa et al. 2017; Godoy et al. 2018).
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The lapse of a long time since the introduction of a species does not
necessarily equate its wide distribution in reservoirs. Physa acuta, the first
freshwater mollusc thought to be introduced in Brazil, did not expand its
distribution greatly in reservoirs (0.18 reservoirs colonized per year),
showing the lowest expansion rate among other introduced species. On the
other hand, M. tuberculata, which was introduced a few years later, has one
of the highest expansion rates (0.98 reservoirs per year). Melanoides
tuberculata is a parthenogenetic species, with high reproduction rates, and
tolerance against desiccation (Berry and Kadri 1974; Facon et al. 2004).
Physa acuta is more vulnerable to desiccation (Collas et al. 2014) and
probably does not reproduce as fast. It is estimated that P. acuta produces
approximately 20 eggs in 40 days in optimal environmental conditions
(183 per year; Cope and Winterbourn 2004), while M. tuberculata is
capable of producing 365 juveniles per year (Keller et al. 2007). Tolerance
to desiccation and higher reproduction rates can be important characteristics
for the colonization of dammed environments, which are commonly
subjected to continuous water level fluctuations. Dudgeon (1982) observed
that M. tuberculata was the first macroinvertebrate to colonize new flooded
areas in Plover Cove reservoir (Hong Kong). These features allow this snail
a rapid and efficient colonization of the new available habitat. As observed
in Brazilian reservoirs, Keller et al. (2007) also noted a similar pattern for
P. acuta introduced in the Great Lakes (USA), in which the lapse of a long
time since introduction did not necessarily result in increased environmental
harm. However, the potential of this species to outcompete native species
cannot be neglected (Zukowski and Walker 2009). Currently, the golden
mussel has the highest rate of reservoir colonization (1.68 reservoirs per
year), agreeing with the overall dispersion rate calculated for Paraná River,
which is approximately 250 km/year. However, these rates probably depend
on specific characteristics of the invaded system, as the dispersion of
golden mussels on Uruguay River is 10 times slower than that observed in
Paraná River (Boltovskoy et al. 2006; Boltovskoy and Correa 2015).
Limnoperna fortunei also has high reproduction rates and its free-swimming
larvae can also be favored by passive dispersion downstream. Moreover,
the attachment of golden mussels to ship and boat hulls can lead to their
dispersion upstream or among interconnected catchments or reservoirs
(Boltovskoy et al. 2006; Boltovskoy 2015). The other species that colonized
several reservoirs, C. fluminea, also has an efficient method of dispersal;
Corbicula spp. juveniles are capable of floating a mucous thread (Prezant
and Chalernwat 1984). It is possible that this mucous thread attaches to
some structures. Additionally, some of these invaders may have been
registered soon after their introduction, which may interfere with the
calculation of expansion rates. However, it is improbable that species that
attain high population numbers, such as L. fortunei and C. fluminea,
remained unnoticed for long time periods.
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Despite the low sampling efforts in some areas, it is clear that non-native
molluscs were already widespread in Brazilian reservoirs. These man-made
systems seem to favor the introduction, establishment, and spread of nonnative molluscs. Nowadays, the high interconnectedness of countries
owing to globalization promotes the exchange of more goods, but also of
unwanted non-native molluscs. Non-native molluscs are expanding in lentic
environments of the Neotropics, and Brazil is an accurate illustration of
this situation. Although our study is the first to attempt to depict the
distribution and invasion status of the non-native freshwater mollusc species in
Neotropical reservoirs, similar studies should be conducted in other countries
to better comprehend the overall situation in this species-rich region.
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