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Abstract

Invasive exotic species (IES) are one of the most important threats to aquatic
ecosystems. To ensure the effective management of these species, a comprehensive
and thorough knowledge on the current species distribution is necessary. One of
those species is the New Zealand mudsnail (NZMS), Potamopyrgus antipodarum
(J.E. Gray, 1853) (Tateidae, Mollusca), which is invasive in many parts of the
world. The current knowledge on the NZMS distribution in the Iberian Peninsula is
limited to presence/absence information per province, with poor information at the
watershed scale. The present study aims to: 1) update the distribution of NZMS in
the Iberian Peninsula, 2) describe its temporal changes, 3) identify the invaded habitats,
and 4) assess the relation between its abundance and the biological quality of fluvial
systems. We reviewed the available information and found 352 records covering all
main river basins. NZMS can be found over a wide range of environmental conditions
and habitat types. The relation between the biological quality and the abundance of
NZMS suggests that an intermediate biological quality is the optimum for NZMS.
Our study shows that NZMS is in a spreading phase in the Iberian Peninsula, which
makes its control very difficult, especially because of its non-water mediated
dispersion mechanisms.

Key words: aquatic ecosystems, biological quality, invasive species, river, spread,
stream

Introduction

Invasive exotic species (IES) are one of the most important threats to the
functioning and diversity of aquatic ecosystems (Strayer 1999; Riley et al.
2008; Moorhouse and Macdonald 2015). These species reach new ecosystems
generally thanks to human mediation, causing a homogenization of
aquatic biotas (Havel et al. 2015; Petsch 2016). Invasion processes may
alter the properties of invaded ecosystems and reduce the fitness of native
species (Riley et al. 2008; Vinson and Baker 2008; Moorhouse and
Macdonald 2015). Aquatic ecosystems are more susceptible to biological
invasions than terrestrial ecosystems, due to several non-exclusive reasons:
(1) they have less barriers to dispersal, (2) aquatic species exhibit a high
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intrinsic dispersal ability through longitudinal gradients, (3) there is a wide
variety of pathways for introduction, and (4) the high level of human
disturbance in aquatic ecosystems attracts biological invasions more than
pristine systems (Lodge et al. 1998; Gherardi 2007; Moorhouse and
Macdonald 2015). In the case of river communities, they have a high level
of endemicity, especially for taxonomic groups with a low dispersal capacity
in headwaters and isolated watersheds. This high endemicity makes
communities vulnerable to the arrival of new invasive species lacking a
common evolutionary history (Pérez-Bilbao et al. 2014; Ellender et al. 2015).

To ensure the effective management of IES, a comprehensive and
thorough knowledge of the current species distribution at country or
continental scale is necessary. Such information would allow allocating
management efforts to the protection of ecosystems that are still uninvaded
and to prevent future invasions (Lodge et al. 2006). Moreover, a detailed
knowledge of the current IES distribution allows the construction of
species distributions models (SDMs) for IES (Crespo et al. 2015). These
models help anticipate the future distribution of the IES, identifying areas
for future surveillances, and develop early detection and eradication plans
(Olson et al. 2012; Gallardo and Aldridge 2013; Kaplan et al. 2014; Liang et
al. 2014). Early detection of IES is needed to contain species before they
become widespread and their control becomes unfeasible. Additionally,
knowing the current distribution of IES is mandatory under several
national and international laws, such as the Regulation 1143/2014 of the
European Union or the RD 630/2013 of Spanish legislation. The latter
specifies that the distribution and abundance of an IES must be part of the
strategy of management, control and possible eradication of an invasive
exotic species.

Among invasive groups, invertebrates often cause serious impacts to
aquatic ecosystems, including alterations of water quality, nutrient
dynamics, community structure, and the functioning of ecosystems
(Matsuzaki et al. 2009; Higgins and Vander Zanden 2010; Pigneur et al.
2014; Gallardo et al. 2015; Lindim 2015). Among aquatic invertebrates,
mollusks represent a group with a high diversity and an important
ecological role (Strayer 1999; Brown 2001; Dillon 2004). Within mollusks,
a high number of species has been considered as invasive in aquatic
ecosystems (Karatayev et al. 2009). Several invasive mollusks have been
profusely studied, such as the zebra mussel (Dreissena polymorpha), the
apple snail (Pomacea spp.), and the Asian clam (Corbicula fluminea)
(Lodge et al. 1998; Lowe et al. 2000; Aldridge et al. 2004; Carlsson and
Lacoursiere 2005; Sousa et al. 2008; Higgins and Vander Zanden 2010). In
contrast, other invasive mollusks have been less studied. This is the case of
the New Zealand mudsnail (NZMS) Potamopyrgus antipodarum (J.E. Gray,
1853) (Tateidae, Mollusca). This species is a prosobranch gastropod that
has been recently included in the Australasian family Tateidae (Wilke et al.
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2013). It has a maximum shell size of 6-7 mm, reaching 12 mm in its
native range in New Zealand (Winterbourn 1970). This small mollusk is
termed “mud snail” since it is able to bury itself into the wet sediment
during drought periods (Duft et al. 2003). It is also able to survive short
periods of desiccation (Alonso and Castro-Diez 2012b). This gastropod has
been reported to cause contrasting impacts on aquatic ecosystems (Alonso
and Castro-Diez 2012a). For instance, in a stream of south-eastern of
Australia, Schreiber et al. (2002) found a positive correlation between the
density of NZMS and the density and richness of the native community. By
contrast, in Polecat Creek (USA), NZMS monopolized the secondary
production by consuming 75% of primary production and excreting 65%
of the total NH," ecosystem (Hall et al. 2003). In fact, the influence of the
native community structure on the invasion success of this species has not
been studied so far. The ambiguous invasive behavior of NZMS may
explain the poor availability of ecological knowledge. Alonso and Castro-
Diez (2008) reviewed the factors that explain the invasion success of this
species and highlighted a high fecundity, the parthenogenetic reproduction,
the release from natural enemies, and the ability to tolerate a wide range of
abiotic conditions. Moreover, this species has a very low susceptibility to
parasites and predators in its non-native range (Alonso and Castro-Diez
2012a; Gérard et al. 2017). Although NZMS may be parasitised by up to 20
specific trematodes in its native range, which contributes to regulate the
size of native populations (Prenter et al. 2004; Dunn et al. 2012), in Europe
only one parasite has been identified so far (Zbikowski and Zbikowska
2009; Hechinger 2012; Gérard et al. 2003, 2017). Finally, the rate of survival
of NZMS after passing the digestive system of predatory fish is relatively
high (Aarnio and Bonsdorft 1997; Vinson and Baker 2008).

The watersheds of the Iberian Peninsula present a high degree of
geographical isolation which promotes a high frequency of endemic
species (Corbacho and Sanchez 2001; Pérez-Bilbao et al. 2014). However,
human activities have overtaken these geographic barriers, causing an
increase of biological invasions with catastrophic consequences for native
biotas (Capinha et al. 2015). The current published information on the
NZMS distribution in the Iberian Peninsula is limited to presence/absence
information per province, with poor information at the watershed scale
(Alonso and Castro-Diez 2015). Although additional information is
available in the grey literature (e.g. technical reports, programs for water
quality monitoring or local scientific publications), the temporal patterns
of the species distribution in the Iberian Peninsula and its current
distribution at watershed scale have not been sufficiently revised.

The present study focuses on: 1) producing an updated distribution map
of NZMS in the Iberian Peninsula (continental part of Portugal and Spain) by
means of a thorough review of available information, 2) describing temporal
changes of NZMS distribution in the Iberian Peninsula, 3) identifying the
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main habitats invaded, and 4) assessing the relation between NZMS
abundance and river’s biological quality. This review contributes to
improve the knowledge of this IES in the Iberian Peninsula, which provides
a proper background to conduct management plans for this species.

Materials and methods

To compile a database with presences of NZMS in the Iberian Peninsula, a
thorough search was conducted in databases of scientific literature (Web of
Science, Scopus and JSTOR) with no restriction of publication year or kind
type of document (thesis, scientific articles, reports, and books). The
searching formula was: (“Iberian Peninsula” or “Spain” or “Portugal” or
“Espafa”) AND (“Potamopyrgus antipodarum” or “New Zealand mudsnail”
or “NZMS” or “mudsnail” or “mud snail” or “Potamopyrgus jenkinsi” or
“Potamopyrgus”). Additionally, a subsequent search was conducted in
Google (www.google.es) to find other non-scientific documents (technical
reports, monitoring programs, water quality assessments, etc.). In this case
the searching formula was (“Potamopyrgus antipodarum” or “New Zealand
mudsnail” or NZMS or mudsnail or “mud snail” or “Potamopyrgus jenkinsi”
or “Potamopyrgus” or “caracol del cieno”) AND (“Iberian Peninsula” or
“Spain” or “Portugal” or “Espafia”). Moreover, the last part of the formula
was subsequently changed by the names of the different main watersheds
of the Iberian Peninsula, and by the name of Portugal and Spain Provinces
and Autonomous Communities. Finally, the search was completed after
contacting with experts who provided additional unpublished reports of
monitoring carried out by local administrations. The date of search was
May 2017. The total number of retrieved documents was 1256. Among
them, documents containing georeferenced presences of NZMS (geographical
coordinates and/or description of the study area) were selected. When
geographical coordinates were not available, but the location was precisely
described by the authors, we used https://maps.pixelis.es (Version 1.0.7
API Google Maps 3.26) to obtain the coordinates of the site. When
available, we also collected information on the ecosystem type (river,
stream, irrigation channel, lake, ravine, spring, marsh, coastal lake, pond,
estuary, other), physical and chemical water properties (pH, electric
conductivity, etc.), and abundance of NZMS. Finally, the year when each
presence was reported was also added to our dataset. The total number of
documents with useful information (i.e. at least with available information
on the geographical location of this species) for this study was 62.
Additional records (N = 28) were obtained from the Global Biodiversity
Information Facility (www.gbif.org). All presences of NZMS were used in
ArcGIS 10.3 to generate a map of the distribution of the species.

The cumulative number of records of NZMS in the Iberian Peninsula
was calculated from the first record (1924) (Orozco et al. 2001) to the last
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Figure 1. Current distribution of Potamopyrgus antipodarum (NZMS) in the Iberian Peninsula,
with the oldest records illustrated with big black stars. Different colors indicate different
recording periods. NZMS records from the Global Biodiversity Information Facility (GBIF) are
shown in cream-colored circles.

one (2015) (Clusa et al. 2016). Additionally, the total number of records was
calculated for each type of invaded ecosystems (river, stream, irrigation
channel, lake, ravine, spring, marsh, coastal lake, pond, estuary, other).

We tested the relationship between the relative abundance of NZMS in
the macroinvertebrate community and the biological quality of aquatic
ecosystems, using a dataset from Garcia Bernadal and Romero Sudnces
(2006), who monitored 34 sampling points twice (spring and autumn) in
2005, distributed through Galicia, NW of Spain. In each sampling point the
authors used a D-net sampler taking 20 kicks in a stretch of 100 m to
identify macroinvertebrate species and their relative abundance (%). Besides,
they estimated the biological quality in a scale of 6 (1 = bad, 6 = very good)
by comparing the current macroinvertebrate community with the “ideal
one” (i.e. the theoretical community present in a natural non-altered fluvial
ecosystem with similar properties). The abundance of NZMS in those
sampling points ranged from 0 to 80 percent of the macroinvertebrate
community. Using a polynomic model, we adjusted the relative abundance
of NZMS in the community and the biological quality index across
sampling points, using for each one the average value between the two
sampling seasons. Additionally, the percentage of sampling points where
NZMS was absent was calculated for each value of biological quality. This
analysis was performed with the /m function in RStudio version 1.3.383.

Results

We collected a total of 352 records of NZMS in the Iberian Peninsula, most
of which were not previously covered by GBIF (Figure 1) (Supplementary
material Table S1). NZMS has been recorded in both Spain (339 records)
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Figure 2. Temporal trend of the cumulative number of records of Potamopyrgus antipodarum
in the Iberian Peninsula.

and Portugal (9 records); four records were shared by the two countries in
the Mifo-Sil River (northern border between the two countries). The NZMS
has been recorded in all 12 main watersheds, with the highest number of
records in the Juacar watershed -east Iberian Peninsula (89 records),
Cantdbrico watershed -north Iberian Peninsula (60 records), and Ebro
watershed -northeast Iberian Peninsula (54 records). In general, there were
more records in the central, eastern and northern watersheds of the Iberian
Peninsula than in western and southern watersheds (Figure 1).

NZMS was recorded for the first time in 1924 in the Llobregat Delta
(province of Barcelona in the northeast of Spain) and the last record was in
2015 in the Nora River (province of Asturias, north Spain). The cumulative
number of records of NZMS in the Iberian Peninsula increased with time
(Figure 2). Although the increase is quite steady, there are two clear steps,
1991 and 2005. The first increase may be attributed to the increase of
scientific studies on fluvial ecology in the Iberian Peninsula, and the second
may be the result of the application of the European Water Framework
Directive. Rivers and streams showed the highest number of records,
followed by irrigation channels (Figure 3), the three of them making up
91.3% of the records; therefore, the lotic freshwater ecosystems seem to be
the main habitats for this species in the Iberian Peninsula.

In general, NZMS can be found over a wide range of environmental
conditions (Table 1). The altitude ranges from 0 to 1529 meters above sea
level (masl), with an average of 377.9 m. The maximum height was recorded
in the upper Turia River (Jucar watershed, Province of Teruel, Spain)
(Pérez-Murciano et al. 1998). The pH of NZMS locations ranged from 6.4
to 9.2, with a mean value of 8.16 (n = 53), which indicates a preference for
alkaline waters. The electric conductivity ranged from 63.5 to 11,450 pS/cm,
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Figure 3. Cumulative number of records of Potamopyrgus antipodarum for each type of

habitat (river, stream, irrigation channel, lake, ravine, spring, marsh, coastal lake, pond, estuary
and other) in the Iberian Peninsula.

Table 1. Environmental properties that have been reported for the records of Potamopyrgus
antipodarum in the Iberian Peninsula. Minimum, maximum, mean and number of records (n)
are presented for each environmental property.

Min Max Mean n
Height above sea level (m) 0 1529 377.9 352
pH 6.4 9.2 8.16 53
Conductivity (uS/cm) 63.5 11450 847.8 61
Abundance (individuals/m?) 1 98300 5187.7 49

the later corresponding to a saline coastal lake (Costa et al. 2003; Correia et
al. 2012). However, the mean conductivity was 847.8 uS/cm (n = 61) with a
standard deviation of 1465.2. We found 49 samples with conductivity lower
than 1000 uS/cm, indicating a preference for freshwater environments.
Abundance of NZMS ranged from 1 to 98,300 individuals per square
meter, with a mean value of 5,188 (n = 49) (Table 1).

The relation between the biological quality of the stream and the relative
abundance of NZMS in Galicia suggests that an intermediate biological
quality (between 2 and 3) is the optimum for NZMS, whose proportion
declines at both extremes of biological quality. However, the model has a
high uncertainty in the low quality extreme due to the low number of
points (Figure 4). When only presence/absence was considered, we found
that NZMS was absent in 75, 50, 28.6, 42.9, 71.4 and 90.9% of the sampling
points with biological quality from 1 to 6, respectively. Thus, fewer absences
where found at points with intermediate biological quality of 3-4.

Discussion

NZMS distribution and temporal patterns in the Iberian Peninsula

The major focus of this work was to update the knowledge on Potamopyrgus
antipodarum distribution in the Iberian Peninsula. Our review added 324
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Figure 4. Relation between the index of biological quality and the relative abundance of
Potamopyrgus antipodarum in a sampling in Galicia performed by Garcia Bernadal and
Romero Suances (2006). The polynomial function (green line = 99% confidence intervals), R
and significance of the adjustment are shown.

records to the 28 previously available in the Global Biodiversity
Information Facility (GBIF). Moreover, most of the GBIF records were
located in the eastern coast of Spain, but our revision has shown a wider
distribution, expanding north- south- and westwards to cover the full
Iberian Peninsula. Thus, our review represents a significant step forward in
the knowledge of NZMS distribution.

Older records of NZMS are mostly located in the coastal area (see
reviews of Ibafez and Alonso 1977; Simoes 1988; Alonso and Castro-Diez
2015, and Figure 1), suggesting that the first individuals arrived by ship,
either in ballast waters or water tanks. The fact that the first record (Delta
del Llobregat 1924) is very close to the port of Barcelona, an important hub
for maritime traffic in the Mediterranean Sea, supports this hypothesis. In
fact, other authors reported that water tanks carried by ships were the main
pathway for entrance of this species in Europe (Thames estuary in the
nineteenth century) (Ibafiez and Alonso 1977). From this entrance point in
Europe, NZMS was suggested to subsequently spread by waterfowl towards
central Europe (Ibafiez and Alonso 1977; Butkus et al. 2014). Waterfowl
may have also been the main pathway for inland spread in the Iberian
Peninsula, considering that many routes of bird migration between Europe
and Africa cross the Iberian Peninsula (Pérez-Tris and Santos 2004). This
fact may have contributed to increase the risk of NZMS invasion throughout
the aquatic ecosystems of the Iberian Peninsula, especially in lentic ones. A
model developed by van Leeuwen et al. (2012) estimates that, on average,
waterfowl may disperse up to five-six viable propagules (either animals or
plants) after flying more than 100-300 km. In the case of NZMS, van
Leeuwen and van der Velde (2012) showed that this snail can be passively
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transported in the bill of mallard (Anas platyrhynchos). Fishing tools and
boats may represent additional vectors for NZMS dispersal. These dispersion
vectors are supported by the fact that NZMS has a high tolerance to air
exposure and to subsequent translocation to a new fluvial ecosystem (Alonso
and Castro-Diez 2012b; Alonso et al. 2016). Once in a new watershed,
NZMS may be further dispersed by fish (Bruce and Moftitt 2009). Thus,
the spread from coastal areas to inner locations is likely mediated, among
others, by animals, including fish carrying NZMS in their digestive tracts.
In the 1961-1980 period, NZMS spread upstream through the Ebro
(north and north-east) and Jucar (south-east) rivers and appeared in the
Cantabrian coast (north). The colonization of the latter may have occurred
again by ship traffic, given the existence of several routes joining Cantabrian
ports (Santander, Bilbao) with UK ports (Plymouth, Porstmouth), the
country where the species appeared for the first time in Europe. During the
next period (1981-2000), NZMS appeared for the first time in Portugal in
the lowest part of Duero River. In the last period (after 2001), new records
appeared in central Spain and western of the Iberian Peninsula (both
Portugal and Spain). The high number of records in Galicia derives from
an intensive monitoring carried out in 2005 (Garcia Bernadal and Romero
Sudnces 2006), but the species may have been present there before. This
latter colonization of the west coast of the Iberian Peninsula may have started
from maritime ports or from the expansion of the invasion front westwards.

Habitat preferences and conservation

Although NZMS can dwell in different types of aquatic environments,
most of the records were found in lotic ecosystems. These ecosystems are
profusely monitored by water management authorities from different
political administrations (both national and regional), which provide long-
term data series, especially of physico-chemical data. Biological monitoring
has been later developed for watersheds since the European Union Water
Framework Directive (Directive 2000/60/CE) came into effect. Additionally,
natural lotic ecosystems are more common than natural lentic ones in the
Iberian Peninsula, and they suffer from an intense human management
(Lorenzo-Lacruz et al. 2012; Vidal-Abarca and Sudrez 2013). Although
human-disturbed ecosystems have been considered to be more prone to
biological invasions (Johnson et al. 2008; Karatayev et al. 2009; Clavero and
Hermoso 2011), we found that both well-preserved and impacted ecosystems
are colonized by NZMS. For instance, Alvarez-Cabria et al. (2011) found
NZMS in stretches affected by the effluents of wastewater treatment plants
in rivers of north Spain, and Serrano et al. (2004) found this species in a
lagoon with a very poor water quality in the southwest of Spain. By
contrast, several authors found NZMS in well-preserved ecosystems of the
Iberian Peninsula (del Moral et al. 1997; Alvarez-Cabria et al. 2011). This
has also been reported for other Mediterranean regions (Mazza et al. 2011).
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Wide range of abundance of NZMS in the Iberian Peninsula

We found a huge range of NZMS densities in our dataset, ranging from 1 to
98,300 individuals per square meter (Martinez-Orti et al. 2004; Rolan 2004;
Alvarez-Cabria et al. 2010, 2011). Previous studies suggest that the high
dominance of NZMS in some invaded communities may be attributed to a
wide tolerance to physical-chemical factors, to a high ability to compete at
early stages of succession, and to the low control that predators and
parasites exert on NZMS populations (Alonso and Castro-Diez 2008;
Gérard et al. 2017). By contrast, low densities may be attributed to a low
residence time (Moore et al. 2012), and/or to the high biotic pressure
exerted by the native community in well-preserved ecosystems. In fact, our
analysis relating NZMS relative abundance and biological quality suggests
that streams with intermediate biological quality support the highest
relative abundances of NZMS. This is in accordance with a previous study
that shows an intermediate tolerance of NZMS to biodegradable pollution
(Mouthon and Charvet 1999), which is a factor directly associated with the
biological quality of streams (Rosenberg and Resh 1993). Thus, NZMS
populations may be limited by unsuited abiotic conditions in highly
polluted waters, and by biotic pressures exerted by the native community
in high-quality waters. However, some well-preserved ecosystems (= high
biotic pressure) also present a high abundance of NZMS, which shows the
complexity of that relation (del Moral et al. 1997; Mazza et al. 2011).
Additionally, the residence time may be an important factor to determine
the NZMS density, as longer residence time could cause the collapse of
NZMS populations (Moore et al. 2012).

Implications for management

NZMS has been included in the list of invasive exotic species of the Spanish
legislation (Royal Decree 630/2013). This implies an obligation to monitor
the species distribution and abundance in order to develop a mandatory
Strategy of Management, Control and Possible Eradication of an Invasive
Exotic Species. Our results show that NZMS is widely spread through the
Iberian Peninsula, which represents an important handicap to control and
avoid dispersion, and makes its eradication impossible. Several strategies
and methodologies have been described in the bibliography for the control
and eradication of NZMS, both in natural ecosystems and in aquaculture
facilities (McMillin and Trumbo 2009; LeClair and Cheng 2011; Stockton-
Fiti and Moffitt 2017). However, the likely importance of natural dispersion
(fish, waterfowl, etc.), together with the small size of this species, represents
an obstacle to apply these methods in natural ecosystems, especially in
fluvial ones. Thus, we suggest that Administrations should focus their efforts
on preventing further spread rather than in eradication, implementing
measures, such as disinfection of fishing tools or boats, or banning the use
of live baits.
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Conclusions

Our study has shown that the invasive species P. antipodarum is present in
the 12 main watersheds of the Iberian Peninsula. This species has colonized
diverse ecosystems, including natural habitats (rivers, streams, lakes, coastal
lagoons, etc.) and artificial ones (irrigation channels), from freshwater to
saltwater. Our review shows that this species is in a clear spreading phase
in the Iberian Peninsula, which makes its control very difficult, especially
because of its non-water mediated dispersion mechanisms. Although its
ecological impact has been clearly demonstrated, the main factors that
control the density of NZMS in invaded ecosystems are not clear. Our
results suggest that the relative abundance of NZMS is limited by both high
and low biological quality of streams.
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