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Alien invasive species are a major threat to amphibians. The red swamp
crayfish, Procambarus clarkii, is native of eastern North America but has
been introduced worldwide, and can cause dramatic declines of amphibians.
We analyzed the distribution of amphibians and of P. clarkii in an area of
northern Italy where the crayfish has been recently introduced. We assessed
the relationship between wetland features, the distribution of P. clarkii and
the richness and structure of amphibian communities. We surveyed 114
wetlands, using a combination of standard methods; we recorded environ-
mental features (size, depth, hydroperiod), and analyzed relationships using
generalized additive models, including components taking into account
spatial autocorrelation. We found the richest communities in wetlands with
intermediate size and hydroperiod. Conversely, P. clarkii was associated to
the largest, permanent wetlands. Amphibian communities were significantly
nested; wetlands with intermediate size and hydroperiod hosted communi-
ties with less gaps than expected by chance. However, two species (Bufo
bufo and Salamandra salamandra) were less nested than the other
amphibians. Management focusing on relatively small, semipermanent
wetlands, that are isolated from the main hydrographic network, may be an
effective strategy for amphibian conservation, because these wetlands can
have suboptimal features for P. clarkii. Nevertheless, these wetlands are
not enough for the conservation of the whole amphibian community,
because some species have peculiar requirements.

Introduction

Alien invasive species (AIS) pose major threats to conservation, as they can cause the
decline of native species through multiple mechanisms, such as competition, predation,
spread of diseases and complex modifications of habitats (Diamond, 1989; Strayer et al.,
2006; Smith et al., 2009). Amphibians are particularly susceptible to the negative consequen-
ces of AIS; among terrestrial vertebrates, amphibians are the class for which the highest
proportion of species is threatened by AIS (Mcgeoch et al., 2010). Invasive amphibians and
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fish are the most often cited AIS determining the decline of native amphibians. For example,
invasive amphibians are implicated in the spread of the chytrid fungus Batrachochytrium
dendrobatidis, which is the aetiological agent of chytridiomycosis (Garner et al., 2006;
Fisher & Garner, 2008; Soto-Azat et al., 2010); the predation by alien fish can cause
reproductive failure and the extinction of amphibian populations (Adams, 2000; Denoël et
al., 2005; Knapp, 2005); invasive amphibians can threaten native species through predation,
competition and toxicity (Adams, 2000; Kats & Ferrer, 2003; Smith, 2005; Crossland et
al., 2008).

Other exotic predators, such as crayfishes, can pose serious threats to amphibian popu-
lations, but have received a more limited attention (Gherardi, 2006). The red swamp crayfish,
Procambarus clarkii, is native of eastern North America and Mexico, but has been introduced
for aquaculture in all continents except Australia (Huner, 2002). Procambarus clarkii is
currently present in most countries of western Europe; large territories have been invaded in
the Iberian Peninsula, France and Italy (Gherardi, 2006). Procambarus clarkii can effectively
predate the larvae of several species of European amphibians (Gherardi et al., 2001; Cruz
& Rebelo, 2005; Cruz et al., 2006a), and the presence of this crayfish can exclude amphibians
from potentially suitable reproductive areas (Cruz et al., 2006a¢b). For instance, P. clarkii
caused the disappearance of more than 50 % of amphibian species from the Paul do
Boquilobo Nature Reserve in Portugal (Cruz et al., 2008), and the extinction of the threate-
ned frog Rana latastei from part of its small range (Bernini et al., 2007). Unfortunately, the
complete eradication of invasive populations of P. clarkii is extremely difficult, and would
require the application of multiple approaches (Aquiloni et al., 2009; Aquiloni et al., 2010).
Intensive trapping may reduce its abundance (Hein et al., 2007), but this approach would be
extremely expensive and cannot be applied at large scale. On the other hand, management
actions can be targeted to specific areas with the highest conservation priority, to mitigate
impact. Such an approach might be more effective in areas where environmental suitability for
P. clarkii is limited.

Hydroperiod and size are key features of wetlands, and determine suitability for amphi-
bians (Van Buskirk, 2005; Werner et al., 2007). Small wetlands with short hydroperiod
(ephemeral wetlands) have a high risk of drying before amphibian larvae attain metamorpho-
sis. On the other hand, large wetlands with long hydroperiod (permanent) often have a high
abundance of native and exotic predators that increase larval mortality. For these reasons, the
richest communities of amphibians are frequently found in wetlands with intermediate size
and hydroperiod (VanBuskirk, 2005; Werner et al., 2007), whereas only a few species adapt
to wetlands with very short or very long hydroperiod (Van Buskirk, 2003). On the other
hand, hydroperiod and wetland features can also influence suitability for AIS, such as P.
clarkii (Adams, 2000; Cruz & Rebelo, 2007).

In this study, we analysed an area where P. clarkii was introduced only recently (about five
years ago: Fea et al., 2006; unpublished data), and where it currently does not attain very high
densities; therefore, well targeted management actions can be effective at this stage. We
analysed the relationship between wetland features (hydroperiod; wetland size) and the
distribution of both amphibians and P. clarkii, to evaluate whether wetland features deter-
mine suitability in a different direction for these taxa. If the maximum suitability for
amphibians is attained in wetlands with different features from the ones with the highest
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suitability for P. clarkii, management efforts can be focused to the areas where suitability
for amphibians is high whereas environmental features are suboptimal for P. clarkii. Further-
more, we analysed nestedness of amphibian communities. A set of communities is nested if
the species composition of species-poor sites is a proper subset of the richest ones (Patter-
son, 1986; Ulrich et al., 2009). In this case, the poorest localities tend to have similar
communities, composed mostly by widespread species, whereas the conservation of richest
sites may allow the maintenance of the majority of species. Therefore, the analysis of
nestedness can provide important information on which species take advantages from a given
management strategy (Atmar, 1993; but see also Fischer & Lindenmayer, 2005).

Material and methods

Study area and sampling

We considered 114 wetlands (ponds, slow stream ditches and small lakes) in Lombardy,
northern Italy. The study area is located North of the city of Milano, comprises the upper
portion of the Po river lowland and the foothills of Brianza; the altitude range is 150¢397 m
(fig. 1). The study area is human dominated; agricultural and urban areas constitute the most
frequent land use. Nevertheless, several natural parks (e.g., Groane regional park, Lambro
Valley regional Park, Curone Valley regional park) protect natural areas and host important
localities for amphibian conservation (e.g., Ficetola et al., 2009). We surveyed each wetland
four times from March to June. In each survey, we used multiple techniques to assess the
presence of amphibians and of P. clarkii. For amphibians, we used visual encounter surveys,
clutch counts, repeated dip netting of wetland bottoms and banks, and audio point counts
(5 min. each) to identify calling males of anurans (Heyer et al., 1994; Dodd, 2010). For
P. clarkii, we used nocturnal visual surveys, dip netting, and the identification of exuviae
(Reynolds et al., 2006) . We performed three surveys after dusk and one survey in daytime.
Failing to detect a species during all sampling occasions does not necessarily indicate the
species is absent, leading to the risk of underestimation of species occupancy, which may
influence the outcome of analyses (Mackenzie et al., 2006). Nevertheless, preliminary
analyses of detectability performed using Presence (Hines, 2006; Mackenzie et al., 2006)
showed that four surveys allowed to detect P. clarkii and most of amphibians with high
confidence (Siesa et al., 2011; Ficetola et al., 2011). In late May¢early June, we measured
maximum depth and surface area of each wetland. We considered a wetland temporary if it
was dry or nearly dry in at least one of the surveys.

Statistical analyses

The three wetland features measured (area, depth and permanence) were strongly
correlated among them: large wetlands were deeper and permanent. We therefore used
principal component analysis (PCA) to reduce these variables to a single component repre-
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Fig. 1. ¢ Study area (Lombardy region, northern Italy). Lines represent the areas where wetlands are
located, dark shaded areas represent lakes and major rivers, light shaded areas represent urban areas.

senting the gradient of wetland features (for a similar approach, see Van Buskirk, 2005;
Werner et al., 2007); area and depth were transformed using natural logarithms prior to run
PCA, to improve normality. PCA extracted a single component explaining 50 % of variation;
PCA scores were positively related to wetland area (r = 0.54; P < 0.001) and depth (r = 0.83;
P < 0.001), and to permanent hydroperiod (r = 0.68; P < 0.001). Therefore, PCA scores
represent a gradient from small, shallow, temporary wetlands to large and permanent
waterbodies.

We used generalized additive models (GAMs) to analyse the relationships between
wetland features, the presence/absence of P. clarkii, and the richness of amphibian commu-
nities. GAMs are a semi-parametric extension of generalized linear models; the advantage of
GAMs over linear models is that the shape of the response curves describing the relationships
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between dependent and continuous independent variables are data driven, instead of being
predefined by linear or quadratic terms (Denoël & Lehmann, 2006; Wood, 2006). This
flexibility allows GAMs to better fit non linear relationships with unknown features. GAMs
can handle non-normal error distribution, and are particularly suited to evaluate whether
ecological relationships are curvilinear (e.g., Denoël& Lehmann, 2006; Ficetola& Denoël,
2009). In GAMs, increasing values for the effective degrees of freedom (edf) indicate increased
complexity and non-linearity of the response curve (Wood, 2006). We therefore identified a
clearly nonlinear response if edf > 2 (Ficetola & Denoël, 2009). For logistic models (i.e.,
models with binomial error), the term ‘‘linearity’’ was referred to the plot on the logit scale
(Ficetola & Denoël, 2009).

Our data have a strong spatial structure. Spatially structured data need to be analysed
using appropriate statistical methods, because the presence of spatial autocorrelation may
bias the results of standard regression techniques (Dormann, 2007; Beale et al., 2010). We
therefore incorporated the coordinates of data points as covariates in GAMs, following the
approach detailed by Beale et al. (2010). Simulation studies showed that this is among the
techniques with the best performance in the analysis of spatial data; this approach has limited
bias even in the presence of violations of assumptions, such as non-stationariety of autocor-
relation (Beale et al., 2010). In our analysis, we used a binomial error distribution to assess the
relationship between the presence/absence of P. clarkii and wetland features; we used Poisson
error distribution to assess the relationship between species richness and wetland features; we
used likelihood ratio tests to assess significance. We performed the analyses in R (<www.r-
project.org>).

We used the metric NODF (Nestedness metric based on Overlap and Decreasing Filling)
to assess the nestedness of the system of amphibian communities (Almeida-Neto et al.,
2008). Communities and species are represented by a matrix in which each row is a site, and
each column is a species. The NODF metric ranges from 0 to 100, and can be defined as the
percentage of species in right columns, and communities in inferior rows overlapping,
respectively, with those found in left columns and upper rows; nested matrices have higher
values of NODF (Almeida-Neto et al., 2008; Ulrich et al., 2009). NODF has advantages
over other metrics of nestedness, such as the possibility to assess separately nestedness of
species and sites, and the possibility to order communities following explicit ecological
gradients; furthermore, NODF is less prone to statistical errors than other metrics (Almeida-
Neto et al., 2008). Sorting the communities according to ecological factors allows to test
hypotheses on the causes of nestedness of the system (Guimaraes & Guimaraes, 2006;
Ulrich et al., 2009). Therefore we sorted sites according to the scores obtained from GAMs
relating richness to wetland features and we sorted species in decreasing order of frequency.
We assessed significance of nestedness using 1000 permutations of random matrices; we used
the null model CE to produce random matrices. In this null model, the probability of
occupancy of a cell ai,j is (Pi/C + Pj/R)/2, where Pi is the number of presences in a row i, Pj.is
the number of presences in a column j, C and R are the number of columns and rows,
respectively (Guimaraes & Guimaraes, 2006). Analyses performed using different metrics
and null models, such as Atmar & Patterson’s (1993) T, yielded equivalent results (not
shown). We also calculated nestedness individually for species, to identify species with less
nested distribution (Almeida-Neto et al., 2008). We performed nestedness analyses using
Aninhado (Guimaraes & Guimaraes, 2006).
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Results

In our surveys, we detected P. clarkii in 12 wetlands. Furthermore, we detected the
presence of nine amphibians: the fire salamander Salamandra salamandra; the Italian crested
newt Triturus carnifex; the smooth newt Lissotriton vulgaris; the common toad Bufo bufo; the
Italian tree frog Hyla intermedia; the agile frog Rana dalmatina; the Italian agile frog R.
latastei; the common frog R. temporaria and the pool frog Pelophylax synklepton esculentus.
Four species (Italian crested newt; Italian tree frog, agile frog and Italian agile frog) are
included in the annexes II and/or IV of the ‘‘habitat’’ directive of the European Union (EC
43/1992) and require strict protection of populations and their habitats. Species richness per
wetland ranged from 0 to 9 (averagefi SE: 2.01fi 0.14).

We observed P. clarkii in wetlands with a large range of environmental features, ranging
from small lakes (e.g., Alserio Lake) to ponds with surface of about 20 m2. Nevertheless, the
distribution of P. clarkii was strongly related to positive scores of the PCA component
describing wetland features (GAM: χ2 = 616.5; edf = 1; P < 0.001). The relationship between
suitability for P. clarkii and PCA scores was strictly linear (edf = 1), indicating that suitability
steadily increased in large, deep wetlands with permanent hydroperiod (fig. 2a).

The richness of amphibian communities was significantly related to the PCA component
describing wetland features (GAM: χ2 = 7.94; edf = 2.2; P = 0.023). However, the relationship
between hydroperiod and richness of amphibian communities was non linear (edf = 2.2). We
observed the richest communities in wetlands with intermediate PCA scores, indicating that
suitability is highest in wetlands with intermediate size and hydroperiod (fig. 2b). When taking
into account wetland features, the relationship between the richness of amphibian commu-
nities and the presence of P. clarkii was not significant (GAM: χ2 = 0.47; edf = 1; P = 0.49).

When sorted following the GAM scores, the community set was significantly nested (fig.
3). NODF of the system was 33.9, and was significantly higher than nestedness of random
matrices (average NODF = 20.6; range: 14.3¢26.7; permutation P < 0.001) (fig. 3). The
average nestedness of species was 44.3. However, two species showed considerably lower
nestedness: S. salamandra (NODF = 25.8) and B. bufo (NODF = 21.0) (fig. 3).

Discussion

Our study showed that amphibian communities and the alien crayfish Procambarus clarkii
are strongly influenced by wetland features (size, depth and hydroperiod), but the shape of the
relationships was different between amphibians and P. clarkii. For both taxa, the smallest, tem-
porary wetlands had very low suitability. However, for P. clarkii suitability was highest in the
largest, permanent waterbodies, whereas amphibian species richness was highest in wetlands
with intermediate size and hydroperiod (fig. 2). The curvilinear relationship between PCA sco-
res and community richness was not unexpected; other studies have found the highest amphi-
bian richness in wetlands with intermediate features (e.g., Van Buskirk, 2005; Werner
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Fig. 2. ¢ Response curves of generalized additive models, describing the relationship between pond
features (components extracted by Principal Component Analysis) and (a) presence of Procambarus
clarkii; (b) richness of amphibian communities. Dotted lines represent 95 % confidence intervals. The
y-axes are based on residuals, and indicate the influence of the explanatory variable on the prediction.

Ficetola et al. 81



et al., 2007). This likely occurs first because only species with fast larval development can
successfully reproduce in ephemeral wetlands (such as, in the study area, H. intermedia and
the toad Bufo viridis, not detected in the visited wetlands) (Skelly et al., 1999; Van Buskirk,
2003; Ficetola & De Bernardi, 2004), therefore these wetlands tend to have poor commu-
nities. Secondly, large permanent wetlands often have high abundance of predators (both fish
and invertebrates) (Baber et al., 2004; Werner et al., 2007); in these wetlands amphibians are
often limited to the species capable to withstand predators, such as the common toad (which
has larvae unpalatable to fish: Van Buskirk, 2003) or pool frogs (which have behavioural
adaptations: Semlitsch& Reyer, 1992). Therefore, wetlands with intermediate features were
suitable for the majority of species, and harbour both common and rare species. For instance,
GAMs predicted that the highest amphibian richness would be attained in wetlands with PCA
scores close to zero (fig. 2b), which correspond to small, shallow ponds with a surface of about
70 m2 and a maximum depth of about 30 cm.

The relationship between wetland features and suitability was different for the crayfish,
as suitability was highest in the largest, permanent wetlands (fig. 2a). Procambarus clarkii can
survive also in temporary wetlands, where it needs shelters or a soft substrate to dig burrows
retaining humidity (Ilhéu et al., 2003; Cruz & Rebelo, 2007); nevertheless, a longer hydro-
period can allow a longer activity period. Furthermore, P. clarkii cannot reproduce success-
fully if the hydroperiod is too short (Gutierréz-Yurrita& Montes, 1999). Therefore, large
permanent wetlands, particularly if non isolated or connected through the hydrographic
network to other waterbodies, suffer the highest risk of invasion (Cruz & Rebelo, 2007;
Siesa et al., 2011).

After taking into account wetland features, invaded water bodies did not host a lower
species richness that those without P. clarkii. However, this does not mean that P. clarkii does
not affect amphibian communities: first, the crayfish invaded the area recently, and the
invasion can require some years until the decline of amphibians becomes noticeable (Cruz et
al., 2008). Analyses of survival or reproductive success can help to understand whether
amphibians suffer limited fitness in invaded wetlands, and which life history stages are more
affected. Second, vulnerability can vary among species (Cruz et al., 2006b); analyses focusing
on individual species, such as the ones more affected by crayfish predation or those with high
conservation concern, can provide a more detailed picture.

When sorted according to GAM scores, the community set was significantly nested. This
indicates that sites with high GAM scores (i.e., intermediate wetland features) host not only
the richest communities, but also communities with less gaps (i.e., more complete communi-
ties) than expected on the basis of the simple variation of species richness. This further
confirms the importance of these wetlands for the conservation of amphibian communities,
as some of them hosted all or nearly all the amphibian species of the study area (fig. 3).
Nevertheless, it should be remarked that the system was not perfectly nested, as the actual
NODF score was well below 100 (which is the maximum NODF value and indicates perfect
nestedness). Therefore, it is important considering wetlands with a range of different features
(Fischer & Lindenmayer, 2005). Particular attention should be played to idiosyncratic
species, i.e., those with less nested distribution; these species would not be protected by
management efforts focusing on the conservation of the wetlands with features suitable for
the majority of species (Fischer & Lindenmayer, 2005). Idiosyncratic species are often
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Fig. 3. ¢ Matrix of species distribution; each row represents one site, each column represents the
distribution of one species. Communities are sorted following score of GAMs. Only sites with at
least one species of amphibian are represented.
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characterized by particular environmental requirements (Ulrich et al., 2009). In this study
system, two species showed a much lower level of nestedness compared to the overall
community: fire salamander and common toad. This can be explained by the peculiar features
of environments where they breed: the fire salamander breeds mostly in small streams,
whereas all the other species prefer ponds (e.g., Ficetola et al., 2009); the common toad is
usually associated with permanent, large waterbodies, while it is rarely found in temporary
wetlands (e.g., Van Buskirk, 2005).

As P. clarkii invaded only recently the study area, and we did not find a strong rela-
tionship between crayfish distribution and richness of amphibian communities, our study can
be considered as ‘‘year zero’’ data. Integrating studies on alien species within a temporal
framework can be extremely useful (Strayer et al., 2006). Year zero data can be used for
comparisons, to assess temporal trends of both native and invasive species and to understand
when the amphibian decline takes effect. For example, Cruz et al. (2008) showed a collapse of
amphibian communities about ten years after the invasion of P. clarkii. In our study area, the
crayfish was introduced about five years ago, and several wetlands have been invaded only in
the last few years. This would suggests that crayfish requires some years to reach the high
densities determining the amphibian decline, and/or that amphibians can survive for some
period after the invasion. For instance, adults may continue to attempt breeding in invaded
wetlands, even if crayfish predation determines a limited fitness. Crayfish abundance is
relatively high in several of the invaded wetlands (mean: 7.7 individuals/m2; unpublished
data), but is lower in the areas invaded more recently. However, the density of P. clarkii is
expected to increase with time, and waterbodies with very high crayfish densities can also act
as sources and determine the colonization of nearby waterbodied with suboptimal features
(e.g., temporary wetlands). This will probably increase impact on amphibians, and might even
modify the relationship between hydroperiod and crayfish distribution (fig. 2a).

Our results can have important implications for wetland management aimed at amphi-
bian conservation in these human dominated landscapes. In environments that are suitable for
P. clarkii, this crayfish can cause the extinction of many amphibian species: if crayfish
eradication/control is not feasible, the conservation of many amphibians would depend on
the existence of temporary wetlands with suitable features, isolated from the invaded water-
bodies (Cruz et al., 2008). First, the preservation of existing temporary waterbodies would be
extremely important. Small, temporary wetlands are sometimes overlooked in conservation
plans, and are declining worldwide because they are often drained, or transformed in
permanent waterbodies (for example, as water reservoirs). (Moser et al., 1996; Beja &
Alcazar, 2003). Furthermore, it may be possible to actively manage the hydroperiod of
wetlands, to match the requirements of target species. In extreme situations, such as the
human dominated landscapes considered in this study, amphibian conservation may strongly
depend on the active management of the features of landscapes and wetlands. Nevertheless,
it should be remarked that temporary wetlands cannot be considered an optimal solution
working for all species. In these environments, amphibians sometimes attain lower fitness
(Karraker & Gibbs, 2009), and species requiring long periods for metamorphosis (e.g.,
crested newts) cannot successfully reproduce there. Networks of wetlands with different
hydroperiod, allowing the persistence of species with different requirements, can be important
for the maintenance of the whole communities (Snodgrass et al., 2000; Beja & Alcazar,
2003; Van Buskirk, 2003). In the last years, it is increasingly recognised that isolated,
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non-permanent waterbodies can play a pivotal role for amphibian conservation, as they
harbour unique communities and may suffer a lower impact of AIS. In human dominated
landscapes, the abundance of AIS is quickly augmenting and the role of temporary wetlands
for conservation is expected to increase in the next future.
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