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ABSTRACT

Aim We assess the relative contribution of human, biological and climatic fac-

tors in explaining the colonization success of two highly invasive freshwater

decapods: the signal crayfish (Pacifastacus leniusculus) and the red swamp cray-

fish (Procambarus clarkii).

Location Europe.

Methods We used boosted regression trees to evaluate the relative influence

of, and relationship between, the invader’s current pattern of distribution and

a set of spatially explicit variables considered important to their colonization

success. These variables are related to four well-known invasion hypotheses,

namely the role of propagule pressure, climate matching, biotic resistance from

known competitors, and human disturbance.

Results Model predictions attained a high accuracy for the two invaders (mean

AUC � 0.91). Propagule pressure and climatic suitability were identified as

the primary drivers of colonization, but the former had a much higher relative

influence on the red swamp crayfish. Climate matching was shown to have lim-

ited predictive value and climatic suitability models based on occurrences from

other invaded areas had consistently higher relative explanatory power than

models based on native range data. Biotic resistance and human disturbance

were also shown to be weak predictors of the distribution of the two invaders.

Main conclusions These results contribute to our general understanding of

the factors that enable certain species to become notable invaders. Being primar-

ily driven by propagule pressure and climatic suitability, we expect that, given

their continued dispersal, the future distribution of these problematic decapods

in Europe will increasingly represent their fundamental climatic niche.

Keywords

Biotic resistance, climate matching, freshwater invasions, human disturbance,

Pacifastacus leniusculus, Procambarus clarkii, propagule pressure, red swamp

crayfish, signal crayfish.

INTRODUCTION

As a result of human activity, species are now being intro-

duced to new areas at unprecedented rates (Ricciardi, 2007).

These events have led to the establishment of many highly

invasive species with often dramatic effects in the recipient

regions (Clavero et al., 2009; McGeoch et al., 2010). None-

theless, it is also well acknowledged that the large majority of

introductions fail to produce viable populations and, from

those that succeed, only a small portion becomes invasive

(Williamson, 1996). Given this apparent idiosyncrasy, unrav-

elling the factors that determine invasion success and the

prediction of future impacts has long been a central issue of

invasion ecology and conservation biology (Kolar & Lodge,

2001; van Kleunen et al., 2010).

Understanding the causes behind the establishment success

of invaders is a complex task and efforts towards that end

have led to the development of many hypotheses. Among

these, the propagule pressure hypothesis (Lockwood et al.,

2005) is one of the most widely supported. Higher propagule
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pressure increases the population’s ability to overcome Allee

effects (Drake & Lodge, 2006), endure environmental and

demographic stochasticity (Simberloff, 2009), and adapt to

local conditions (due to a wider gene pool) (Ahlroth et al.,

2003). Thus, a positive relationship between propagule pres-

sure and the likelihood of invader establishment is expected.

Another common expectation is that invaders are more likely

to establish in areas with climates similar to that of their

native range. This assumption underlies the ‘climate match-

ing’ hypothesis (Williamson, 1996), which has received

strong support in recent years (Wiens & Graham, 2005; Pet-

erson, 2011). Biotic interactions are also expected to play an

important role in the invasion process. The biotic resistance

hypothesis is a prime example of this expectation, predicting

that areas with higher competitor diversity will have a lower

probability of invasion (Stachowicz & Tilman, 2005). This is

likely to be especially relevant in the case of taxonomically

similar species (e.g. Rivera et al., 2005). Ultimately, anthro-

pogenic disturbances can change the abiotic and/or biotic

factors of an area, leading to an increase in vulnerability to

invasion (see Catford et al., 2009 and references therein).

This ‘human disturbance’ hypothesis is based on the poten-

tial role of facilitative mechanisms, such as the release of

resources, the alteration of biotic interactions and the crea-

tion of vacant space (Lockwood et al., 2007). Besides these

four main hypotheses, several others – not necessarily mutu-

ally exclusive and encompassing a relatively vast array of bio-

tic, abiotic or human factors – have also been proposed to

explain the establishment success or failure of non-native

species (see Catford et al., 2009).

Although the value of individual invasion hypotheses is

usually supported by a number of studies, increasing evi-

dence is accumulating that their relative importance is highly

context-dependent (Catford et al., 2009; Gurevitch et al.,

2011). For example, recently, Nuñez et al. (2011) analysed an

80-year dataset of tree introductions in an Argentinian

national park and found that detailed estimates of propagule

pressure largely failed to predict the current patterns of inva-

sion of the area. They suggest that other factors, such as bio-

tic resistance, may be playing a more important role and

thus reducing the invasibility of the area. This influence of

‘external’ factors has led to suggestions that future research

should focus more on untangling the relative role of the dis-

tinct factors involved in the process instead of simply testing

the validity of isolated hypotheses (e.g. Thuiller et al., 2006;

Pyšek et al., 2010). However, despite this recognition, few

studies have thus far provided insight into the interaction of

multiple factors during an invasion process. Additionally,

most existing studies have focused on finding generalities

among a large number of invasions (e.g. Thuiller et al., 2006;

Pyšek et al., 2010) and therefore an acute knowledge of the

mechanisms driving many of the most notable individual

invaders is still lacking.

In this study we focus on two of the most widespread and

harmful invaders so far reported in European freshwaters,

the signal crayfish (Pacifastacus leniusculus Dana) and the red

swamp crayfish (Procambarus clarkii Girard). Previous stud-

ies referring to the establishment of these invaders have iden-

tified a number of mechanisms explicitly related to the

propagule pressure, climate matching, biotic resistance and

human disturbance hypotheses. For instance, they refer to

the existence of distinct efforts of introduction among coun-

tries (Souty-Grosset et al., 2006; Holdich et al., 2009), high

tolerance to environmental heterogeneity (Geiger et al.,

2005), competitive interactions with other co-occurring cray-

fish species (Gherardi & Cioni, 2004; Dunn et al., 2009), and

the positive impact of human activities on the environment

(Lindqvist & Huner, 1999). However, and although com-

monly acknowledged (e.g. Souty-Grosset et al., 2006; Hold-

ich et al., 2009), the way these mechanisms interact to

determine their colonization success or failure remains

unknown, particularly on a continental scale.

We examine how propagule pressure, climatic suitability,

biotic resistance and human disturbance interact to shape

the current distribution of the signal and the red swamp

crayfish in Europe. Specifically, we relate the spatial variabil-

ity of these factors to the pattern of distribution of the

invaders using a statistical ensemble model that assesses the

relative contribution of each factor and its relationship with

the species’ probability of occurrence. The results of this

analysis are intended: (1) to provide the first quantitative

evaluation of the relative role of distinct human, climatic

and biological factors in explaining the pattern of distribu-

tion of these two notorious invaders; (2) to compare the rel-

ative roles and form of relationships between the tested

factors and the species’ occurrence to the postulations of the

four hypotheses described above; and (3) to provide insight

on how the distributions of these invaders are likely to

expand on the European continent.

MATERIALS AND METHODS

Species and distribution data

The signal crayfish and the red swamp crayfish are both

native to North America and were imported to Europe in

the 1960s and the 1970s, respectively. Currently, the signal

crayfish is the most widespread invasive crayfish on this con-

tinent, found in 27 countries, while the red swamp crayfish

occurs in 10 (Holdich et al., 2009). These species are also

invasive in other parts of the world. Non-native populations

of signal crayfish are found in Japan and the south-west Uni-

ted States, while the red swamp crayfish, which has a much

broader invasive distribution, is established in several areas

of Africa, Asia, North America and South America (Souty-

Grosset et al., 2006).

For the purpose of this study, we defined our study area

as the countries represented in the Atlas of Crayfish in Europe

(Souty-Grosset et al., 2006), which provided the bulk of the

distribution data for Europe. From these, we excluded those

referred to as strongly under-sampled (Fig. 1). We then col-

lected current native and invasive occurrences of the signal

Journal of Biogeography 40, 548–558
ª 2012 Blackwell Publishing Ltd

549

Determinants of crayfish invasion in Europe



crayfish and the red swamp crayfish world-wide from the

Atlas, natural history museum collections, the Global

Biodiversity Information Facility (GBIF, http://data.gbif.org/;

accessed 15 February 2011) and recent literature. From these

sources, we also obtained current European occurrences of

six other crayfish species known to establish competitive

interactions with either of the two invaders (see list of

species in Appendix S1 in Supporting Information). All dis-

tribution data was re-sampled to a 50 km 9 50 km UTM

grid, and allowing for only one record per grid square, we

accumulated 597 records for the signal crayfish (454 in Eur-

ope, 52 in invaded areas outside Europe, and 91 in the native

range; Fig. 1a, Fig. S1 in Appendix S2), 631 for the red

swamp crayfish (377 in Europe, 80 in invaded areas outside

(a)

(b)

Figure 1 Current distribution of (a) the signal crayfish (Pacifastacus leniusculus) and (b) the red swamp crayfish (Procambarus clarkii)

in the study area at a 50 km 9 50 km cell resolution.
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Europe, and 174 in the native range; Fig. 1b, Fig. S3 in

Appendix S2) and 2587 for the crayfish species identified as

competitors.

Explanatory variables

Both the signal crayfish and the red swamp crayfish were ini-

tially introduced into Europe for the purpose of being har-

vested in the wild or in aquaculture facilities. The success

achieved by most harvesters soon motivated a large number

of deliberate introductions into the wild in many new

regions and countries. Currently, this is considered to be

their major dispersal pathway through Europe (Hogger,

1986; Gutiérrez-Yurrita et al., 1999; Gherardi, 2006; Souty-

Grosset et al., 2006). To obtain estimates of propagule pres-

sure, we consulted a comprehensive collection of literature

reporting on the history of introduction and human-medi-

ated dispersal of the signal crayfish and the red swamp cray-

fish in Europe. Based on this information, using GIS, we

categorized each country into one of three categories of

introduction effort: (1) countries for which no attempt at

introducing the species for harvesting into the wild is

reported (‘null’ category); (2) countries where the introduc-

tion of the species into the wild was not supported by orga-

nized actions or was reported for only one region

(‘moderate’ category); and (3) countries where the introduc-

tion of the species into the wild was promoted by govern-

mental entities and/or commercial associations, and

introductions were reported for more than one region

(‘strong’ category).

Climatic suitability models (Guisan & Thuiller, 2005) were

used as a measure of suitability of climatic conditions. To

build these models, we collected five non-redundant (pairwise

Pearson correlations � ± 0.8) climatic variables from the

WorldClim project (Hijmans et al., 2005): mean diurnal tem-

perature range, mean temperature of the warmest quarter,

mean temperature of the coldest quarter, precipitation of the

wettest quarter, and precipitation of the driest quarter. To be

compatible with the spatial accuracy of our distribution data,

these variables were re-sampled from their original resolution

(10 km 9 10 km) to a 50 km 9 50 km cell resolution.

To quantify the potential effect of biotic resistance, we

used the distribution data of competing crayfish species to

calculate, for each invader, the richness of co-occurring com-

petitors. This was done in a GIS and consisted simply of the

sum of all competitors occurring in each UTM square com-

prising the study area.

To represent human disturbance, we used the human

footprint index (Sanderson et al., 2002). This index merges

spatial data concerning population density, land transforma-

tion, accessibility and electrical power infrastructure to infer

the degree of human influence on the land surface, and is

available at the global scale using a 1 km 9 1 km resolution.

To include this variable in our analysis, we calculated the

mean value within each of the UTM squares comprising the

study area.

Three distinct climatic suitability models were built for

each of the two invaders based on: (1) native range occur-

rences, (2) invasive occurrences outside the study area, and

(3) these two ranges combined. To calibrate these models,

we coupled the respective occurrences with pseudo-absences

randomly generated world-wide, excluding areas with the

species occurrence (cf. Capinha et al., 2011). To maximize

the pseudo-absences’ representation of the available climatic

conditions, we created 15 replicate datasets for each model.

Each of these had the species occurrence records coupled

with an equal number of independently drawn pseudo-

absences.

Statistical analyses

Climatic suitability models can be built using a large variety

of methods; however, there is still little agreement on which

one delivers the ‘best’ results (e.g. Elith et al., 2006). As an

alternative, an ensemble of distinct but equally plausible

models can be produced and their array of results analysed

for agreement (Araújo & New, 2007; Capinha & Anastácio,

2011). Accordingly, we used three distinct statistical models

to predict climatic suitability for the invaders: boosted

regression trees (BRT), generalized additive models (GAM)

and random forests (RF). These statistical models are

amongst the most frequently used in niche modelling exer-

cises where they have consistently revealed high predictive

ability (e.g. Elith et al., 2006; Capinha & Anastácio, 2011).

Models were implemented in r-cran (R Development Core

Team, 2011) using the biomod package (Thuiller et al.,

2009). Model parameters were kept at default values, with

the exception of the number of trees in BRT which was set

to 2000, and the degrees of freedom of the GAM smooth

functions, which were set to four. The discrimination ability

of each replicate model was evaluated in terms of the area

under the receiver operating characteristic curve (AUC). The

AUC was calculated by comparing predictions with 20% of

the distribution data that was withheld from model develop-

ment (Thuiller et al., 2009). Final models of climatic suitabil-

ity were obtained by averaging the 45 replicate predictions

(15 replicates 9 3 modelling algorithms) into a single pre-

diction.

To prevent data redundancy in the explanatory variables,

we measured the degree of correlation between all pairs of

independent continuous variables collected, which revealed

the absence of high correlation levels (|r| >0.8). Next, we

created three distinct sets of explanatory variables for each of

the two invaders. Each of these included one of the three

climatic suitability models generated for each species,

together with the remaining explanatory variables: country-

level introduction effort, richness of co-occurring competi-

tors, and human footprint (Appendix S2). To analyse the

influence of these explanatory variables on the presence or

absence of the invaders, we used boosted regression trees

(BRT) (Friedman et al., 2000; Friedman, 2001; Elith et al.,

2008). BRT consists of a machine-learning technique that
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builds an ensemble prediction by iteratively fitting a chain of

multiple decision trees. This method has performed well in

several studies (e.g. Elith et al., 2006; Guisan et al., 2007),

and is also particularly appropriate for exploring the com-

bined influence of a set of predictors as a result of its ability

to fit nonlinear responses and automatic detection of interac-

tion effects between independent variables (Elith et al.,

2008). We used the gbm package version 1.6–3.1 (Ridgeway,

2010) for r-cran and the R functions, provided by Elith

et al. (2008), to run all BRT models. Before analysing the

datasets, we tested for the optimal parameters of the BRT

models by running multiple models of varying complexity.

For that purpose, five different learning rates (0.05, 0.025,

0.01, 0.005 and 0.0001) and six levels of tree complexity (1,

3, 6, 9, 12 and 15) were tested. Additionally, the optimal

number of trees for each combination was automatically

assessed using R code (Elith et al., 2008). For each combina-

tion of parameters, we ran 100 replicate models as a way of

dealing with the variability of BRT. The performance of each

of these was tested using a 10-fold cross validation and mea-

sured using the AUC. The mean predictive performance

across the 100 replicates was calculated and, from the repli-

cates of the best performing combination, we extracted the

mean relative influence of each explanatory variable. This rel-

ative influence is automatically calculated by the gbm pack-

age by relating the number of times a variable is used with

the improvement it generates in the model (Friedman &

Meulman, 2003).

We were also interested in assessing how the probability of

occurrence of each invader changes along the gradient of

each predictor. For that purpose, we extracted partial depen-

dence plots, which show the marginal effect of each predictor

on the species’ probability of occurrence (Friedman, 2001;

Friedman & Meulman, 2003). Partial dependencies were

evaluated by calculating the mean response of a model to a

single value of the predictor of interest while keeping the

remaining predictors at their original values. This procedure

was repeated with new values until a representation of how

the mean response varies along the gradient of the predictor

of interest was obtained. Partial dependence plots are sensi-

tive to strong correlations and interactions among predictors.

While the former were assessed prior to modelling (see

above), the strength of interactions among pairs of predictors

was evaluated using exploratory analyses in R and the nature

of the relationships was visually assessed using joint partial

dependence plots (cf. Elith et al., 2008).

RESULTS

The mean AUC of all climatic suitability models achieved

fair to good accuracy scores. For the signal crayfish, this

accuracy ranged from 0.82 (± 0.04) for models based on

invasive occurrences, to 0.84 for the models based on native

occurrences (± 0.02) and on both occurrences (± 0.03). For

the red swamp crayfish, the mean AUC of models based

solely on invasive occurrences was 0.90 (± 0.02), for models

using only invasive occurrence, 0.93 (± 0.03) and, for models

using both occurrences, 0.91 (± 0.03).

All boosted regression tree models had high predictive

power (mean AUC � 0.91) (Table 1) obtained through the

combined effect of multiple factors (Fig. 2). All models

showed strong (> 5%) pairwise interactions between intro-

duction effort and climatic suitability, while the models for

the signal crayfish also showed strong interactions between

propagule pressure and richness of co-occurring competitors.

However, visual analyses of joint partial dependence plots

between these pairs of predictors revealed the absence of rel-

evant contradictory effects on the responses shown by the

partial dependence plots for single predictors.

The models for the signal crayfish identified climatic suit-

ability as the most important predictor (� 35.6%), followed

by introduction effort and richness of co-occurring competi-

tors (� 32.4 and � 17.9%, respectively) (Fig. 2a). Human

footprint contributed least (� 11.9%). Also noticeable was

the slightly higher relative influence of climatic suitability

models using information from invasive ranges than models

using native range data. A combined analysis of these results

and the relationships shown by the partial dependent plots

(Fig. 3a, Appendix S3) indicates that the invasive popula-

tions of the signal crayfish are found mainly in areas with

suitable climate, predominantly within countries that had

strong levels of introduction effort and, interestingly, where a

large number of competing species occur. A (slight) tendency

to avoid highly disturbed areas is also suggested.

The current pattern of distribution of the red swamp cray-

fish is shown to be largely explained by country-level intro-

duction effort (� 63.5%), followed by climatic suitability

(� 13.6%). Concerning this last predictor, a significant

increase in its explanatory power was found when the

invaded areas outside Europe were used to represent the spe-

cies’ climatic niche. Models based on the species’ native

range achieved a mean relative influence of 13.5% (± 0.5),

whereas those based on the invasive range outside the study

area achieved 19.6% (± 0.6) and, those based on both ranges,

20.5% (± 0.6). The combined analysis of the relative influ-

ence of the explanatory variables and their marginal effect on

Table 1 Accuracy of boosted regression tree models in

predicting the current pattern of presence/absence of the red
swamp crayfish (Procambarus clarkii) and the signal crayfish

(Pacifastacus leniusculus) in Europe, measured by the area under
the receiver operating characteristic curve (AUC). Three groups

of models were evaluated using predictions of climatic suitability
based on: (1) the species’ native range (native); (2) the species’

invasive range outside Europe (invasive); and (3) both ranges
simultaneously (both). Mean values were calculated from a set

of 100 replicate models. The standard deviation of mean AUC
values was < 0.01 for all models.

Range Red swamp crayfish Signal crayfish

native 0.95 0.92

invasive 0.97 0.91

both 0.97 0.93
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the species’ probability of occurrence (Fig. 3b, Appendix S3)

indicates that the red swamp crayfish is found mainly in the

climatically suitable areas of countries with strong to moder-

ate introduction effort. In addition, the occurrence of this

invader also seems to be slightly favoured by high levels of

human disturbance.

DISCUSSION

The results of our analyses demonstrate that the current dis-

tribution of the signal crayfish and the red swamp crayfish in

Europe can be largely predicted by an interaction between

country-level introduction effort, suitability of climatic con-

ditions and co-occurrence with competitors (the latter only

for the signal crayfish). In addition, they also highlight low

predictive power for human disturbance for both invaders

and virtually no contribution from co-occurrence with com-

petitors for the red swamp crayfish.

Drivers of colonization success

The high relative importance of country-level estimates of

propagule pressure in determining current patterns of distri-

bution is relatively unsurprising for these invaders. Being of

commercial interest, these species were actively imported and

intentionally introduced into the wild in several European

countries while, in many others, they raised little commercial

interest or their introduction into the wild was simply pro-

hibited. For instance, the signal crayfish is widespread in

Sweden, where vigorous introduction campaigns have taken

place since the 1960s (Henttonen & Huner, 1999), but only

one invasive population is known for Norway (Johnsen

et al., 2007), a bordering country which banned the importa-

tion of live specimens of this species before any wild popula-

tion was known (Holdich & Pöckl, 2005). However, it is

interesting to identify marked differences in the importance

of this factor between the two invaders (which is noticeably

higher for the red swamp crayfish). We believe that differ-

ences in residence time and the extent of areas receiving

propagules are the most likely explanations for this result.

These attributes largely mediate the degree of distributional

equilibrium in invasive ranges and consequently the relative

importance of other factors shaping the realized distribution

(e.g. Wilson et al., 2007). In the case of these two invaders,

the signal crayfish had a longer and much wider dispersal in

the study area (Gherardi, 2006; Souty-Grosset et al., 2006;

Holdich et al., 2009) which also, considering the much lower

relative importance of propagule pressure in its models, sug-

gests that its current invasive distribution is closer to equilib-

rium than that of the red swamp crayfish.

Our results also highlight the strong influence of climate

in shaping the current distribution of the two invaders.

Climate, either directly or indirectly, affects the suitability of

abiotic conditions and it is not surprising that it plays a large

role in shaping invasive distributions (e.g. Roura-Pascual

et al., 2011). However, we found limited support for the

‘climate matching’ and related invasion hypotheses, which

predict that invasions take place in environmental conditions

for which the invaders are pre-adapted (e.g. the ‘habitat

filtering’ hypothesis; Catford et al., 2009). This is because the

models calibrated with climatic data from other invaded

areas were consistently more useful in predicting the species’

European distribution than those based on data from native

ranges – particularly for the red swamp crayfish. This agrees

with previous findings that these invaders occupy new cli-

matic conditions (i.e. shifted their climatic niche) in new

ranges world-wide (Capinha et al., 2011; Larson & Olden,

2012) and thus suggest that caution should be exercised

when using native-based correlative models for predicting

climatic suitability for invaders. Several non-mutually exclu-

sive ecological or evolutionary mechanisms may be behind

(a)

(b)

Figure 2 Mean relative influence of explanatory variables for
(a) the signal crayfish (Pacifastacus leniusculus) and (b) the red

swamp crayfish (Procambarus clarkii) in Europe. Grey shades
indicate the type of climatic suitability model used in model

calibration based on: the species’ native range (dark grey); the
invaded areas outside the study area (mid grey); and these two

ranges combined (light grey). Mean values and standard
deviation were calculated from a set of 100 replicate models that

were built with each dataset.
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this capacity. Ecological mechanisms include the absence or

reduction of natural enemies in the new range (i.e. the

‘enemy release’ and ‘enemy reduction’ hypotheses; Colautti

et al., 2004) or simply that these newly occupied conditions

are not found in native regions. That said, more information

about the ecological constraints on native populations would

be necessary to test these possibilities. Rapid evolutionary

adaptation to the new conditions is another possible mecha-

nism given that these invaders have relatively short genera-

tion times and the variability of the European genetic pool is

favoured by the importation of large numbers of specimens

from distinct origins (Gherardi, 2006; Souty-Grosset et al.,

2006). However, the instant success of non-European speci-

mens of red swamp crayfish in colonizing separate European

(a)

(b)

Figure 3 Smoothed partial dependence plots of one representative boosted regression tree model for (a) the signal crayfish (Pacifastacus

leniusculus) and (b) the red swamp crayfish (Procambarus clarkii) in Europe. Climatic suitability models were calibrated with species
occurrences from native ranges and invaded regions other than the study area. The relative contributions of each predictor in this

specific model are shown in parentheses.
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regions with new climatic conditions (e.g. England, The

Netherlands, Germany or Switzerland; Henttonen & Huner,

1999) seems to refute the necessity of this mechanism in the

invasion of this species.

Despite the substantial evidence of strong biotic interac-

tions taking place with other crayfish species occurring in

Europe (e.g. reproductive interference or competition for

food and shelter; Lindqvist & Huner, 1999; Westman et al.,

2002; Gherardi, 2006), we found no evidence of biotic resis-

tance as an impediment to the establishment of these two

invaders. Two possibly cooperating mechanisms may account

for this result. First, these invaders are superior competitors

(Lindqvist & Huner, 1999; Westman et al., 2002; Gherardi,

2006), which could either be a consequence of innate traits,

or have been promoted by their release from other biotic con-

straints (i.e. the ‘evolution of increased competitive ability’

hypothesis; Blossey & Notzold, 1995). Second, these invaders

are also vectors and partially resistant to the ‘crayfish plague’

(Aphanomyces astaci), a disease that is deadly to European

crayfish species (Lindqvist & Huner, 1999) – a mechanism

clearly fitting within the ‘enemy of my enemy’ hypothesis

(Colautti et al., 2004). Somewhat surprisingly, we also found

that the occurrence of the signal crayfish is strongly associated

with the presence of known competitors. We hypothesize that

this could be a geographical signal of propagule pressure since

this invader was continuously introduced as a replacement for

native species – with which it still co-occurs in many places

(Gutiérrez-Yurrita et al., 1999; Skurdal et al., 1999) – and also

because it shares some of the pathways of introduction of

other exotic competitors (e.g. harvesting in the wild; Souty-

Grosset et al., 2006; Holdich et al., 2009).

The occurrence of these two invaders was also found to be

only marginally correlated with the human footprint index,

suggesting that human disturbance has comparatively little

effect on their distributions. Nonetheless, this influence

becomes stronger in highly disturbed areas, which seem to

affect the signal crayfish negatively and the red swamp crayfish

positively. Despite ‘human disturbance’ sometimes being

referred as a potentially important factor for these invaders

(e.g. Lindqvist & Huner, 1999), there is little empirical evi-

dence with which to compare our results. In addition, given

the relatively low importance of this factor, it is also difficult to

exclude the potential confounding effects of propagule pres-

sure. This is because these two invaders have been highly

stocked for harvesting in natural to semi-natural areas across

Europe. However, the red swamp crayfish is also common as

an aquarium pet or in garden ponds, which may explain why it

has a higher probability of occurrence in highly urbanized (i.e.

disturbed) areas (Henttonen & Huner, 1999). These pathways

of introduction could be behind the associations found but

more detailed data would be necessary to test this possibility.

Implications for management

The invasion of these two decapods in Europe is the subject

of great conservation concern. They have had strong negative

impacts on the already declining native crayfish populations

(Holdich et al., 2009) and are also associated with reductions

in local biodiversity (e.g. Correia & Anastácio, 2008; Cruz

et al., 2008). It is thus worrying that our results point to a

widening of their ranges in the future. Although also depen-

dent on propagule pressure, the lack of restraining factors

other than abiotic conditions, supported by our results, sug-

gests that the distribution of these decapods may increasingly

become a spatial representation of their climatic niche. Pro-

jections of climatic suitability using the entire range of these

species have found that many suitable areas of Europe

remain unoccupied (Capinha & Anastácio, 2011; Capinha

et al., 2011). In addition, conservationists should also be

aware that these predictions may underestimate the actual

potential distribution of these invaders due to their apparent

ability to occupy climatic conditions not experienced in their

native range. In this context, and since eradication has thus

far proven difficult (Gherardi et al., 2011), we suggest future

efforts should focus primarily on impeding new introduc-

tions. Given the large country-related component found on

the invasion pattern of these species, we believe that actions

at country-level, such as effective legislation, can be of partic-

ular importance in this regard.

Future directions

Studies using geographical data to infer drivers of invasion

can yield important and relevant information; however, they

also suffer from a series of shortcomings and uncertainties.

In our study, in particular, the relatively coarse resolution of

the data used (50 km 9 50 km and country-level) may over-

look important aspects of the invasion process. This is even

more relevant because identified relationships can be scale-

dependent (Fridley et al., 2007). Although our results clearly

suggest that propagule pressure and climatic suitability are

the most important drivers of the colonization success of

these invaders, finer-grained data would be useful to analyse

the consistency of these results at varying spatial scales. In

addition, future analyses could also greatly benefit from

using predictors more directly related to the tested factors.

For instance, the human footprint index is focused on terres-

trial ecosystems and, despite being unquestionably correlated,

it does not provide a direct representation of human distur-

bance in the freshwater ecosystems which the studied species

inhabit. The potential availability of better predictors in the

future could be of special interest in further separating causal

from co-varying factors, a difficulty often found in studies

assessing drivers of invasion (Lockwood et al., 2007) (e.g.

here between propagule pressure and human disturbance).

There are also several untested but well-known invasion

hypotheses that are not contradicted by our results (e.g. the

‘enemy release’ hypothesis or the ‘evolution of increased

competitive ability’ hypothesis). It was not possible to test

these in this study due to issues of either data availability or

the requirement for completely different analytical app-

roaches. However, we encourage future work on performing

Journal of Biogeography 40, 548–558
ª 2012 Blackwell Publishing Ltd

555

Determinants of crayfish invasion in Europe



such assessments. We further suggest that, when plausible,

the implications of future findings should be discussed in

terms of the invader’s ability to establish under new environ-

mental conditions – particularly in the case of the red swamp

crayfish. Despite finding little support for the ‘climate match-

ing’ hypothesis, this seems to be the exception rather than

the rule in biological invasions (Wiens & Graham, 2005; Pet-

erson, 2011). Thus, understanding the mechanisms that con-

fer on certain invaders the ability to shift their climatic

niches is of paramount importance in advancing predictions

of future invasions (Pearman et al., 2008).

Finally, it would be also of interest to evaluate the relative

importance of the tested factors on future stages of invasion.

Factors related to the species’ introduction (e.g. propagule

pressure) are important in emerging invasions, while distri-

butions close to equilibrium mostly reflect the drivers of

potential distributions (Wilson et al., 2007). Thus, multi-

stage analyses would help provide more robust estimates of

the overall importance of distinct drivers of colonization suc-

cess or failure.

CONCLUSIONS

We found evidence that, at a continental scale, the patterns

of colonization of the signal crayfish and the red swamp

crayfish in Europe are primarily determined by the combined

influence of the level of introduction effort made in each

country and the abiotic conditions of the receiving areas.

Additionally, we found a reduced predictive power of the

‘human disturbance’, ‘climate matching’ and ‘biotic resis-

tance’ hypotheses. These results are particularly useful for

anticipating future range expansions in these species. Accord-

ingly, and in the absence of measures impeding their dis-

persal, we predict that these species will increasingly occupy

the many climatically suitable areas still available in Europe.

This interplay between climatic suitability and propagule

pressure also emphasizes the need to account for multi-cau-

sality when evaluating colonization success. Instead of testing

the isolated role of particular factors, we have highlighted

the need for future research in biological invasions to focus

more on disentangling the relative roles of multiple, and

often interacting, factors which determine invasion success

or failure. The use of integrative approaches, such as the

ones we used here, may prove particularly useful for this

purpose.
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Araújo, M.B. & New, M. (2007) Ensemble forecasting of spe-

cies distributions. Trends in Ecology and Evolution, 22, 42–

47.

Blossey, B. & Notzold, R. (1995) Evolution of increased com-

petitive ability in invasive nonindigenous plants: a hypoth-

esis. Journal of Ecology, 83, 887–889.

Capinha, C. & Anastácio, P. (2011) Assessing the environ-

mental requirements of invaders using ensembles of distri-

bution models. Diversity and Distributions, 17, 13–24.

Capinha, C., Leung, B. & Anastácio, P. (2011) Predicting

worldwide invasiveness for four major problematic deca-

pods: an evaluation of using different calibration sets.

Ecography, 34, 448–459.

Catford, J.A., Jansson, R. & Nilsson, C. (2009) Reducing

redundancy in invasion ecology by integrating hypotheses

into a single theoretical framework. Diversity and Distribu-

tions, 15, 22–40.

Clavero, M., Brotons, L., Pons, P. & Sol, D. (2009) Promi-

nent role of invasive species in avian biodiversity loss. Bio-

logical Conservation, 142, 2043–2049.

Colautti, R.I., Ricciardi, A., Grigorovich, I.A. & MacIsaac, H.

J. (2004) Is invasion success explained by the enemy

release hypothesis? Ecology Letters, 7, 721–733.

Correia, A.M. & Anastácio, P.M. (2008) Shifts in aquatic

macroinvertebrate biodiversity associated with the presence

and size of an alien crayfish. Ecological Research, 23, 729–

734.

Cruz, M.J., Segurado, P., Sousa, M. & Rebelo, R. (2008)

Collapse of the amphibian community of the Paul do

Boquilobo Natural Reserve (central Portugal) after the

arrival of the exotic American crayfish Procambarus clarkii.

The Herpetological Journal, 18, 197–204.

Drake, J.M. & Lodge, D.M. (2006) Allee effects, propagule

pressure and the probability of establishment: risk

analysis for biological invasions. Biological Invasions, 8,

365–375.

Dunn, J.C., McClymont, H.E., Christmas, M. & Dunn, A.M.

(2009) Competition and parasitism in the native White

Clawed Crayfish Austropotamobius pallipes and the invasive

Signal Crayfish Pacifastacus leniusculus in the UK. Biologi-

cal Invasions, 11, 315–324.

Elith, J., Graham, C., Anderson, R. et al. (2006) Novel meth-

ods improve prediction of species’ distributions from

occurrence data. Ecography, 29, 129–151.

Journal of Biogeography 40, 548–558
ª 2012 Blackwell Publishing Ltd

556

C. Capinha et al.



Elith, J., Leathwick, J. & Hastie, T. (2008) A working guide

to boosted regression trees. Journal of Animal Ecology, 77,

802–813.

Fridley, J.D., Stachowicz, J.J., Naeem, S., Sax, D.F., Seabloom,

E.W., Smith, M.D., Stohlgren, T.J., Tilman, D. & Holle, B.

V. (2007) The invasion paradox: reconciling pattern and

process in species invasions. Ecology, 88, 3–17.

Friedman, J.H. (2001) Greedy function approximation: a gra-

dient boosting machine. The Annals of Statistics, 29, 1189–

1232.

Friedman, J.H. & Meulman, J.J. (2003) Multiple additive

regression trees with application in epidemiology. Statistics

in Medicine, 22, 1365–1381.

Friedman, J.H., Hastie, T. & Tibshirani, R. (2000) Additive

logistic regression: a statistical view of boosting. The

Annals of Statistics, 28, 337–374.

Geiger, W., Alcorlo, P., Baltanás, A. & Montes, C. (2005)

Impact of an introduced crustacean on the trophic webs

of Mediterranean wetlands. Biological Invasions, 7, 49–73.

Gherardi, F. (2006) Crayfish invading Europe: the case study

of Procambarus clarkii. Marine and Freshwater Behaviour

and Physiology, 39, 175–191.

Gherardi, F. & Cioni, A. (2004) Agonism and interference

competition in freshwater decapods. Behaviour, 141, 1297–

1324.

Gherardi, F., Aquiloni, L., Diéguez-Uribeondo, J. & Tricarico,

E. (2011) Managing invasive crayfish: is there a hope?

Aquatic Sciences – Research across Boundaries, 73, 185–200.

Guisan, A. & Thuiller, W. (2005) Predicting species distribu-

tion: offering more than simple habitat models. Ecology

Letters, 8, 993–1009.

Guisan, A., Zimmermann, N.E., Elith, J., Graham, C.H., Phil-

lips, S. & Peterson, A.T. (2007) What matters for predict-

ing the occurrences of trees: techniques, data, or species’

characteristics? Ecological Monographs, 77, 615–630.

Gurevitch, J., Fox, G.A., Wardle, G.M., Inderjit & Taub, D.

(2011) Emergent insights from the synthesis of conceptual

frameworks for biological invasions. Ecology Letters, 14,

407–418.

Gutiérrez-Yurrita, P.J., Martinez, J.M., Bravo-Utrera, M.A.,
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Holdich, D.M. & Pöckl, M. (2005) Does legislation work in

protecting vulnerable species? Proceedings of the CRAY-

NET Innsbruck conference 2004. Bulletin Français de la
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