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Abstract 

This dissertation aims at evaluating the reliability of correlative predictions 

of potential distribution for invasive species and concurrently increase the 

knowledge about the current and future invasive potential of four problematic 

decapods: Chinese mitten crab; Red swamp crayfish; Signal crayfish and the 

Yabby. The reliability of diverse modelling options –including distribution data, 

explanatory factors and statistical models– was evaluated using traditional and 

newly developed techniques. Predictions showed to be highly reliant on the 

modelling options used, however, a methodical selection of calibration data 

along with a combined analysis of discrimination ability, degree of extrapolation 

and level of inter-model agreement showed to be a valuable framework for 

obtaining final predictions. These revealed a strong association between the 

invader’s current distribution and climate, particularly thermal conditions. Wide 

uninvaded regions vulnerable to establishment were found across the globe but, 

concerning the Iberian Peninsula, these are expected to contract as time 

progresses. 
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Previsão da distribuição de decápodes invasores no espaço e no tempo  

Resumo 

Esta tese pretende avaliar a fiabilidade de modelos correlativos de 

distribuição para espécies invasoras e simultaneamente ampliar o conhecimento 

acerca do potencial invasor actual e futuro de quatro decápodes problemáticos: 

Caranguejo-peludo-chinês; Lagostim-vermelho-da-Louisiana; Lagostim-sinal e 

Lagostim-Australiano. Opções de modelação distintas –incluindo dados de 

distribuição, factores explicativos e modelos estatísticos– foram avaliadas com 

recurso a novos métodos e técnicas tradicionais. Verificou-se um ampla 

dependência entre os resultados e as opções de modelação utilizadas, no 

entanto, a selecção metódica de dados de calibração conjuntamente com uma 

análise combinada de concordância entre modelos, capacidade discriminativa e 

grau de extrapolação revelou-se como um procedimento robusto para a 

obtenção de modelos finais. Estes indicam uma elevada associação entre a 

distribuição actual dos invasores e o clima, particularmente condições térmicas. 

Extensas áreas adequadas ainda por ocupar foram identificadas para múltiplas 

regiões do globo, na Península Ibérica em particular, estas aparentam contrair à 

medida que o tempo progride.  
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Note on the structure of the thesis 

The original research developed within the scope of this thesis is here 

presented in the form of scientific articles submitted or published by peer-

reviewed scientific journals (cf. point 1 of the Article 2 of the Service Order Nº 

18/2006 of the University of Évora and clarification note of the Scientific Council 

of the Faculty of Sciences and Technology, 27 May, 2009). Accordingly, the 

chapters 2 to 5 –each corresponding to one of these articles– maintain the 

original structure of the information submitted or published by the scientific 

journals. The only information differing from the original articles refers to the 

numbering of the appendix information that was sequentially renumbered in 

accordance to the joint appendix section provided at the end of this thesis. 
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1.1 Biological invasions

Biological invasions are currently considered one of the most important 

causes of global change, 

human health. In natural environments, invasive species 

hybridize with native species, 

ultimately leading to the homogenization of biota 

particularly famous example of these impacts is provided by the Nile 

(Lates niloticus; Figure 1)

intentionally introduced in Lake Vitoria, Africa

which were becoming severely depleted due to overfishing.

its introduction, its densities grew massively 

200 endemic species of 

include the extinction of nearly every 

Guam caused by the brown tree snake 

more than one hundred terrestrial gastropods precipitated by the introduction of 

the predatory Rosy wolf snail (

(Régnier et al. 2009). 

Figure 1 - The Nile perch (

with permission 

The economic costs of invasive species

Despite the lack of a consensus on how to quantify the figures (Pimentel 

2001; Davis 2009) it is estimated that these costs can reach many billions of 

Euros in the USA or in Europe 

these costs correspond to direct damages such as those
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nvasions: an overview 

Biological invasions are currently considered one of the most important 

 causing strong impacts on biodiversity,

In natural environments, invasive species compete, predate or 

hybridize with native species, alter community structure and ecosystem process, 

the homogenization of biota or the extinction of species

example of these impacts is provided by the Nile 

Figure 1). In the 1950s this predatory freshwater 

intentionally introduced in Lake Vitoria, Africa, to boost the lakes’ fish stocks 

which were becoming severely depleted due to overfishing. In the

densities grew massively leading to the extinction of nearly 

species of cichlid fishes (Craig 1992). Other notable examples 

extinction of nearly every native bird species on the Pacific island of 

brown tree snake (Wiles et al. 2003) or the 

more than one hundred terrestrial gastropods precipitated by the introduction of 

snail (Euglandina rosea) in a number of oceanic islands 

The Nile perch (Lates niloticus). Photographic credits: Biopix. R

with permission under a Creative Commons License. 

conomic costs of invasive species can also be particularly striking

the lack of a consensus on how to quantify the figures (Pimentel 

Davis 2009) it is estimated that these costs can reach many billions of 

or in Europe (Davis 2009; Hulme et al. 2009). In 

costs correspond to direct damages such as those caused 

 

Biological invasions are currently considered one of the most important 

causing strong impacts on biodiversity, economy and 

compete, predate or 

alter community structure and ecosystem process, 

the extinction of species. A 

example of these impacts is provided by the Nile perch 

freshwater fish was 

to boost the lakes’ fish stocks 

the decades after 

extinction of nearly 

Other notable examples 

native bird species on the Pacific island of 

or the extinction of 

more than one hundred terrestrial gastropods precipitated by the introduction of 

of oceanic islands 

 

redits: Biopix. Reproduced 

 

particularly striking. 

the lack of a consensus on how to quantify the figures (Pimentel et al. 

Davis 2009) it is estimated that these costs can reach many billions of 

). In many cases 

caused on other 
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economically important species (e.g. cinnamon fungus; Phytophthora 

cinnamomi; Robin et al. 2001) or on man-made infrastructures and equipment 

(e.g. the Zebra mussel; Dreissena polymorpha; Aldridge et al. 2005). However, 

the economic costs of invasive species can also be indirect and thus difficult to 

quantify, requiring an understanding of the many ways in which ecosystems 

support economy. Conversely, some invasive species are also known to have 

originated significant economic incomes. The majority of these cases correspond 

to the commercial exploration of intentionally introduced species, such as the 

Nile perch.  

Some of the most notable invertebrate invaders worldwide are also 

vectors of human diseases such as malaria, plague, typhus or yellow fever, 

causing the incidence of these infections in previously unsuspected areas 

(Lounibos 2011). Furthermore, there are also invasion events responsible for 

ecological or landscape changes which have negative implications on human 

safety. These can assume multiple forms such as the promotions of pathogen 

outbreaks (e.g. Vanderploeg et al. 2001), or an increase in the vulnerability to 

natural hazards such as fires (e.g. Berry et al. 2011) or landslides (e.g. Meyer 

and Medeiros 2011). 

Despite the notorious impacts of biological invasions, the emergence of 

invasion ecology as a scientific discipline is rather recent. Before Charles Elton 

published the iconic book ‘The Ecology of Invasions by Animals and Plants’ (Elton 

1958) , few scientific works had been devoted to the study of non-native species 

and even after its publication it was not until the mid 1980s that the field 

received considerable interest by researchers (Davis 2011). Currently, the study 

of biological invasions is far-reaching and inter-disciplinary and aims particularly 

on understanding the causes and consequences of species invasions (Davis 

2009; Davis 2011). This recent surge of interest in biological invasions is partly 

associated with the increasing trends of international travel and trade in recent 

decades which led to the introduction of many new species (and their impacts) 

worldwide. In fact, recent studies show that in many areas of the world non-

native species are being introduced at accelerating rates (Lockwood et al. 2007). 

Thus, it is expected that the number of future biological invasions will be largely 

greater than the one recoded in the present day (Essl et al. 2011). Given these 
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patterns, considerable research effort in invasion ecology is currently devoted to 

identify the factors which enable a species to establish in new areas and to 

become invasive.  

 

1.2 Predictive Invasion Ecology 

One of the first predictive hypotheses in invasion ecology was the tens 

rule (Williamson and Fitter 1996). This rule postulated that ≈10% of imported 

species appear in the wild, from which ≈10% are able to establish viable 

populations and, from these, ≈10% will become a problem. Currently, it is 

widely acknowledged that these numbers can be context dependent (e.g. 

Gherardi 2007) and that multiple and often intricate relationships between 

distinct factors can dictate invasion success or failure (Gurevitch et al. 2011). 

These factors can be separated in three categories: (1) propagule pressure, (2) 

biotic factors and (3) abiotic factors, each potentially influenced by human 

activity (Catford et al. 2009).  

Propagule pressure concerns the number of propagules introduced (i.e. 

organic structures with the capacity to give rise to new individuals), the number 

of introduction events carried and the viability of the propagules. Perhaps one of 

the most consensual relationships so far found on invasion ecology, is a positive 

relationship between this factor and invasion success (Lockwood et al. 2009). 

The concept of ‘the more you introduce, the more you get’ was found on 

invasive birds (Cassey et al. 2004), fish (Colautti 2005), plants (Von Holle and 

Simberloff 2005) among others. However, this relationship is contingent on the 

absence of negative biotic or abiotic factors and thus recent efforts to advance 

on the predictability of biological invasions have been largely focused on these 

two last factors.  

One of the main questions asked by current invasion ecologists is if some 

species are more invasive than others, and if so, which of their biological 

attributes are associated with invasive behaviour. This possibility has received 

much attention in recent years and the current consensus is that very few 

species-level characteristics are significant predictors of invasiveness and that 
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these are often taxa-specific (Hayes and Barry 2008 and references therein). 

The reason for this idiosyncrasy has mostly been attributed to the distinct 

characteristics of the receiving areas, among which the receiving community. In 

fact, the variety of ways by which biotic interaction can interfere with the 

invasion process as led to the development of an array of invasion hypotheses 

(see Catford et al. 2009). For instance, the ‘enemy release hypothesis’ (Keane 

and Crawley 2002) predicts that the invasibility of a community by a certain 

species will be higher if the natural enemies of that species (e.g. predators, 

competitors or parasites) are absent from the new area. One supporting 

example was provided by DeWalt et al. (2004) for the neotropical shrub Clidemia 

hirta. This plant does not occur in forests in its native range but is a vigorous 

invader of tropical forests in its introduced range. DeWalt et al. (2004) found 

that after spraying against fungus and insects the survival of populations of this 

species in native understory areas increased dramatically. However, similarly to 

what happens for many other hypotheses, a number of contradictory examples 

can be found. For example, Pearson et al. (2000) found that the larvae of two 

introduced gall flies (Urophora affinis and U. quadrifasciata), became a highly 

favoured meal of a native deer mice (Peromyscus maniculatus) in Montana 

(Figure 2), United States, a process Colautti et al. (2004) named as the ‘enemy 

inversion hypothesis’. Similarly, many other contradicting hypotheses have also 

shown to be valid, depending on the biological group or area targeted (Davis 

2009). 

Equally important for predicting invasions is the ability to accurately 

identify the suitability of the abiotic conditions. Regardless of its biological 

attributes, a species will only be able to maintain populations in the long term in 

the areas that meet its physiological requirements (i.e. its fundamental niche; 

Hutchinson 1957). Temperature, humidity, salinity, or oxygen levels are all 

examples of abiotic factors that either alone or in interaction with other factors 

(either biotic or abiotic) can dictate the success of a new population. Given that 

these factors vary across the geographical space, knowing a species 

fundamental niche would allow knowing where it can invade. It is thus 

unsurprising that most research aiming to predict the influence of abiotic factors 

on invasions is devoted to quantifying the invaders fundamental niches. Overall, 

two approaches have been applied for this purpose: mechanistic models (also 
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known as process-based models) and niche based models (also known as 

species distribution models, ecological niche models or habitat suitability 

models). 

 

Figure 2 – The gall flies (a) Urophora affinis and (b) Urophora quadrifasciata and the (c) 

deer mice (Peromyscus maniculatus). Photographic credits of left image: entomart, 

middle image: Didier-35 and right image: Phil Myers.  All images reproduced with 

permission under a Creative Commons License 

Mechanistic models are based on direct assessments of the species 

physiological tolerances. For example, Kearney et al. (2008) used these models 

for predicting the potential distribution (i.e. the geographic expression of 

suitable abiotic conditions) of the invasive Cane toad (Bufo marinus) in Australia. 

To perform this task they initially evaluated the fitness of the specie’s 

movements, survival and reproduction under distinct abiotic conditions using 

laboratory experiments, field measurements and previously published 

parameters. Next, they used these parameters to calibrate biophysical models 

simulating the species fundamental niche. Finally, these models were projected 

into the geographical space under current and future climatic conditions for 

predicting the specie’s current and future invasive potential. Despite the 

scientific soundness of the approach, mechanistic models have a number of 

known limitations and uncertainties. A major difficulty is the need of capturing 

all the abiotic factors constraining a species’ range which can be a complex task 

given that fundamental niches are multidimensional and that limiting conditions 

often result from an interaction of a variety of factors (Kearney and Porter 

2009). As a results, and since this evaluation requires a daunting effort and a 
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large number of resources, the application of these models remains restricted to 

a small number of species. 

Distinctly from mechanistic models, niche based models (NBM) estimate 

environmental suitability indirectly. This is done by correlating the species known 

distribution with a set of spatially explicit environmental variables that can 

reasonably be expected to affect its physiology (Guisan and Zimmermann 2000). 

Several factors have merged recently to make this the current reference tool for 

predicting environmental suitability for species (not only invaders). First, 

nowadays there is a large availability of the data needed to build these models 

(species occurrences and spatially explicit environmental data) which, in many 

cases, can be obtained online and free of cost. Second, the statistical tools 

necessary to build these models also became increasingly available to the public, 

particularly in the form of free software with user-friendly interfaces (e.g. Phillips 

and Dudík 2008). Finally, and despite its simpler framework in comparison to the 

mechanistic approach, NBM showed to be able to provide reliable predictions 

(e.g. Elith et al. 2006) and examples of their application to invasive species are 

now common (e.g. Ficetola et al. 2007). However, these models also have a 

known number of limitations and uncertainties particularly when species are not 

in distributional equilibrium in a region, as is often the case of biological 

invasions (Elith and Leathwick 2009; Jiménez-Valverde et al. 2011). Most of 

these are particularly related to the fact that species distributions are shaped not 

only by limiting physiological conditions but also from biotic and historical factors 

such as competitive exclusion or dispersal limitations (i.e. the realized niche; 

Hutchinson 1957). Thus, NBM which based their inference on observed species 

distributions may provide an underestimated description of the abiotic conditions 

suitable for the species (see also the next subchapter).  

Despite all the challenges mentioned above, many researchers agree that 

the current ability to predict new and ongoing invasions has significantly 

improved since the beginning of this field of research (Davis 2009; Lockwood et 

al. 2009; Essl et al. 2011) and a general expectation is that this ability will 

continue to increase in the future (Davis 2009). However, and unlike in the 

beginning, it is now widely acknowledged that no single factor can provide 

‘universal’ estimates of invasion potential (Gurevitch et al. 2011). Thus, future 
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research efforts should continue untangling the many and intricate complexities 

that intervene in the invasion process. 

 

1.3 The use of niche based models for invasive species: challenges and 

uncertainties 

As discussed in the previous chapter, knowing the environmental 

conditions under which a species can persist can be extremely useful to predict 

invasions. Furthermore, this information can be projected into the geographical 

space allowing to know where they can take place. In recent years, niche based 

models (NBM) has become the reference tool for performing this type of 

assessments. However, a key problem arises when these models are used for 

invaders. The most fundamental assumption behind NBM is that the species 

being modelled are in distributional equilibrium with the environment (Guisan 

and Thuiller 2005). This means that the information used for model calibration 

(species distribution data and environmental predictors) has to be representative 

of the conditions for which predictions are made. Thus, the equilibrium 

assumption can only be met when NBM are used to predict the specie’s current 

distribution and within their native ranges. Consequently, the risks arising from 

predictions for non-equilibrium settings (i.e. biological invasions or under climate 

change) can be various including possible changes on the abiotic or biotic factors 

responsible for driving distributions, predicting for novel environmental 

conditions (i.e. environmental extrapolation), or changes on the species itself, 

through evolutionary adaptation (Elith and Leathwick 2009; Hoffmann and Sgrò 

2011). Any of these situations can severely harm the reliability of the 

predictions, and thus, possible approaches for improving NBM under these 

conditions have been the object of investigation in recent years (reviewed in 

Elith and Leathwick 2009).  

One of the topics receiving largest focus has been the type of occurrence 

data needed to predict invasions. Using the currently invaded range allows to 

take into account possible changes on the drivers of distribution in the new area, 

however, it may also underestimate the species niche, because the full range of 

suitable conditions may not yet be occupied. On the other hand, using just data 
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of the native range may not yield the full niche either, as the original range may 

not exhibit all possible climate and site combinations that could possibly be 

inhabited by a species. Recent studies recommend using both ranges 

simultaneously (Broennimann and Guisan 2008; Beaumont et al. 2009a), 

however, this may not be possible due to issues of data availability and also 

because if we want to predict invasions that have not occurred, only native data 

is available. In addition, the use of absence data can also be an issue, since this 

type of records is frequently unavailable and because a species may be absent 

from an area due to factors other than detrimental abiotic conditions (e.g. 

negative biotic interactions or dispersal barriers; Colwell and Rangel 2009). A 

common practice to circumvent this problem has been to use pseudo-absences 

instead of ‘true absences’. However, these records can be generated in multiple 

ways and the best option for invasive species remains unknown (Chefaoui and 

Lobo 2008; Phillips et al. 2009; VanDerWal et al. 2009). 

Environmental extrapolation is also problematic because the native (or the 

current) distribution of a species alone provides no information on the suitability 

of the new (i.e. unsampled) conditions (Thuiller et al. 2004; Fitzpatrick and 

Hargrove 2009). This is of particular relevance when working with models for 

invasive species since it is very difficult not to encompass new environmental 

conditions when models explicitly aim at predicting for new areas. In addition, if 

the predictions are projected across time (e.g. under scenarios of climate 

change) the dissimilarities between calibration and prediction conditions can be 

even greater. Despite its manifest importance, so far few advances have been 

made regarding on how to deal with environmental extrapolation or how it 

affects the reliability of the predictions (Elith and Leathwick 2009). 

Besides the challenges originating from violating the equilibrium 

assumption, NBM for invaders also have to deal with the more general 

conceptual and methodological problems of NBM. Conceptual issues have been 

less addressed in the literature and are mostly centred on the discussion of what 

NBM effectively model (Soberón and Nakamura 2009) or on the exact definitions 

of popular terms in the field such as the ‘niche’ itself (Araújo and Guisan 2006). 

Methodological issues, on the other and, have received a larger attention and 

include: selection of spatial scale (i.e. extent of the study area and spatial 
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resolution of the data) (Austin and Van Niel 2011), issues of sample size and 

prevalence (Wisz et al. 2008; Santika 2011), spatial autocorrelation (Dormann 

et al. 2007), model selection and evaluation (Liu et al. 2011b) or variable 

selection methods (Austin and Van Niel 2011). Zimmermann et al. (2011), refer 

that in the last decade large advances were made regarding these issues. 

Nonetheless, and despite the advances, the preferable methodological 

framework for a given application (biological invasions included) is still far from 

consensus (e.g. Jiménez-Valverde et al. 2008; Elith et al. 2010). 

To account for some of this methodological uncertainty, the use of 

ensembles of multiple, but equally plausible, models was advocated (Araújo and 

New 2007). This suggestion is based on the principle that the errors of distinct 

models will tend to cancel each other out and thus more reliable predictions can 

be obtained (Araújo and New 2007). In addition, this approach also allows 

assessing the uncertainty of predictions through the examinations of the level of 

agreement between the multiple models. Given these merits, ensembles of 

predictions are recognized to be also of great promise for dealing with the 

inflated methodological uncertainties of NBM predictions for invaders (Davis 

2009). Despite this recognition, so far, ensembles in invasion ecology have only 

been applied to reduce the predictive variability arising from to the use of 

distinct correlative algorithms (e.g. Roura-Pascual et al. 2009) and its potential 

for dealing with the uncertainty originated by other sources of variability such as 

calibration data remains untested. 

Besides its use for predictions, NBM also hold a great potential for 

providing insights on the drivers of invasive distributions. For example, Muñoz 

and Real (2006) using a NBM framework, found that the distribution of the 

invasive Monk parakeet (Myiopsitta monachus) in Spain was mostly driven by 

human-related factors whereas climate was shown to be of reduced influence. 

This type of studies can be highly helpful in further understanding the 

complexities of the invasion process. However, and similarly to what happens 

with its predictions, this type of results can be dependent on the modelling 

procedures used. In this context, ensembles of NBM can be also promising in 

exploring arrays of explanatory results coming from distinct models. 

Nonetheless, the potential improvements of this approach remain unexplored. 
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2.1 Studied species 

Decapods (Crustacea) are amongst the world’s most successful and 

harmful invaders (Ricciardi 2011). In Europe alone there are currently about 15 

non-native species established in inland waters (Holdich and Pöckl 2007), 

including prawns (Caridea), crabs (Brachyura) and crayfish (Astacidea). Based 

on a criterion of geographic proximity, this thesis is focused on four of the most 

notorious invasive decapods known for the inland waters of the Iberian Peninsula 

(Cabral and Costa 1999; Souty-Grosset et al. 2006): the Chinese mitten crab 

(Eriocheir sinensis H. Milne-Edwards, 1853); the Yabby (Cherax destructor Clark, 

1936); the Signal crayfish (Pacifastacus leniusculus Dana, 1852) and the Red 

swamp crayfish (Procambarus clarkii Girard, 1852). 

 

2.2 The Chinese mitten crab 

The Chinese mitten crab is native from the temperate and subtropical 

regions of the Yellow Sea region bordering China and Korea, in Eastern Asia. It is 

a small-sized crab (up to ≈ 8 cm of carapace width), usually of brown colour 

which can be distinctively recognized by the furry patches present on its claws 

(that look like mittens, hence the common name) (Figure 3). It has highly 

opportunistic feeding habits which can include algae, plants, detritus, fishes, and 

a wide variety of invertebrates (Veilleux and De Lafontaine 2007; Dittel and 

Epifanio 2009). It is a catadromous species, spending most of its life in 

freshwater habitats (both lentic and lotic) but it needs to migrate to brackish 

waters of coastal areas to reproduce.  

This species was first found outside its native range in the Aller River, a 

tributary of the Weser River, Germany, in 1912 (Panning 1939). It is thought 

that from there it reached the Baltic Sea where it was first found in 1926. Since 

then it has colonized all adjacent countries and spread westwards as far as the 

Atlantic coast of Southern Spain (Veilleux and De Lafontaine 2007). Outside 

Europe this species was also recently found on the Pacific and Atlantic coasts of 

North America (Veilleux and De Lafontaine 2007) and in Iraq (Hashim 2010). 

Two main vectors are considered responsible the introduction of this species in 
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the new areas: the active transport and introduction into the wild in order to 

obtain a new food source, and the unintentional release of propagules via ship 

ballast water discharges (Cohen and Carlton 1997).  

 

Figure 3 – The Chinese mitten crab. Photographic credits of left picture: Biopix and right 

picture: The Smithsonian Institution. All images reproduced with permission under a 

Creative Commons License. 

 

This species has several known negative impacts in invaded areas and 

also poses a risk to human health. Negative impacts on invaded areas refer 

mostly to an acceleration of river bank erosion and instability due to burrowing 

activities and also to direct damages caused on human equipment such as 

fishing gear and plumbing systems (Panning 1939). This species is also an 

intermediate host of the oriental lung fluke, Paragonimus westermani (Veilleux 

and De Lafontaine 2007) which can be transmitted to humans by the ingestion 

of poorly cooked crabs. Nonetheless, this parasite has not yet been found in 

invasive populations (Veilleux and De Lafontaine 2007). Impacts on native biota 

are still poorly documented, however given its behaviour and feeding habits it is 

likely to cause negative impacts on local population through predation and/or 

competition (e.g. Gilbey et al. 2008). Known positive effects of this species refer 

almost exclusively to its harvest by small scale commercial fisherman (e.g. in 

the Tagus Estuary; author personal observation).  
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2.3 The Red swamp crayfish 

The red swamp crayfish is native to subtropical regions of north-eastern 

Mexico and south-central USA. It can reach up to 15 cm of body length having a 

usually dark red to brownish body colour and red claws covered with spines and 

tubercles (Figure 4). This species feeds on plants and organic sediments but also 

on animal food such as other crayfish, adult insects and their larvae, fish, 

tadpoles and snails (Correia 2003; Souty-Grosset et al. 2006). This species has 

a short lifespan (12 -18 months in nature), a high fecundity (as many as 600 

eggs at a time) and a highly plastic reproductive cycle (Gherardi 2006). They 

also have a wide ecological plasticity, being tolerant to fluctuating water levels 

and to high temperatures mainly due to their ability to excavate burrows 

(Gherardi 2006; Souty-Grosset et al. 2006). 

 
Figure 4 – The Red swamp crayfish. Photographic credits and copyright: César Capinha 

Currently, this is the most widely introduced crayfish in the world being 

found on every continent except Australia and Antarctica (Gherardi 2006). Its 

widest invasive range is found in Europe. It was first introduced in 1973 in 

southern Spain for harvesting in the wild and from there it was soon introduced 

to new areas of Spain, Portugal, France and Italy. Currently it is known present 

in European countries, including some islands such as São Miguel in the Azores 

or Tenerife in the Canary Islands (Holdich et al. 2009). Several pathways of 

introduction are known to have contributed for the spread of this species. 

Perhaps the most important has been its intentional introduction for harvesting 

in the wild or in aquaculture facilities which was motivated by the success of 

commercial aquaculture in its native range (Gutiérrez-Yurrita et al. 1999; 

Henttonen and Hunner 1999). The Red swamp crayfish is also a popular as an 
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aquarium pet, for ornamenting artificial ponds or as a study model, uses that are 

also considered to be promoting its spread to new areas (Larson and Olden 

2008).  

This species is responsible for multiple negative impacts on native species, 

ecosystems and economic activities in the new ranges. Invasive populations 

have led to declines in native crayfish species in Europe through competition and 

because they can carry the fungus Aphanomyces astaci (Holdich et al. 2009). Its 

polytrophic and opportunistic feeding habits can also profoundly modify the 

trophic structure of freshwater communities leading to a decline of several native 

species (Gherardi 2006). The red swamp crayfish is also a well known 

agricultural pest, responsible for large damages on rice plantations by feeding on 

the young rice plants (Anastácio et al. 2005). Its burrowing activity can also 

contribute to the destabilization of river banks and dams (Correia and Ferreira 

1995). On the other hand, some positive effects have been recognized to this 

invasive species. In some areas this crayfish became an important food source 

for some vertebrate predators, potentially leading increases in their populations 

(Clavero et al. 2010). Additionally, its commercial value as a food item is also 

explored by a number of fisherman and aquaculture industries worldwide 

(Souty-Grosset et al. 2006).  

 

2.4 The Signal crayfish 

The Signal crayfish is native from the cool temperate regions of north 

west America, west of the Rocky Mountains. This crayfish can reach up to 16 cm 

and have a usually bluish/brown to reddish/brown carapace colour (Figure 5). It 

has large and robust claws each having a white patch near the claw hinge. It 

consumes a wide variety of food sources including other crayfish, insects, small 

fish, snails, aquatic plants, tree leaves and detritus (Bondar et al. 2005; Souty-

Grosset et al. 2006). This species has a long lifespan (up to 20 years), reaches 

maturity at an age of 2-3 years and, each year, females can generate from 200 

to 400 eggs (Souty-Grosset et al. 2006). The Signal crayfish is considered to be 

relatively tolerant to several environmental stressors such as brackish water and 
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temperature variations; however it has fairly high oxygen demands (Souty-

Grosset et al. 2006). 

 

Figure 5 – The Signal crayfish. Photographic credits and copyright: César Capinha 

Currently this is the most widespread invasive crayfish in Europe, present 

in 27 countries (Holdich et al. 2009). The large majority of this success is due to 

intentional (legal and illegal) introductions in the wild for harvesting, since this 

species is a valued food item. Introductions began in Sweden in the 1960s and 

soon expanded to several other European countries. High levels of country-level 

introduction effort are reported for Sweden, Finland, United Kingdom, Spain, 

Austria and Luxemburg. Nonetheless, currently this invader is also widely 

dispersed in France, Germany and Belgium. 

 The most severe negative effect of the invasive Signal crayfish is the 

extermination of several populations of native European crayfish species, caused 

by the transmission of the deadly crayfish fungus plague Aphanomyces astaci 

(Holdich et al. 2009). It is also reported to compete with some of these species 

for food and shelter (Lindqvist and Huner 1999; Westman et al. 2002) and to 

cause reproductive interference with the native Noble crayfish (Astacus astacus) 

(Westman et al. 2002). Unsurprisingly, given the strong human interest in its 

introduction, this species has a high commercial value in some countries, 

particularly Sweden and Finland (Henttonen and Hunner 1999). 
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2.5 The Yabby 

The Yabby is a crayfish native to the warm to semi-desertic regions of 

south east Australia. This crayfish can reach up to 15 cm and its carapace 

colours can vary from olive-green to brown, but can also be blue, yellow, red or 

black depending on the habitat, location and individual (Figure 6). Generally, the 

Yabby’s diet is dominated by plant material and detritus (Souty-Grosset et al. 

2006). However, this species can also be highly predatory (Beatty 2006). This 

species has an average lifespan of 3 up to 6 years and females can generate 

from 100 to 1000 eggs up to five times a year (Withnall 2000; Souty-Grosset et 

al. 2006). This species is tolerant to a wide range of temperatures but water 

temperatures above 35°C may be lethal and it falls into a state of partial 

hibernation when temperatures drop below 15/16°C (Withnall 2000; Souty-

Grosset et al. 2006). It also tolerates a wide range of dissolved oxygen levels 

and high salinities. 

Currently, this species is invasive in the south west of Australia and in 

some regions of Spain and Italy (Holdich et al. 2009). Similarly to the Signal 

crayfish, this species has been translocated to new locations mainly for 

harvesting. Many of these enterprises have been conducted in isolation from 

natural water bodies, but some escaped individuals have been able to establish 

wild populations (Souty-Grosset et al. 2006). This species is also used in the 

aquarium trade, which may promote its wider spread in the future (Holdich et al. 

2009). 

 
Figure 6 – The Yabby. Photographic credits of left picture: Neil Amstrong and right 

picture: Rudie Kuiter. All images reproduced with permission under the terms of use of 

the ARKive project. 
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The ecological impacts of this species in invaded areas remain less studied 

than of the three previously mentioned species. Nonetheless, studies conducted 

in Western Australia support that this species can compete with and predate 

native species (Beatty 2006; Lynas et al. 2007). Economy is again on the 

opposite side of the balance. Yabbies are harvested commercially in a large 

number of areas outside its native range and despite an usually low farmer’s 

profit, this activity also has low operating costs (Morrissy 1994). 

 

3.1  Objectives of the thesis 

Given the challenges previously described, it is a general objective of this 

thesis to contribute for the advancement of the field of predictive invasion 

ecology. Towards that end, the thesis is particularly focused on evaluating and 

improving the reliability of predictions of niche based models for invasive 

species. As a result, several of the most currently debated topics in this field of 

research were investigated. These included the data requirements for building 

accurate models (Capinha et al. 2011), the potential improvements arising from 

the use of ensembles of distribution models (Capinha and Anastácio 2011) or the 

reliability of predictions coupling both invasive species and scenarios of climate 

change (Capinha et al. 2012). The obtained knowledge was mainly discussed 

within the context of (re)framing guidelines of model building and results 

interpretation for invasive species.  

At the same time, this thesis also intended to expand the current 

knowledge about the invasive potential of the four problematic decapods 

described above (Chinese mitten crab, Red swamp crayfish, Signal crayfish and 

the Yabby). This included assessing their current worldwide potential distribution 

(Capinha et al. 2011), disentangling the main drivers of their macro-scale 

invasion patterns (Capinha et al. unpublished), quantifying their fine-scale 

environmental requirements (Capinha and Anastácio 2011) and evaluating how 

climate change may alter their potential distributions (Capinha et al. 2012). On 

the basis of the obtained results, the potential implications for managers and 

stakeholders are also analysed and discussed. 
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The research conducted is described in detail in the four following 

chapters (chapters 2, 3, 4, and 5). Each of these corresponds to a research 

paper that was published or is being considered for publication in an 

international peer-reviewed scientific journal in the field of ecology.   

Chapter 2 investigates the implications of using distinct distribution data 

in predicting the worldwide environmental suitability for invasive species. It 

evaluates the predictive consequences of using only occurrence data from native 

or from invasive ranges or from both ranges simultaneously along with distinct 

sampling strategies for extracting pseudo-absences. It also explores the 

potential usefulness of consensus predictions in comparison to predictions from 

single-models. This research was based on data from the four invasive decapods 

and estimates of worldwide environmental suitability for each were also obtained 

and examined.  

Chapter 3 investigates the relative importance of human, biological and 

climatic factors in determining the current macro-scale pattern of distribution of 

the Signal crayfish and the Red swamp crayfish in Europe. Here, the Chinese 

mitten crab and the Yabby were not considered due to the inexistence of 

adequate distribution data. Results were analysed in light of four main invasion 

hypotheses (propagule pressure, climate matching, biotic resistance and human 

disturbance) and used for anticipating future range expansions of the invaders in 

Europe.  

Chapter 4 investigates the use of ensembles of distribution models to 

predict the fine-scale environmental suitability of the Iberian Peninsula to the 

four invasive decapods and simultaneously examine the uncertainty arising from 

the use of distinct statistical techniques. Subsequently, it also investigates how 

consensus predictions can be used to provide insight on the species-environment 

relationships of the invaders. Acquired knowledge was further discussed in terms 

of species ecology and management implications. 

Chapter 5 investigates how climate change may alter the environmental 

suitability of the Iberian Peninsula to the four invasive decapods in the mid to 

long-term. In particular, it explores how the reliability of the predictions differs 

among the four species in view of the model’s ability to predict current ranges, 

variability among predictions and degree and extent of environmental 
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extrapolation encompassed. The indicators of predictive reliability and the 

avenues for possible improvements are also discussed.  

After these chapters, a general discussion and conclusion follows (chapter 

6), where the main results and implications of this research are discussed and 

future perspectives are outlined. 
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PREDICTING WORLDWIDE INVASIVENESS FOR FOUR MAJOR 

PROBLEMATIC DECAPODS: AN EVALUATION OF USING DIFFERENT 

CALIBRATION SETS 

César Capinha1; Brian Leung2 and Pedro Anastácio1 

1IMAR, Centro de Mar e Ambiente c/o Departamento de Paisagem, Ambiente 

e Ordenamento, Universidade de Évora, Rua Romão Ramalho, n.º 59, 7000-

671 Évora, Portugal. 

2Department of Biology, McGill University, Montreal, QC, H3A 1B1, Canada. 

 

Abstract 

Recently, there as been much debate whether niche based models (NBM) 

can predict biological invasions into new areas. These studies have chiefly 

focused on the type of occurrence data to use for model calibration. Additionally, 

pseudo-absences are also known to cause uncertainty in NBM, but are rarely 

tested for predicting invasiveness. Here we test the implications of using 

different calibration sets for building worldwide invasiveness models for four 

major problematic decapods: Cherax destructor; Eriocheir sinensis, Pacifastacus 

leniusculus and Procambarus clarkii. Using Artificial Neural Networks models we 

compared predictions containing either native range occurrences (NRO), native 

and invasive occurrences (NIO) and invasive only (IRO) coupled with three types 

of pseudo-absences - based on sampling only 1) the native range (NRA), 2) 

native and invasive ranges (NIA), and 3) worldwide random (WRA). We further 

analysed the potential gains in accuracy obtained through averaging across 

multiple models. Our results showed that NRO and IRO provided the best 

predictions for native and invaded ranges, respectively. Still, NIO provided the 

best balance in predicting both ranges. Pseudo-absences had a large influence on 

the predictive performance of the models, and were more important for 

predictiveness than types of occurrences. Specifically, WRA performed the best 

and NRA and NIA performed poorly. We also found little benefit in combining 

predictions since best performing single-models showed consistently higher 
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accuracies. We conclude that NBM can provide useful information in forecasting 

invasiveness but are largely dependent on the type of initial information used 

and more efforts should be placed on recognizing its implications. Our results 

also show extensive areas highly suitable for the studied species worldwide. In 

total these areas reach from three to nine times the species current ranges and 

large portions of them are contiguous with currently invasive populations. 

 

Keywords: Invasiveness, calibration data, pseudo-absences, niche based 

models, decapods 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2 - Predicting worldwide invasiveness 

 
24 

 

 Introduction 

Accurate information concerning the risk of a species becoming established 

outside its native range can provide a solid foundation for justifying preventive 

measures and has been a subject of increasing focus. As such, invasion biologists 

have sought predictive methods to forecast invasions (Côté and Reynolds 2002; 

for a recent review see Hayes and Barry 2008). Specifically, niche based models 

(NBM), which estimate the degree of environmental compatibility for the species 

in new areas, have become increasingly popular in the last few years. For 

example, Thuiller et al. (2005) found a close similarity between worldwide NBM 

invasiveness predictions and South African plant invaders distribution. 

Additionally, others have used NBM predictions coupled with propagule pressure 

estimates in order to provide final predictions of risk of establishment of a 

species (e.g. Leung and Mandrak 2007). 

Recently, there has been much debate concerning the use of NBM for 

invasive species predictions (Mau-Crimmins et al. 2006; Loo et al. 2007, 

Broennimann and Guisan 2008; Pearman et al. 2008; Steiner et al. 2008; 

Beaumont et al. 2009a). This has been chiefly focused on the type of occurrence 

data to use for model calibration. Some studies using native-based models were 

able to provide accurate invasiveness predictions (e.g. Welk et al. 2002; Thuiller 

et al. 2005), but others found reduced predictability of the entire invaded ranges 

(Mau-Crimmins et al. 2006; Fitzpatrick et al. 2007; Broennimann and Guisan 

2008; Beaumont et al. 2009a). Most recent studies argue that the use of 

occurrence data from the invaded ranges improves predictions (e.g. Mau-

Crimmins et al. 2006; Loo et al. 2007; Broennimann and Guisan 2008; 

Beaumont et al. 2009a), since invaders may not conserve their niches across 

space (Broennimann et al. 2007; Pearman et al. 2008). Still, invasive 

occurrences would be constructed only after the invasion had already taken place 

and could have issues with data availability. Moreover, if the invasion process is 

not complete the equilibrium assumption underlying NBM may be violated and 

cause underestimation of the full invasiveness potential (Wilson et al. 2007). 

Further, native range data for invasive species is also often unavailable or 

difficult to collect (Mau-Crimmins et al. 2006). Thus, while coupling native and 

invasive occurrences may allow the best overall characterization of species 

niches, there could be issues with data availability. As such, a direct comparison 
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of the quantitative differences and marginal gains of using different occurrence 

data would be useful. 

The inclusion of absence data is arguably also an issue of NBM for 

invaders. These data are usually hard to obtain from common sources of species 

distribution data such as museums or biodiversity databases (Chefaoui and Lobo 

2008). To deal with these difficulties, the use of pseudo-absences has been 

common since it allows the use of “group-discrimination techniques” considered 

to provide more accurate predictions than presence only “profile techniques” 

(Hirzel et al. 2001; Brotons et al. 2004; Segurado and Araújo 2004). Still, the 

use of pseudo-absences is a known cause of uncertainty in NBM (Lobo 2008; 

Phillips 2008) and the best way to obtain them is still far from consensus 

(Chefaoui and Lobo 2008; VanDerWal et al. 2009; Wisz and Guisan, 2009). 

Moreover, extraction techniques have mostly been tested with species for which 

equilibrium with the environment is assumed (i.e. species within their native 

ranges) (for a review see Pearce and Boyce 2006). However, invasion biology is 

interested in estimating suitability in new areas and, thus, it is unclear how best 

to obtain pseudo-absences. Options include: 1) use sites located within the 

native range. The assumption is that there has likely been sufficient time for 

propagules to reach these sites. 2) Use sites within native and invasive ranges 

simultaneously since new ranges may provide additional information. However, 

this would not necessarily take into account the range of environments possible. 

3) Use random points across the world. The consequences of these different 

forms of pseudo-absences for predictive ability of invasions have not been 

examined and are currently unknown. 

For dealing with uncertainty in the predictions, researchers have been 

increasingly adopting the use of consensus methods - “ensembles” of single-

model NBMs, with different architectures or different assumptions (i.e. averaging 

across the results of single models). Model ensembles have been applied for 

predicting distributions of threatened species (e.g. Marmion et al. 2009), impacts 

of climate change on species distributions (e.g. Araújo et al. 2005) or potential 

distributions of invasive species (e.g. Roura-Pascual et al. 2009; Stohlgren et al. 

2010). Ensembles have been mostly used to deal with the uncertainty caused by 

the use of distinct correlative models. Despite their potential to reduce 

uncertainties coming from the use of different calibration data, to our knowledge, 
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ensembles have not been applied for dealing with this source of uncertainty in 

invasiveness predictions. 

In this study, we build habitat suitability models and test the 

consequences of occurrence type and pseudo-absence type. Specifically we 

examine the use of occurrence data from their native range (NRO), invasive 

range (IRO) and both native and invasive occurrences (NIO) in the algorithm’s 

calibration sets. Simultaneously we also evaluate the effect of three different 

pseudo-absence methods based on sampling: 1) the native range (NRA), 2) 

native and invasive range (NIA), and 3) woldwide random (WRA). Finally, we 

also explore the use of consensus methods as a possibility for dealing with the 

uncertainty coming from the use of different calibration information. 

We focus on four important invasive species: Cherax destructor; Eriocheir 

sinensis; Procambarus clarkii and Pacifastacus leniusculus. These are wide-

ranging invasive decapods, for which either populations or individuals are being 

systematically found in new areas. Their impacts in the invaded ecosystems are 

numerous (e.g. predation and competition with native species, habitat alteration 

and agricultural damage) and the major mechanisms of introduction have been 

identified. As such, it will be most effective for managers to target habitat 

suitability models to these species. Still, the uncertainty coming from the use of 

inadequate calibration information can undermine this objective. 

 

 Methods  

Invaders and distribution data 

Cherax destructor Clark, 1936 (Yabby) is a crayfish indigenous to Eastern 

Australia that currently invades several areas in Western Australia and Iberian 

Peninsula. As for other invaders, occurrence records for C. destructor are scarce 

and most have a low spatial accuracy (e.g. Souty-Grosset et al. 2006). For 

reducing the uncertainty of their spatial location of collected data we opted for 

using a cell resolution of 50km. We used only one record per grid cell and 

gathered a total of 154 occurrence records for this species, 103 referring to its 

native range and 51 from invaded areas. This information was mostly collected 

from the Museum Victoria collections and several published works.  
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Eriocheir sinensis Milne-Edwards, 1853 (Chinese mitten crab) is an 

invasive crab included in the 100 “World’s Worst” invaders by the World 

Conservation Union (Lowe et al. 2000). The native range of this catadromous 

crab encompasses eastern China, Japan and eastern Russia, being presently 

invasive in several coastal areas of North America and with particular expression 

in Europe (Gollasch 2006). For this species we obtained a total of 295 occurrence 

records, 101 from its native range and 194 from invaded areas. This information 

was collected using the global biodiversity information facility (GBIF) 

(http://www.gbif.org/) and a vast number of published works referring to this 

species.  

Procambarus clarkii Girard, 1852 (Red swamp crayfish) is a commercially 

harvested crayfish, native from northeast Mexico to south-central USA.  This 

species currently has invasive populations across 5 continents (Africa, Asia, 

Europe, North America and South America) and was recently quoted as one of 

the 100 “Most invasive alien species in Europe” (Drake 2009). For this crayfish 

we collected a total of 598 occurrence records, 173 from its native range and 

425 from invaded areas. Its distributional data were collected from the 

Smithsonian Institution National Museum of Natural History, the Illinois Natural 

History Survey, the Atlas of Crayfish in Europe (Souty-Grosset et al. 2006), GBIF 

and several published works.  

Pacifastacus leniusculus Dana, 1852 (Signal crayfish) is native from the 

north-western USA and south-western Canada and currently invades large 

portions of the European continent, south-western USA and some Japanese 

regions (Souty-Grosset et al. 2006). A total of 565 occurrence records were 

collected for this species, 125 from its native range and 440 from invaded areas. 

The data sources used where the same as for P. clarkii. 

 

Environmental factors 

To summarize the world environmental characteristics (Antarctica 

excluded) we considered 10 spatial coverages. All environmental predictors used 

were not collinear (Pearson’s |r|<0.8). Eight climatic variables concerning the 

period 1961-2000 were included: near surface annual mean temperature 
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(amtemp); near surface mean maximum temperature of the warmest month 

(maxtwm); near surface mean minimum temperature of the coldest month 

(mintcm); near-surface mean diurnal temperature range (trange); mean number 

of frost days (frost); mean total annual precipitation (anpre); mean total 

precipitation of the wettest month (prewm) and mean total precipitation of the 

driest month (predr). These predictors were built using information from the CRU 

TS2.1 climate dataset (Mitchell and Jones 2005). Two physiographic variables 

were also included: altitude (alt) and in-stream distance to ocean (disto). 

Altitude was included since it can act as a surrogate of several environmental 

factors important for our species such as stream velocity and size – usually 

faster and smaller at higher elevations. In-stream distance to ocean was 

employed only for E. sinensis due to its catadromous nature. The digital 

elevation model was acquired on the United States Geological Survey (USGS) 

HYDRO1k geographical dataset (Verdin and Jenson 1996), from which in-stream 

distance to ocean was calculated using ILWIS 3.5 Open (http://52north.org/). All 

variables were resampled to a 50km cell resolution using a bicubic method and 

projected to a Mollweide equal area world projection. 

 

 Pseudo-absences extraction 

Pseudo-absences can be seen as a sample of the available conditions (e.g. 

Philips et al. 2009) or as indicator of unsuitable conditions (e.g. Chefaoui and 

Lobo 2008). For pseudo-absences used in this study, we excluded all cells having 

occurrence of the species in order to potentially maximize the representativeness 

of unsuitable conditions. Following this principle, one approach for generating 

pseudo-absences is a simple spatially-random generation of records along the 

entire study area, except from where presences are known (WRA).  

Our second approach was entirely based on pseudo-absences in the native 

range distribution of the species (NRA). Given our relatively intense search for 

occurrence data and the fact that all four species have well documented native 

distributions, we assumed the areas without the species presence within native 

range boundaries were reliable representatives of unsuitable conditions. For NRA, 

we limited our sampling area to the inner boundary of the convex-hull defined by 

the occurrence records. Our third approach consisted of sampling both native 
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and invasive ranges (NIA). By this we assume that the unoccupied areas within 

the invasive range can provide additional information regarding unsuitable 

conditions. Sampling was made within the inner boundary of the convex-hull 

defined by the occurrence records of each range. To avoid wide and unrealistic 

sampling areas distinct invasive populations of each species were delimited by 

independent convex-hulls. 

 

 Dataset assembly 

Before calibration datasets were built we retained 20% of each species’ 

occurrence to validate our predictions (i.e. they were not used to build the 

model). The remaining occurrence records were used to build nine different types 

of calibration datasets: 1) native range occurrences versus worldwide random 

pseudo-absences; 2) native range occurrences versus native range pseudo-

absences; 3) native range occurrences versus native and invasive ranges 

pseudo-absences; 4) native and invasive ranges occurrences versus worldwide 

random pseudo-absences; 5) native and invasive ranges occurrences versus 

native range pseudo-absences; 6) native and invasive ranges occurrences versus 

native and invasive ranges pseudo-absences; 7) invasive range occurrences 

versus worldwide random pseudo-absences; 8) invasive range occurrences 

versus native range pseudo-absences and 9) invasive range occurrences versus 

native and invasive ranges pseudo-absences. For increasing the representation 

of the environment captured by the pseudo-absences we created 20 calibration 

datasets for each combination. Each of these had an independently drawn set of 

pseudo-absences. To avoid biasing predictions towards a more prevalent 

response each calibration dataset had a number of pseudo-absences equal to the 

number of occurrences (See Table 1 in the Appendix A). 

 

Model selection and predictions 

NBM has been built using many distinct correlative models with several 

new approaches receiving great promise (Elith et al. 2006). For this study we 

have chosen to use Artificial Neural Networks (ANN) for predicting the probability 

of environmental suitability in each cell. ANN is a method used regularly in NBM 
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and has also been recognized as one of the best performing techniques 

(Segurado and Araújo 2004). Moreover ANN are particularly appropriate when 

the relations between variables are not well known, which is often the case with 

ecological data (Lek and Guégan 1999). We used feedforward multilayer 

perceptron with back-propagation ANN models (MLP-ANN). MLP-ANN is one of 

the most common types of supervised ANN's used in ecology, being normally 

structured in one input layer representing the predictors (environmental 

variables), one or more hidden layers, each with a variable number of nodes, 

and one output layer representing the dependent variable (presence/absence).  

Due to its large flexibility, ANN models are prone to overfitting, making the 

model less generalizable and decreasing their predictive power. To avoid 

overfitting in our models we used both a cross-validation procedure during the 

training episodes and tested different network configurations in order to optimize 

their degree of complexity and number of training cycles (Özesmia et al. 2006). 

While higher complexity increases the risk of overfitting, oversimplification can 

also result in poor fits. In the same way, excessive training of the network is 

prone to overfit the data while the inverse may result in failure to capture its 

regularities. 

Before building final predictions we tested for the more appropriate 

network configuration for each of the dataset types. To do this we compared the 

performances of single hidden layer MLP networks using three different levels of 

complexity. According to Burnham and Anderson (2002), the available data 

sample should be at least ten times larger than the number of parameters in a 

model. We adopted this principle for establishing the maximum complexity 

allowed in each of the tested models. Medium complexity networks were also 

considered, each containing half the hidden nodes of the previous models. 

Finally, for the least complex models we tested the performance of MLP-ANN 

containing no hidden nodes, which are equivalent to Generalized Linear Models. 

Models were built using Weka 3.6 (Witten and Frank 2005). To comply 

with the binary response of the dependent variable, hidden nodes were 

automatically set to sigmoid functions. All training sessions included a weight 

decay function of the learning rate by dividing the starting value by the cycle 

number, forcing a low learning rate and by so reducing the risk of data overfit. A 
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stopping rule was also included in order to avoid overtraining. Models were 

allowed to train for a total of 4000 cycles as long as the predictions did not 

exceed more than 500 consecutive cycles without performance improvement. 

To analyse the predictive power of each of the three network 

configurations we used a 10 fold cross-validation procedure. That is, all models 

were calibrated using 90% of cases for model calibration while the remaining 

10% were left-out for comparison with predicted values. This procedure was then 

repeated 10 times until the entire dataset had been compared against the 

predictions. These comparisons were evaluated using the mean values of the 

root mean squared error (RMSE) automatically supplied by Weka. The network 

configurations achieving lower mean RMSE for each dataset type were then 

selected and applied for predicting along the entire range of worldwide 

environmental conditions. Due to the use of 20 independent sets of pseudo-

absences, the final prediction for each dataset type corresponded to the mean 

value obtained by these 20 calibration datasets. 

 

Ensemble predictions  

For dealing with the variability of single predictions, the combination of 

ensemble models has been adopted in studies with invasive species (e.g. Roura-

Pascual et al. 2009; Stohlgren et al. 2010). While the majority of efforts have 

been focused on the variability caused by the use of distinct modeling methods, 

this logic could apply to reduce the uncertainty coming from the use of different 

sets of calibration data. Here we explored the possibility of improving 

invasiveness predictions using ensemble models. We examined three types of 

ensembles – predictions based on a weighted average of all single models 

(WA(all)), averaged within each occurrence type (WA(NRO); WA(NIO); 

WA(IRO)), and averaged within each pseudo-absence type (WA(NRA), WA(NIA), 

WA(WRA)). For each, all ensembles were obtained through averaging single-

models by their relative accuracy value (Marmion et al. 2009). In order to attain 

a fair comparison against the single-models predictions, relative accuracy value 

was based on the RMSE obtained from the 10-fold cross-validation process used 

in the network configuration selection process as supplied by Weka (See Table 2 
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in the Appendix A). The weighted averages of the single-models were performed 

as given by Eqn 1 

 (Eqn 1) 

where pji was the probability of environmental suitability for the ith decapod 

species in each of the j-selected single-models. 

 

Predictions validation 

After predictions were made for both single and combined-models their 

evaluation was performed. We used the 20% of each type of occurrence records 

(i.e native and invasive) initially excluded from the calibration datasets. These 

were complemented with an equal number of worldwide random sample of areas 

without native or invaded occurrences. For increasing the representativeness of 

these areas in the evaluation datasets we made 10 datasets for each type of 

occurrence records. Each of these had an independently drawn sample of areas 

without native or invaded occurrences (See Table 3 in the Appendix A). 

Validation records were compared with the predicted values using the area-

under-the-curve of the receiver-operating characteristic (ROC-AUC) (Hanley and 

McNeil 1982) and Cohen's Kappa (k) (Cohen 1960). Kappa was calculated across 

a range of thresholds along the 0 to 1 interval using a 0.05 amplitude increment 

and its maximum value selected (Elith et al. 2006). Both native and invasive 

ranges were evaluated. Final evaluation values were obtained by averaging the 

scores of the 10 replicate evaluation datasets. For assessing variability in 

predictive performance we also calculated the standard deviation of the obtained 

evaluation scores. For qualitatively describing the predictions values of k, we 

established the following classes: k < 0.2 poor; 0.2 < k < 0.4 fair; 0.4 < k < 0.6 

moderate; 0.6 < k < 0.8 good and k > 0.80 as very good (modified from Landis 

and Koch 1977). For ROC-AUC we considered ROC-AUC < 0.8 as poor accuracy; 

0.8 < ROC-AUC < 0.9 moderate; 0.9 < ROC-AUC < 0.95 good and ROC-AUC > 

0.95 as very good (adapted from Thuiller et al. 2005).  

WAi =
Σ (1 − RMSEpji) ×pji( )

Σj(1 − RMSEpji)
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Species environmental space 

We also examined environmental similarities between native and invaded 

ranges. If environmental conditions differ, this may indicate that a niche shift has 

occurred. Following Mau-Crimins et al. (2006), we used a Principal Components 

Analysis (PCA) to simplify the species niche dimensionality and compared the 

position occupied by each occurrence record. By distinguishing native and 

invasive occurrences this procedure allowed us to verify the degree of 

environmental overlap between the two ranges occupied by each species. This 

was made through a score plot of the two Principal Components. Further we used 

the same method to compare the position of the species occurrences with the 

overall best performing pseudo-absences extraction method. For improving 

visual interpretation we only included 300 randomly selected pseudo-absence 

records for plotting. 

 

Results 

Predictive performances 

For single-models, native range occurrences and invasive range 

occurrences provided the best predictions for native and invaded ranges, 

respectively (Tables 1 and 2). Still, combined native and invasive occurrences 

allowed a good balance between the two, with best models attaining good to 

very good accuracy values in both ranges (Tables 1 and 2). Interestingly, native 

range occurrences allowed extrapolation to the invaded ranges of three of the 

four species examined with moderate to good accuracy values (C. destructor 

NRO best model: k = 0.63 and ROC-AUC = 0.89; E. sinenis NRO best model: k = 

0.9 and ROC-AUC = 0.95; P. leniusculus NRO best model k = 0.89 and ROC-AUC 

= 0.93, Table 2). In contrast, best predictions using native range occurrences for 

the invasiveness potential of P. clarkii were worse (k = 0.57; ROC-AUC = 0.71). 

Models using invasive range occurrences were relatively modest in predicting the 

native ranges for all species (Table 1). Variability in accuracy was similar for the 

three types of occurrences in predicting native (mean SD of NRO ROC-AUC: 

0.029; mean SD of NIO ROC-AUC: 0.033; mean SD of IRO ROC-AUC: 0.031) or 
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invasive distributions (mean SD of NRO ROC-AUC: 0.033; mean SD of NIO ROC-

AUC: 0.030; mean SD of IRO ROC-AUC: 0.029) (See Tables 4 and 5 in the 

Appendix A). 

Table 1. Predicting distribution in native range: single-models validation results of kappa 
statistic (k) and area under the curve of receiver-operating characteristic (ROC-AUC) for 
native ranges using native range occurrences (NRO), native and invasive occurrences 
(NIO) and invaded range occurrences (IRO), coupled with within native range pseudo-
absences random extraction (NRA), native and invasive ranges pseudo-absences random 
extraction (NIA) and the common spatially worldwide random pseudo-absences (WRA). 

  NRO  NIO  IRO 

Species Pseudo-

absences 

k ROC-AUC  k ROC-AUC  k ROC-AUC 

Cherax 

destructor 

NRA 0.51 0.68  0.28 0.49  0.21 0.38 

NIA 0.51 0.67  0.52 0.63  0.17 0.29 

WRA 0.91 0.99  0.85 0.98  0.64 0.90 

Eriocheir 

sinensis 

NRA 0.81 0.89  0.52 0.63  0.32 0.15 

NIA 0.78 0.84  0.55 0.72  0.12 0.32 

WRA 0.82 0.90  0.81 0.86  0.74 0.86 

Pacifastacus  

leniusculus 

NRA 0.68 0.75  0.50 0.60  0.49 0.35 

NIA 0.51 0.63  0.45 0.55  0.24 0.44 

WRA 0.95 0.99  0.88 0.96  0.82 0.91 

Procambarus  

clarkii 

NRA 0.79 0.85  0.39 0.38  0.02 0.07 

NIA 0.79 0.86  0.52 0.74  0.05 0.21 

WRA 0.93 0.99  0.90 0.97  0.78 0.86 
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Table 2. Predicting distribution in introduced range: single-models validation results of 
kappa statistic (k) and area under the curve of receiver-operating characteristic (ROC-
AUC) for invaded ranges using native range occurrences (NRO), native and invasive 
occurrences (NIO) and invaded range occurrences (IRO), coupled with within native 
range pseudo-absences random extraction (NRA), native and invasive ranges pseudo-
absences random extraction (NIA) and the common spatially worldwide random pseudo-
absences (WRA).  

  NRO  NIO  IRO 

Species Pseudo-

absences 

k ROC-AUC  k ROC-AUC  k ROC-AUC 

Cherax 

destructor 

NRA 0.28 0.45  0.42 0.67  0.32 0.59 

NIA 0.23 0.39  0.28 0.42  0.64 0.72 

WRA 0.63 0.89  0.74 0.93  0.74 0.97 

Eriocheir 

sinensis 

NRA 0.57 0.67  0.80 0.90  0.68 0.81 

NIA 0.45 0.61  0.78 0.89  0.76 0.88 

WRA 0.90 0.95  0.90 0.96  0.91 0.97 

Pacifastacus  

leniusculus 

NRA 0.58 0.70  0.66 0.78  0.83 0.85 

NIA 0.46 0.63  0.76 0.88  0.85 0.93 

WRA 0.89 0.93  0.90 0.96  0.91 0.96 

Procambarus  

clarkii 

NRA 0.56 0.70  0.76 0.86  0.72 0.84 

NIA 0.33 0.56  0.80 0.91  0.81 0.95 

WRA 0.57 0.71  0.87 0.94  0.88 0.97 

 

Type of pseudo-absence had a pronounced effect on predictive 

performance. Specifically, models using native range pseudo-absences and 

native and invasive ranges pseudo-absences had the lowest predictive 

performances (Tables 1 and 2). Best performances were achieved unanimously 

with worldwide random pseudo-absences. Worldwide random pseudo-absences 

also provided the lowest mean variability of accuracy in predicting both native 

(mean SD of ROC-AUC: 0.019) and invasive distributions (mean SD of ROC-AUC: 

0.024) (Tables 4 and 5 in the Appendix A). We found that the weighted average 

procedure provided poor to moderate predictive accuracy for both native or 

invaded ranges for WA(all) and WA(NIO) (See Table 6 in the Appendix A for a 

measure of variability among models). The WA(NRO) method provided moderate 
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accuracy for predicting native distributions but was clearly unable to capture the 

species invasive ranges. Inversely, the WA(IRO) method provided good 

predictions concerning the species invasive distributions except for C. destructor 

(k = 0.64 and ROC-AUC = 0.74), but was unable to predict native ranges. The 

WA(NRA) and WA(NIA) methods provided the lowest accuracies for predicting 

the species native ranges but provided moderate to good accuracy in predicting 

the invasive range of three species (E. sinensis; P. leniusculus and P. clarkii). 

Finally, the WA(WRA) model provided the best accuracies in both ranges. 

However, in general we found little benefit of combined models when compared 

to the best performing single models, specifically native and invasive occurrences 

coupled with worldwide random pseudo-absences.  

 

Species environmental space 

The PCA analysis allowed comparison of environmental space of presences 

versus pseudo-absences (Figure 1), and between regions occupied in the native 

and exotic ranges (Figure 2). Not surprisingly, the comparison between occupied 

ranges and best performing pseudo-absence extraction method (worldwide 

random) illustrated a much larger range of environmental conditions for pseudo-

absences compared to occurrence records (Figure 2). Interestingly, however, 

focusing on the occurrence data demonstrated that all species were occupying 

different environmental space in the naturalized areas compared to the exotic 

ranges (Figure 2). For C. destructor the difference occurred along Component 1, 

which was primarily a temperature composed gradient. The multivariate space 

occupied by E. sinensis in the invaded range was mainly differentiated along 

Component 2, primarily associated with both near surface mean minimum 

temperature of the coldest month and mean total precipitation of the driest 

month. For P. clarkii, despite the existence of some overlapping environmental 

conditions, native and invasive populations were differentiated along a gradient 

dominantly composed by the altitude and mean number of frost days variables. 

The PCA clouds for P. leniusculus indicated a less clear differentiation between 

the two ranges than for the previous species, but still had large non-overlapping 

portions along both Components.  
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Figure 1 - Position in the environmental space of native (grey squares) and invasive 
(black dots) populations and worldwide random pseudo
A Score plot of the two Components was made from a PCA containing all environmental 
variables. PC1 and PC2 for (a) 
absences explained 76% of total variance, for (b) 
random pseudo-absences explained 70% of total variance, for (c) 
leniusculus with worldwide random pseudo
(d) Procambarus clarkii with worldwide random pseudo
variance. Components loadings are represented in the interior boxes.

          

Figure 2 - Position in the environmental space of native (grey squa
(black dots) populations. A Score plot of the two Components was made from a PCA 
containing all environmental variables. PC1 and PC2 for (a) 
69% of total variance, for (b) 
leniusculus 77% and (d) 
represented in the lower left corner.
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Position in the environmental space of native (grey squares) and invasive 
and worldwide random pseudo-absences (light grey diamonds). 

A Score plot of the two Components was made from a PCA containing all environmental 
variables. PC1 and PC2 for (a) Cherax destructor with worldwide random pseudo
absences explained 76% of total variance, for (b) Eriocheir sinensis

absences explained 70% of total variance, for (c) 
with worldwide random pseudo-absences explained 75% of total variance, for 

with worldwide random pseudo-absences explained 73% of total 
variance. Components loadings are represented in the interior boxes. 

 

Position in the environmental space of native (grey squa
(black dots) populations. A Score plot of the two Components was made from a PCA 
containing all environmental variables. PC1 and PC2 for (a) Cherax destructor 
69% of total variance, for (b) Eriocheir sinensis explained 66%, for (c) 

77% and (d) Procambarus clarkii, 67%. Components loadings are 
represented in the lower left corner. 
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A Score plot of the two Components was made from a PCA containing all environmental 
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absences explained 70% of total variance, for (c) Pacifastacus 

f total variance, for 
absences explained 73% of total 

 

Position in the environmental space of native (grey squares) and invasive 
(black dots) populations. A Score plot of the two Components was made from a PCA 

Cherax destructor explained 
explained 66%, for (c) Pacifastacus 
67%. Components loadings are 



 
 

Table 3. Validation results for consensus methods using kappa statistic (k) and area under the curve of receiver-operating characteristic 
(ROC-AUC) metrics. It compares for, each species, a weighted average of all single-models WA(all), a weighted average of all single-
models using native range occurrences WA(NIO), a weighted average of all single-models using native and invasive occurrences 
WA(NIO), a weighted average of all single-models with invasive range occurrences WA(IRO), a weighted average of all single-models 
using native range pseudo-absences WA(NRA), a weighted average of all single-models using native and invasive ranges pseudo-
absences random extraction WA(NIA) and a weighted average of all single-models using worldwide random pseudo-absences WA(WRA). 

  WA(all)  WA(NRO)  WA(NIO)  WA(IRO)  WA(NRA)  WA(NIA)  WA(WRA) 

Species Range k 

ROC-
AUC  k 

ROC-
AUC  k 

ROC-
AUC  k 

ROC-
AUC  k 

ROC-
AUC  k 

ROC-
AUC  k 

ROC-
AUC 

Cherax 

destructor 

Native 0.58 0.72  0.71 0.81  0.57 0.69  0.47 0.57  0 0.15  0.17 0.32  0.9 0.98 

Invaded 0.61 0.73  0.53 0.64  0.66 0.8  0.64 0.74  0.23 0.52  0.27 0.4  0.79 0.96 

Eriocheir 

sinensis 

Native 0.64 0.73  0.75 0.87  0.65 0.79  0.34 0.38  0.12 0.49  0.38 0.55  0.62 0.88 

Invaded 0.73 0.85  0.64 0.74  0.79 0.89  0.79 0.9  0.7 0.89  0.71 0.82  0.86 0.97 

Pacifastacus 

leniusculus 

Native 0.61 0.73  0.75 0.85  0.59 0.73  0.27 0.56  0.11 0.55  0.53 0.61  0.74 0.94 

Invaded 0.73 0.84  0.58 0.7  0.74 0.88  0.74 0.92  0.77 0.95  0.63 0.76  0.87 0.97 

Procambarus 

clarkii 

Native 0.62 0.77  0.8 0.91  0.61 0.7  0.27 0.32  0 0.34  0.12 0.24  0.84 0.98 

Invaded 0.69 0.84  0.55 0.67  0.73 0.88  0.76 0.92  0.67 0.85  0.67 0.79  0.79 0.94 



 
 

Discussion 

In this study we aimed to test different yet plausible calibration data for 

predicting invasions for four major problematic decapods. Researchers have 

generally used either data from the species native or invaded ranges (e.g. Welk 

et al. 2002; Thuiller et al. 2005; Roura-Pascual et al. 2009). More recent studies 

have argued that due to possible changes in the species niches, coupling both 

native and invasive occurrence data in the calibration datasets might be the 

preferable option (Broeninman and Guisan 2008; Beaumont et al. 2009a). In the 

same way pseudo-absences are also a known source of uncertainty in NBM (Lobo 

2008; Phillips 2008), but to which little attention has been given in invasiveness 

predictions. Further, in invasion biology, NBM are typically applied to wide 

extents (e.g. continental or global scales), comprising a broad variety of 

environmental conditions that occur with different spatial frequencies and for 

which propagule pressure is usually unknown. Our results demonstrate that a 

large variability in predictive power can arise from the choice of both occurrence 

and pseudo-absence data. 

 

Invasiveness predictability and the role of calibration data 

Niche shifts occur when a species is occupying different environmental 

conditions in new areas or time periods than the ones found in initial populations. 

These shifts may be due to changes in the species realized niche (e.g. when a 

natural competitor is absent in new areas or the species moved to new 

environmental combinations in the invaded regions) or in its fundamental niche 

caused by changes in the species physiology (e.g. due to evolutionary change); 

either may undermine the ability of NBM to predict new suitable areas for 

invaders (see Pearman et al. 2008 for a review). Our results are consistent with 

recent arguments that incorporating information from both native and introduced 

ranges yields the best estimate of the invasion potential (e.g. Broennimann and 

Guisan 2008; Beaumont et al. 2009a), in that NBM built with both sets of 

occurrence data was able to simultaneously predict invasions in both ranges well. 

Thus, if such data are available, it should be used to make future predictions. 

However, while we should certainly be aware of the effects of possible niche 

shifts, our results also show that predictions based on native distributions could 
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accurately forecast the invaded areas for three out of four species examined: C. 

destructor; E. sinensis and P. leniusculus, but not for P. clarkii, using the best 

performing pseudo-absence type (WRA, discussed below). These results suggest 

that, while caution is warranted, in the absence of information in the invaded 

range, NBM based on native distributions can still be useful in invasiveness 

forecasting, especially for forecasting the possible range of very new invasions or 

potential invasions that have not yet occurred. This is particularly relevant for 

invasive species modeling, where much of the interest in NBM has been its 

promise for forecasting invasions into new areas, before they actually occur. 

Further, despite environmental conditions differing between native and 

introduced ranges for all species (Figure 2), NBM retained its predictive abilities. 

We argue that this occurred because NBM was able to identify which 

environmental variables were important for species establishment, and down 

weighted those that were not important (Table 7 in the Appendix A).  

While the majority of effort has been focused on the type of occurrence 

data (e.g. Mau-Crimmins et al. 2006; Loo et al. 2007; Broennimann and Guisan 

2008; Beaumont et al. 2009a), our results suggest that NBM models are even 

more sensitive to the type of pseudo-absences used. Native and native and 

invasive extraction methods attained the lowest performances for all species and 

types of occurrence data (Tables 1 and 2). Although the ranges sampled by 

these pseudo-absences likely had the greatest chance of having received 

propagule pressure over time, this benefit appears to have been outweighed by 

having restricted environmental conditions which could not be extrapolated to 

new areas. 

Worldwide random pseudo-absences had the stronger predictiveness 

achieving the highest evaluation scores for all predictions in both ranges (Tables 

1 and 2). This result seems supportive of this method. Still, the implications of 

sampling areas with unequal or unknown propagule pressure require further 

research. Consensus methods showed poor to high performances and could be a 

good alternative to deal with the wide array of possible outcomes. Still, their best 

performances in terms of predictiveness was no better than the best fitting single 

model – native and invasive occurrences with worldwide random pseudo-

absences. While applying consensus methods for models obtained by distinct 

algorithms (e.g. regressions, classification models or machine learning) has been 
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shown to improve predictive accuracy (Marmion et al. 2009; Stohlgren et al. 

2010), we did not find obvious improvements for combining distinct calibration 

data. Still, the use of these ensembles may prove useful for cases where it is not 

possible to identify a single best performing model. Further, as we visually 

assessed in our predictions, single-models with similar accuracies may provide 

different spatial patterns of predictions. In such cases ensembles may also be of 

use by providing a consensual spatial pattern or model uncertainty. 

 

Species invasiveness potential and conservation concerns 

We used the best performing models in both native and introduced ranges 

to analyze their invasiveness potential. We found that each of the studied species 

still has large extents of suitable areas unoccupied (Figure 3). This result is of 

high conservation concern, since the direct impact of these species in biological 

diversity is known to be high. Conservation problems caused by these decapods 

have been reported including disease transmission, competition, and active 

predation of native species and changes in the trophic webs of the invaded 

ecosystems (Gutierrez-Yurrita et al. 1999; Lynas et al. 2004; Cruz et al. 2008; 

Correia and Anastácio 2008; Dittel and Epifanio 2009). For example, Cruz et al. 

(2008) related the strong decline of both abundance and diversity of amphibian 

populations in a Portuguese protected wetland with the establishment of P. 

clarkii. These authors found that since the initial establishment of this invader, 

the number of amphibian species in the area was reduced from 13 to 6. It is thus 

worrying that the four species show suitable unoccupied areas that surpass the 

extents of the currently known invasive ranges (Figure 4). Using the suitability 

threshold achieving higher kappa value to discretize predictions we found that 

higher suitability areas outside the species current ranges (both native and 

invaded)  are nearly three times larger for P. leniusculus, four times for P. clarkii, 

seven times for E. sinensis and about nine times for C. destructor. Although also 

dependent on propagule pressure, these values indicate a large invasive 

potential for these species and detailed predictions should be conducted in areas 

of interest. Suitability for C. destructor and P. clarkii are noticeably similar 

(Figure 3). This is a clear reflection of the similarity between the ecological 

preferences of these two species (Nyström 2002). Several biodiversity hotspots 
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(Myers et al. 2000) fall under their environmental requ

Mediterranean basin and southwest Australia are of special concern for 

and C. destructor respectively. The Mediterranean basin while being highly 

suitable for P. clarkii (Figure 3) also encompasses the majority of 

invasive range in Europe (mostly found in the Iberian Peninsula). It is thus 

worrying that new nonadjacent invasions are also taking place here, such as in 

the Nile River (Cumberlidge 2009

may be particularly importa

there is a great potential for invasion due to the high propagule pressure and 

environmental suitability. Likewise the currently largest invaded area for 

destructor occurs mostly within Western Australi

diversity – and its impact on the endemic crayfish species here is a concern 

(Lynas et al. 2004). 

 

Figure 3 - Best performing suitability models in both native and invaded areas for (a) 
Cherax destructor, (b) Eriocheir 

Procambarus clarkii.  
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(Myers et al. 2000) fall under their environmental requ

Mediterranean basin and southwest Australia are of special concern for 

respectively. The Mediterranean basin while being highly 

(Figure 3) also encompasses the majority of 

ve range in Europe (mostly found in the Iberian Peninsula). It is thus 

worrying that new nonadjacent invasions are also taking place here, such as in 

Cumberlidge 2009). Under this context the Mediterranean region 

may be particularly important because it contains a largely endemic biota and 

there is a great potential for invasion due to the high propagule pressure and 

environmental suitability. Likewise the currently largest invaded area for 

occurs mostly within Western Australia – an area of high biological 

and its impact on the endemic crayfish species here is a concern 

Best performing suitability models in both native and invaded areas for (a) 
Eriocheir sinensis, (c) Pacifastacus leniusculus
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Best performing suitability models in both native and invaded areas for (a) 
Pacifastacus leniusculus and (d) 
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It is also worth noting that for these two species some high latitude areas 

such as several southern regions of Iceland and Greenland, Aleutian Islands and 

the southern tip of South America appear as suitable for this warm-water 

species. These areas, despite presenting colder temperatures than the ones 

verified in the majority of their distribution ranges, are under influence of the 

oceans moderating effect and their mean minimum temperatures reach fairly 

higher values than many other areas within the same latitudinal ranges. 

Although low temperatures have a known influence on some biological traits of P. 

clarkii (for a compilation see Anastácio et al. 1999) and C. destructor (Semple et 

al. 1995), these relatively unsuspicious areas are possibly on the edge of the 

thermal regimes required for these species to persist. Another possibility is that 

these values result from extrapolation errors. Whilst new methods for assessing 

that possibility exist (Elith et al. 2010) this evaluation would require a different 

modeling framework, beyond the scope of this work. 

Also P. leniusculus show a large potential for future invasions. Despite 

already being the most widespread invasive crayfish in Europe, its invasion here 

seems to still be far from finished. The invasiveness projected for this continent 

shows a wide extent of suitable, yet uninvaded, areas mostly in Eastern Europe, 

the Balkans and Turkey (Figure 3). This potential expansion is of particular 

concern for native crayfish populations. Mostly due to competition and its role on 

transmission of the crayfish plague (Aphanomyces astaci), P. leniusculus is 

considered to have a major role in the extirpation of native crayfish populations 

(Souty-Grosset et al. 2006). Thus, crayfish conservationists should be aware that 

this species still has a large extent of environmentally suitable areas in contiguity 

to the existing invasive populations.  

For E. sinensis five large suitable areas emerge as particularly vulnerable 

to new large-scale invasions: surroundings of Black and Caspian Seas, the 

Mediterranean basin (especially on the European side), and both eastern and 

western North American coasts (Figure 3). In fact, besides presenting high 

suitability, small populations or isolated individuals have already been reported 

here (Dittel and Epifanio 2009). In contrast, it is not clear why E. sinensis has 

not been found in the Southern Hemisphere. Our results also show that there are 

considerable extents of suitable environments in the southern areas of Australia, 

Africa and South America (Figure 3). Ballast waters are the main vector of 
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introduction of this species a

international shipping connections. We therefore recommend that attention 

should be given to the possible existence of unknown populations or new 

introductions of E. sinensis

high. 

Figure 4 - Native (grey circles) and invasive occurrences (black circles) of (a) 
destructor, (b) Eriocheir sinensis
used for model calibration. 

 

Caveats and future directions

While pseudo-absences are of current use in NBM, a large number of its 

implications remain poorly understood. We compared three distinct types of 

extraction methods and found substantial differences in accuracy. Still, more 

detailed comparisons should be addressed in the future. More specifically, 

different evaluation dataset types should also be tested. Our predictive 

evaluation relied on the use of worldwide pseudo

mind this allows to test predictions for the entire s

overoptimistic scores for models calibrated with the same type of information. 
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introduction of this species and some of these areas also have extensive 

international shipping connections. We therefore recommend that attention 

should be given to the possible existence of unknown populations or new 

E. sinensis in these areas since its establishment

Native (grey circles) and invasive occurrences (black circles) of (a) 
Eriocheir sinensis, (c) Pacifastacus leniusculus and (d) Procambarus clarkii

directions 

absences are of current use in NBM, a large number of its 

implications remain poorly understood. We compared three distinct types of 

extraction methods and found substantial differences in accuracy. Still, more 

should be addressed in the future. More specifically, 

different evaluation dataset types should also be tested. Our predictive 

evaluation relied on the use of worldwide pseudo-absences and, while to our 

mind this allows to test predictions for the entire study area, it may also provide 

overoptimistic scores for models calibrated with the same type of information. 

Further, increasing the number of invaders tested and more robust distribution 

datasets would also potentially increase the confidence of the obta

 

nd some of these areas also have extensive 
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should be given to the possible existence of unknown populations or new 

in these areas since its establishment potential is 

 

Native (grey circles) and invasive occurrences (black circles) of (a) Cherax 
Procambarus clarkii 

absences are of current use in NBM, a large number of its 

implications remain poorly understood. We compared three distinct types of 

extraction methods and found substantial differences in accuracy. Still, more 

should be addressed in the future. More specifically, 

different evaluation dataset types should also be tested. Our predictive 

absences and, while to our 

tudy area, it may also provide 

overoptimistic scores for models calibrated with the same type of information. 

Further, increasing the number of invaders tested and more robust distribution 

datasets would also potentially increase the confidence of the obtained results. A 
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comparison with other extraction approaches (and their paradigms) addressing 

issues such as sampling bias on the occurrence data (e.g. Philips et al. 2009) or 

the use of presence-only NBM for driving extraction (e.g. Chefaoui and Lobo 

2008) would also be highly valuable future directions, although they can require 

additional information that may not be available (e.g., some metric of sampling 

intensity or bias, Philips et al. 2009). 

Future work should also consider the effects that known issues of NBM 

such as spatial autocorrelation have in its predictive performance. While previous 

studies have found that simple spatial autocorrelation models can perform as 

well as NBM (Bahn and McGill 2007), this only indicates that we cannot 

distinguish between habitat suitability and spatial autocorrelation. However, 

because we were able to extrapolate predictions from the native range to the 

exotic range, we were able to show predictive power in new spatially 

uncorrelated areas. Still, additional analyses on this topic are warranted. Other 

issues known to affect NBM such as unequal propagule pressure worldwide or 

potential lacks in our occurrence data (e.g. due to incomplete knowledge about 

the species invasive range) are of importance to our study and should also be 

explored in the future. One possibility to address the issues of unequal propagule 

pressure and spatial autocorrelation is to include a propagule pressure model 

(which provides a mechanistic model of spatial autocorrelation) together with our 

NBM (e.g. Leung and Mandrak 2007). Finally, obtained potential distributions for 

our invaders would also benefit from the availability of distribution data with 

higher spatial accuracy. Such data would allow the use of more detailed 

environmental data and thus increasing the detail of predictions which would also 

increase their value for managing purposes. 

Despite the previous caveats, we present the first description of the 

worldwide invasiveness potential for four important invasive decapods. We also 

determined that the obtained projections are highly dependent on the type of 

data used for model calibration. While the type of occurrence data used could be 

important, accurate predictions were still obtained based solely on the 

occurrences in the native range for three of the four species examined. 

Moreover, our results suggest that pseudo-absences extraction methods were 

even more influential than the type of occurrence data used. Finally, despite its 

good results in other situations, the use of consensus models had limited benefit, 
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with the best single modeling approach achieving consistently higher accuracies. 

Our results are supportive that worldwide predictions of invasiveness should be 

based on both native and invasive data, when available, and that worldwide 

random pseudo-absences seems the more favourable option if real absence 

information is lacking. 
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Abstract 

Aim: In this paper, we assess the role of human, biological and climatic factors 

in determining the colonisation success of two highly invasive freshwater 

decapods, the Signal crayfish and the Red swamp crayfish.  

Location: Europe 

Methods: We used boosted regression trees to evaluate the relative influence 

and relationship between the invader’s current pattern of distribution and a set 

of spatially explicit variables considered influential to their colonisation success. 

These variables are related to four well-known invasion hypotheses: propagule 

pressure, climate matching, biotic resistance from known competitors and 

human disturbance.  

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

ROC-AUC ≥ 0.91). Propagule pressure and climatic suitability were identified as 

the primary drivers of colonisation but the former had a much higher relative 

influence for the Red swamp crayfish. Climate matching was shown to have 

limited predictive success since climatic suitability models based on occurrences 

from other invaded areas attained a consistently higher relative explanatory 
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power. Biotic resistance and human disturbance were also shown to be of 

reduced importance in shaping the distribution pattern of the two invaders.  

Main conclusions: The results are important for advancing the general 

knowledge of the factors that enable certain species to become notable invaders. 

Being primarily 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 become a representation of their 

fundamental climatic niche. 

 

Keywords: Biotic resistance; Climate matching; Europe; Freshwater invasions; 

Human disturbance; Propagule pressure, Red swamp crayfish; Signal crayfish 
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Introduction 

As a result of human activity, species are now being introduced 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). Nonetheless, it is 

also well-acknowledged that the large majority of introductions fail to produce 

viable populations and, from those which succeed, only a small portion become 

invasive (Williamson 1996). Given this apparent idiosyncrasy, unravelling 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 

and 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 acknowledged. Higher propagule pressure 

increases the population’s ability to overcome Allee effects (Drake and 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 pressure and the likelihood of 

invader establishment is expected. Another common expectation is that invaders 

will more likely establish in areas with climates similar to that of their native 

range. This assumption underlies the ‘climate matching’ hypothesis (Williamson 

1996) which has received strong support in recent years (Wiens and Graham 

2005; Peterson 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 and Tilman 2005). This will 

probably be especially relevant in the case of taxonomically similar species (e.g. 

DeRivera et al. 2005). Ultimately, anthropogenic 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 potential role of facilitative mechanisms, 

such as the release of resources, the alteration of biotic interactions and the 

creation of vacant space (Lockwood et al. 2007). Besides these four main 
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hypotheses, several others – not necessarily mutually exclusive and 

encompassing a relatively vast array of biotic, 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 evidence 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 Argentinean national park and found that detailed 

estimates of propagule pressure provided little predictability on the current 

patterns of invasion of the area. They suggest that other factors, such as biotic 

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 

distinct 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 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 studies referring to the establishment of these invaders 

have identified a number of mechanisms explicitly related to the four 

abovementioned hypotheses (propagule pressure, climate matching, biotic 

resistance and human disturbance). For instance, they refer to the existence of 

distinct efforts of introduction among countries (Souty-Grosset et al. 2006; 

Holdich et al. 2009), high tolerance to environmental heterogeneity (Geiger et 

al. 2005), competitive interactions with other co-occurring crayfish species 

(Gherardi and Cioni 2004; Dunn et al. 2009) and the positive impact of human 
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activities on the environment (Lindqvist and Huner 1999). However, and 

although commonly acknowledged, the way these mechanisms interact to 

determine their colonisation 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 

variability of these factors to the pattern of distribution of the invaders using an 

ensemble statistical 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 distribution of these two notorious invaders; (2) to compare the 

relative role and type of relationships between the tested factors and the 

species’ occurrence to the postulations of the four hypotheses described above; 

and (3) to provide insight into how the distribution of these invaders will 

progress on the European continent.  

 

Methods 

Species and distribution data 

The Signal crayfish and the Red swamp crayfish are both native to North 

America and have been imported to Europe since the 1960s and the 1970s 

respectively. Currently, the Signal crayfish is the most widespread invasive 

crayfish on this continent, having been 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 southwest United 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 
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provided the bulk of the distribution data for Europe. From these, we excluded 

those referred to as strongly under-sampled (Figure 1). We then collected 

current native and invasive occurrences of the Signal crayfish and the Red 

swamp crayfish worldwide from the Atlas, natural history museum collections, 

the Global Biodiversity Information Facility (GBIF; http://data.gbif.org) 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 Table 1 in the 

Appendix B). All distribution data was re-sampled to a 50 × 50 km UTM grid, 

and allowing for only one record per grid square, we accumulated 597 records 

for the Signal crayfish (454 in Europe, 52 in invaded areas outside Europe, and 

91 in the native range; Figure 1a; Figure 1 in Appendix B), 631 for the Red 

swamp crayfish (377 in Europe, 80 in invaded areas outside Europe, and 174 in 

the native range; Figure 1b; Figure 2 in Appendix B) and 2 587 for the crayfish 

species identified as competitors.  

 

Figure 1 - Current distribution of (a) the Signal crayfish and (b) the Red swamp crayfish 
in the study area at a 50 × 50 km cell resolution. 

 

 

Explanatory variables 

Both the Signal crayfish and the Red swamp crayfish were initially 

introduced into Europe for the purpose of being harvested in the wild or in 

aquaculture facilities, since they were a valued food item. The success achieved 

by most soon motivated a large number of introductions into the wild in many 

new regions and countries. Currently, this is considered to be their major 
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dispersal pathway through Europe (Hogger 1986; Gutiérrez-Yurrita et al. 1999; 

Gherardi 2006; Souty-Grosset et al. 2006). To obtain estimates of propagule 

pressure, we consulted a comprehensive collection of literature reporting on the 

history of introduction and human-mediated dispersal of the Signal crayfish and 

the Red swamp crayfish in Europe. Based on this information, using GIS, we 

categorised each country into one of three categories of introduction effort: (1) 

countries where the introduction of the species into the wild was promoted by 

governmental entities and/or commercial associations, and introductions were 

reported for more than one region (‘strong’ category); (2) countries where the 

introduction of the species into the wild was not supported by organised actions 

or was reported for only one region (‘moderate’ category) and (3) countries for 

which no attempt at introducing the species for harvesting into the wild is 

reported (‘null’ category).  

Climatic suitability models (Guisan and 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 temperature 

range; mean temperature of warmest quarter; mean temperature of 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 × 10 km) to a 

50 × 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 competitors. This was done in GIS and consisted simply 

of the sum of all competitors occurring in each UTM square comprising 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 transformation, 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 × 1 km resolution. To include this variable in our analysis, 
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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 occurrences; (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 worldwide, excluding areas with the species occurrence (cf. Capinha 

et al. 2011). To maximise 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 and New 2007; Capinha and Anastácio 2011). Accordingly, 

we used three distinct statistical models to predict climatic suitability to the 

invaders: boosted regression trees (BRT), generalised additive models (GAM) 

and random forests (RF). These statistical models are amongst the most 

frequently used in niche modelling exercises where they have consistently 

revealed high predictive ability (e.g. Elith et al. 2006; Capinha and 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 2 000, and the degrees of freedom of the GAM smooth functions which 

was set to four. The discrimination ability of each replicate model was evaluated 

in terms of the area under the receiver operating curve (AUC). The AUC was 

calculated by comparing predictions with 20% of the distribution data that was 

withheld from model development. Final models of climatic suitability were 
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obtained by averaging the 45 replicate predictions (15 replicates × 3 modelling 

algorithms) into a single prediction. 

In order 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 inexistence 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 had one of the three climatic suitability models 

made for each species, together with the remaining explanatory variables: 

country-level introduction effort; richness of co-occurring competitors; and 

human footprint (Figures 3 and 4 in Appendix B). 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 builds an ensemble 

prediction by iteratively fitting a chain of multiple decision trees. This method 

has shown a consistently high predictive ability in several studies (e.g. Elith et 

al. 2006; Guisan et al. 2007), and is also particularly appropriate in exploring 

the combined influence of a set of predictors due to its ability to fit non-linear 

responses and automatic detection of interaction effects between independent 

variables (Elith et al. 2008). We used the gbm package version 1.6-3.1 (Ridgway 

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 

and comparing their predictive accuracy with data set aside from model 

calibration. 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 the R code provided by Elith et al. (2008). For each 

combination 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 measured using the AUC. The mean predictive 

performance across the 100 replicates was calculated and, from the replicates of 

the best performing combination, we extracted the mean relative influence of 

each explanatory variable. This relative influence is automatically calculated by 
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the gbm package by relating the number of times a variable is used with the 

improvement it generates in the model (Friedman and 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 dependence plots, which show the marginal effect of each 

predictor in the species’ probability of occurrence (Freidman 2001; Friedman and 

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. By taking the mean 

response, the effect of the other predictors entering the model was removed to 

some extent, which allowed for a representation of the effect of that single 

predictor. Partial dependence plots are sensitive 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 through 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 attained a good to very good predictive 

ability (mean AUC ≥ 0.91) (Table 1) which is shown to be obtained through a 

combined effect of multiple factors (Figure 2). All models showed strong (> 5%) 

pairwise interactions between introduction effort and climatic suitability, while 

the models for the Signal crayfish also showed strong interactions between 
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propagule pressure and richness of co-occurring competitors. However, visual 

analyses of joint partial dependence plots between these pairs of predictors 

allowed for the verification of the inexistence of contradictory effects of these 

interactions on the general responses shown by the partial dependence plots for 

single predictors.  

Table 1 - Accuracy of boosted regression trees models in predicting the current pattern 
of presence/absence of the Red swamp crayfish and the Signal crayfish in Europe, 
measured by the area under the curve of the receiver operating characteristic (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. 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 

 

The models for the Signal crayfish identified climatic suitability as the 

most important predictor (≥ 35.6 %), followed by introduction effort and 

richness of co-occurring competitors (≥ 32.4 and ≥ 17.9% respectively) (Figure 

2a). Human footprint receives the lowest relative contribution (≤ 11.9%). Also 

noticeable was a slightly higher relative influence of climatic suitability models 

using information from invasive ranges. A combined analysis of these results and 

the relationships shown by the partial dependent plots (Figure 3a; Figures 5 and 

6 in Appendix B) indicates that the invasive populations 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 occurs. A (slight) tendency to avoid highly 

disturbed areas is also suggested. 

The current pattern of distribution of the Red swamp crayfish is shown to 

be largely explained by country-level introduction 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 species’ climatic niche. Models based on the 
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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 influence of the explanatory variables and their marginal 

effect on the species’ probability of occurrence (Figure 3b; Figures 6 and 7 in 

Appendix B) indicates the Red swamp crayfish is found mainly in the climatically 

suitable areas of countries with strong to moderate introduction effort. In 

addition, the occurrence of this invader also seems to be slightly favoured by 

high levels of human disturbance.  

 

Figure 2 - Mean relative influence of explanatory variables for (a) the Signal crayfish 
and (b) the Red swamp crayfish. Grey shades of the bars 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 were calculated from a set of 100 replicate models 
that were built with each dataset.  
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Figure 3 - Smoothed partial dependence plots of one representative boosted regression 
tree model for (a) the Signal crayfish and (b) the Red swamp crayfish. Climatic 
suitability models were calibrated with species occurrences from native ranges and 
invaded regions other than the study area. The relative contribution of each predictor in 
this specific model is shown in parentheses. 
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Discussion 

The results of our analyses demonstrate that the current distribution of 

the Signal crayfish and the Red swamp crayfish in Europe can be largely 

predicted by an interaction of country-level introduction effort, suitability of 

climatic conditions and co-occurrence with competitors (the latter only for the 

Signal crayfish). Complementarily, they also highlight a reduced predictive 

power of human disturbance for both invaders and an almost null contribution of 

co-occurrence with competitors for the Red swamp crayfish.  

 

Drivers of colonisation success 

The high relative importance of country-level estimates of propagule 

pressure in determining current patterns of distribution 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 prohibited. For instance, the Signal crayfish is widely 

spread over Sweden, where vigorous campaigns of introduction have taken place 

since the 1960s (Henttonen and Hunner 1999), but only one invasive population 

is known for Norway (Johnsen et al. 2007), a bordering country which banned 

the importation of live-specimens of this species before any wild population was 

known (Holdich and Pöckl 2005). However, it is interesting to identify marked 

differences in the importance of this factor between the two invaders – 

noticeably higher for the Red swamp crayfish. We believe that differences 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 realised 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, suggests that its current 

invasive distribution is closer to equilibrium than that of the Red Swamp 

crayfish. 
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Our results also highlight the high 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 result also aligns 

with previous findings that these invaders occupy new climatic conditions (i.e. 

shifted their climatic niche) in new ranges worldwide (Capinha et al. 2011; 

Larson and Olden 2012) and thus suggest caution when using native-based 

correlative models for predicting climatic suitability for invaders. Several non-

mutually exclusive ecological or evolutionary mechanisms may be behind 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 of native populations would be necessary in order to test these 

possibilities. Rapid evolutionary adaptation to the new conditions is another 

possible mechanism given that these invaders have relatively short generation 

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 

specimens of Red swamp crayfish in colonising separate European regions with 

new climatic conditions (e.g. England, The Netherlands, Germany or 

Switzerland; Henttonen and Huner 1999) seems to refute the necessity of this 

mechanism in the invasion of this species. 

 Despite the great amount of evidence of strong biotic interactions taking 

place with other crayfish species occurring in Europe (e.g. reproductive 

interference or competition for food and shelter; Lindqvist and Huner 1999; 

Westman et al. 2002; Gherardi 2006), we found no evidence of biotic resistance 
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as an impediment to the establishment of these two invaders. Two possibly 

cooperating mechanisms may account for this result. First, the superior 

competitive ability of these invaders (Lindqvist and Huner 1999; Westman et al. 

2002; Gherardi 2006) which could be innate due to the specific traits of the 

invaders or have been promoted by their release from other biotic constraints 

(i.e. the ‘evolution of increased competitive ability’ hypothesis; Blossey and 

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 and 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 hypothesise that this 

could be a geographic 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 a reduced contribution in shaping their distribution. 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 and Huner 1999), there is little empirical 

evidence with which to compare our results. In addition, given the relatively low 

importance of this factor, it is also difficult to exclude potential confounding 

effects of propagule pressure. 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 urbanised (i.e. disturbed) areas (Henttonen and Huner 1999). These 
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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 and 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 dependent on propagule pressure, the lack of 

restraining factors other than abiotic conditions, supported by our results, 

suggests that the distribution of these decapods may increasingly become a 

spatial representation of their climatic niche. Projections of climatic suitability 

using the entire range of distribution of these species have found that many 

suitable areas of Europe remain unoccupied (Capinha et al. 2011; Capinha and 

Anastácio 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. Under this context, and since eradication has thus far proven 

difficult (Gherardi et al. 2011), we suggest future efforts should focus primarily 

on impeding new introductions. 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 particular 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 × 50 km and country-level) may overlook 

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 
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the most important drivers of the colonisation 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 terrestrial ecosystems and, despite 

being unquestionably correlated, it does not provide a direct representation of 

human disturbance 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) and 

which we also encountered in our study (e.g. 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 approaches. However, we 

encourage future work on performing 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 environmental conditions – 

particularly in the case of the Red swamp crayfish. Despite we here found little 

support to the ‘climate matching’ hypothesis, this seems to be the exception 

rather than the rule in biological invasions (Wiens and Graham 2005; Peterson 

2011). Thus, understanding the mechanisms that confer 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) account for large relative importance in 

emerging invasions while distributions 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 colonisation success or failure.  
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Conclusions 

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

the Signal crayfish and the Red swamp crayfish in Europe are primarily 

determined by a combined influence of the level of introduction effort made in 

each country and the abiotic conditions of the receiving areas. Additionally, we 

also found a reduced predictive power of the ‘human disturbance’, ‘climate 

matching’ and ‘biotic resistance’ hypotheses. These results are particularly useful 

for anticipating future range expansions of these species. Accordingly, and in the 

absence of measures impeding their dispersal, 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 

emphasises the need to account for multi-causality when evaluating colonisation 

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 

dictate invasion success or failure. The use of integrative approaches, such as 

the ones we used in this research, may prove particularly useful to that end.  
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Abstract 

Aim: Understanding the environmental factors determining the establishment of 

invasive populations is a crucial issue in the study of biological invasions. By 

taking into account the uncertainty of predictions, ensembles of niche based 

models can provide useful information. Therefore, we explored the use of 

consensus techniques to generate a quantitative description of the 

environmental conditions favouring the establishment of four problematic 

invasive decapods: Cherax destructor, Eriocheir sinensis, Pacifastacus 

leniusculus and Procambarus clarkii. 

Location: Iberian Peninsula 

Methods: We collected both native and invasive distribution records from 

multiple sources. From these data, we modelled the potential distribution of the 

four decapod species using eight correlative models comprising regression, 

classification and machine learning methods. The relative influence of the 

environmental variables in single models was averaged to achieve a consensus 

contribution of the variables. Ecological requirements were investigated by 

means of consensus suitability curves, a spatial analysis procedure that shows 

the variation of consensus suitability along the gradients of environmental 

variables. 

Results: The predictive accuracy of single models ranged from fair to very good. 

Still, variability between predictions was high. Similarly, the influence of each 

variable in different models was also uneven. Consensus analysis identified the 

variables related to temperature as highly influential for all invaders. Consensus 
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suitability curves show that C. destructor and P. clarkii, have reduced suitability 

in colder areas whereas the suitability for P. leniusculus is greatly reduced in 

warmer areas. The distance to the ocean was highly influential in E. sinensis 

models, with suitability showing an exponential decay as distance increased. 

Main conclusions: We show that the information about the species-

environment relationships obtained from niche based models is highly dependent 

on the characteristics of the models used. In this context we demonstrate that 

ensembles of models and consensus approaches can be used to identify such 

relationships while also allowing to assess the uncertainty of the achieved 

knowledge. 

 

Keywords: Biological invasions, consensus modelling, environmental suitability, 

environmental gradients, decapods, potential distribution 
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Introduction 

Invasions are one of the main drivers of biodiversity change in inland 

waters worldwide and the trend is increasing (Millennium Ecosystem 

Assessment, 2005). The inland waters of the Iberian Peninsula (IP) are no 

exception as a large number of invasives is already established (García-Berthou 

et al. 2007). This is of particular conservation concern mostly because of the 

existence of a high number of endemic (Doadrio 2001; Sanchez-Fernandez et al. 

2008) and threatened species (IUCN 2009) in Iberian inland waters. 

We focused our work on four invasive species of the inland waters of the 

IP: Cherax destructor (Yabby), Eriocheir sinensis (Chinese mitten crab), 

Pacifastacus leniusculus (Signal crayfish) and Procambarus clarkii (Red swamp 

crayfish). These decapods are known to be responsible for severe negative 

impacts in invaded areas such as the dissemination of the crayfish plague 

(Gutierrez-Yurrita et al. 1999), competition with native species (Nyström 1999; 

Beatty 2006; Gilbey et al. 2008), habitat and ecosystem changes (Rudnick et al. 

2003; Geiger et al. 2005), negative effects on amphibian populations (Nyström 

1999; Cruz et al. 2008) and on economic activities such as damaging fishing 

nets (Dittel and Epifanio 2009) and rice fields (Anastácio et al. 2005). P. 

leniusculus and P. clarkii are of commercial interest as a food item and both 

were legally introduced into the IP in the 1970s. They were successfully 

established and currently present wide ranging populations (Holdich et al. 2010). 

Similarly, C. destructor was imported for harvesting in 1983 and later introduced 

into the wild in Zaragoza (Bolea 1996). In spite of being considered established, 

this species presents a much narrower range than the previous two, being 

confined to localised areas in the Aragón and Navarra Spanish communities 

(Souty-Grosset et al. 2006). Unlike the other three species, the introduction of 

E. sinensis into the IP was most certainly unintentional, possibly by ballast 

waters which is its main dispersal vector (Dittel and Epifanio, 2009). This crab 

was first recorded in the late 1980s in the lower reaches of the Tagus River 

(Cabral and Costa 1999) and is currently also established in the Guadalquivir 

River in Seville (Cuesta et al. 2006). It was also observed in the Minho River 

basin but failed to establish (Sousa et al. 2008). 
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Despite the relatively long period since the first introductions and the 

numerous negative impacts of these species, the areas that could potentially be 

colonized (‘potential distribution’) in the IP are currently unknown. Moreover, it 

is still unclear how the environmental characteristics of the IP influence the 

suitability to these invaders. Niche-based models (NBM) have been regularly 

used to explore these issues. In general NBM consist of a correlative model 

calibrated with a given species distribution dataset. This model is then used to 

predict environmental suitability values and less often to shed light on the causal 

drivers of species distributions (e.g. Usio et al. 2006; Ficetola et al. 2009; 

Roura-Pascal et al. 2009). Despite the potential of NBM in this type of analysis a 

limitation to its use is the level of uncertainty. Previous studies have shown that 

the sources of variability in NBM are diverse, ranging from the type of correlative 

model used (Segurado and Araújo 2004; Elith et al. 2006; Tsoar et al. 2007; 

Roura-Pascual et al. 2009), its parameterisation (Hartley et al. 2006) or data 

characteristics (Dormann et al. 2008; Graham et al. 2008; Capinha et al. 2011). 

To account for uncertainty in NBM, the combination of single models in ensemble 

frameworks is supported (Araújo and New 2007). Further, individual models can 

be combined into consensus predictions using different methods such as model 

averaging or sum of classified models. Ensemble and consensus approaches 

have been shown to be a useful framework for assessing the predictive 

uncertainty of NBM (Buisson et al. 2011; Grenouillet et al. 2011), and even 

improve predictive accuracy (Marmion et al. 2009; Grenouillet et al. 2011).  

In this context, the use of ensembles of NBM is also promising for 

examining the causal drivers of the invaders ability to establish since these can 

potentially provide similar improvements to those found in predicting species 

distributions. Nonetheless, owing to their multiple origins, the use of ensembles 

of models to expand the knowledge about the species ecological preferences is 

less straightforward than in individual NBM. Different modelling options often 

provide outputs in model-specific formats (e.g. decision trees and regression 

parameters) which hamper the use of common analysis methods or consensus 

techniques. The use and development of methods able to extract information 

from models independently of the type of algorithm used is a viable option but 

still, the number of studies using ensembles of NBM to gain ecological insights is 

limited. 
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In this study, we use ensembles of NBM to expand our knowledge of the 

ecological preferences and potential distribution of these four decapods invaders 

in the IP. Specifically our main objectives are: i) to use ensemble and consensus 

approaches to model the potential distribution of the four decapod species in IP; 

ii) to identify the environmental factors that best explain these distributions; iii) 

to explore species-environment relationships using a procedure that plots the 

variation of environmental suitability along the gradients of the environmental 

factors in the IP; iv) to use all these results to compare the observed distribution 

of the species in IP with the potential areas that could be colonized in order to 

assess the risks of invasion in a conservation perspective. 

 

Methods 

Study area 

The study area corresponds to the IP. The IP is located in the extreme 

southwest of Europe, comprising approximately 581 000 km2 (Figure 1). It is 

one of the most mountainous regions of Europe. The Iberian climate is largely 

heterogeneous mostly because of a combination of several maritime influences, 

continentality and complex orography. Still, precipitation presents a mainly 

eastward and southward decreasing gradient, whereas temperatures tend to 

decrease northward (Font 2000). 

 

Data sources  

Niche shifts can happen when invasive species colonise new areas 

(Broennimann and Guisan 2008). Under this prospect, an invader can occupy 

different conditions from those previously recorded and NBM predictions can fail 

to predict these shifts (Pearman et al. 2008). Given that niche conservatism is a 

fundamental assumption at the basis of NBM (Peterson and Vieglais 2001; Wiens 

and Graham 2005) the representation of the species fundamental niche should 

be as complete as possible (Broennimann and Guisan 2008). Thus we conducted 

an extensive compilation of worldwide native and invasive occurrence data of 

these four species in published literature, museum collections and at the global 
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Figure 1 – General physiography of the Iberian Peninsula. 
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biodiversity information facility (GBIF; http://data.gbif.org). To be consistent 

resolution of the environmental variables, only records providing 

a spatial accuracy equal or higher to one square kilometre were included. A total 

of 147 records were collected for C. destructor (105 native; 42 invasive), 306 

(133 native; 173 invasive) for E. sinensis, 541 (224 native; 317 invasive) for 

and 624 (219 native; 405 invasive) for P. clarkii (see 

General physiography of the Iberian Peninsula.  

To describe the environmental conditions we selected 10 worldwide 

environmental variables, with a cell resolution of one square kilometre. From the 

WORLDCLIM v1.4 datasets (Hijmans et al. 2005), we included six climatic 
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). The choice of these variables was based on the fact 
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(disto) and a compound topographic index (cti). Despite being indirect predictors 

altitude and slope were included since they usually correlate with other 

environmental characteristics that are known to influence the distribution of 

these decapods such as stream velocity and size. Distance to ocean was included 

as a surrogate of water salinity. This information is particularly relevant for E. 

sinensis since this is a catadromous crab (i.e. needs to reproduce in brackish or 

salt waters). The compound topographic index indicates the landscape’s capacity 

to retain water by relating slope and area contributing to flow. These four 

physiographic variables were spatially modelled in GIS using an improved 

version of the SRTM 90m digital elevation data (Jarvis et al. 2008), after its 

bicubic resampling to a one square kilometre resolution. To avoid potential 

redundancy between environmental variables we calculated the Pearson 

correlation coefficients for all pairs of predictors. It appears that the predictors 

used were not highly correlated (|r|<0.85). 

 

Distribution models 

To model the potential distribution of the four species in the IP we used 

eight different correlative algorithms implemented in the BIOMOD package 

(Thuiller et al. 2009) for R-CRAN (R Development Core Team, 2009). These 

included three regression algorithms [generalised linear models (GLM), 

generalised additive models (GAM) and multivariate adaptive regression splines 

(MARS)], two classification methods [mixture discriminant analysis (MDA) and 

classification tree analysis (CTA)] and three machine learning methods [artificial 

neural networks (ANN), random forest for classification and regression (RF) and 

generalised boosted regression models (GBM)]. 

We coupled species occurrence data with pseudo-absences randomly 

generated worldwide since this option has previously shown to provide good 

results in predicting potential distributions of these invaders (Capinha et al. 

2011). To maximise the pseudo-absences' representation of the available 

environmental conditions and to avoid unbalanced sample effects (Hosmer and 

Lemeshow 1989), we created 10 datasets for each species. Each of these 

datasets had species occurrence records coupled with an equal number of 

independently drawn pseudo-absences. 
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To reduce the uncertainty associated with the parameterisation of 

different NBM algorithms, several parameter values for each algorithm were 

tested. Models were built using 80% of the occurrences and pseudo-absences of 

each of the 10 datasets for each species. The remaining 20% were withheld for 

evaluating predictions using the area under the receiver operating characteristic 

curve (AUC) (Hanley and McNeil 1982). Each of these replicate models was 

projected to the IP and the final projection for each modelling algorithm was 

achieved by averaging the 10 replicate models from the parameterization 

achieving higher mean AUC values (Table 1 in the Appendix C). The consensus 

models were then calculated by combining the eight final projections for each 

invader through a weighted average, being the weights given according to its 

average AUC as described by Eqn 1: 

 (Eqn 1) 

where WAi is the weighed prediction for the ith invader and pji is the probability 

of presence for the ith invader and the jth single algorithm. The uncertainty of 

the resulting ensembles was also assessed by calculating and mapping the 

standard deviation between the predictions of each of the eight models 

composing the ensembles. 

 

Relative importance of environmental variables 

The BIOMOD package used for modelling species distribution allows the 

evaluation of variables’ importance through a variable randomisation method 

(Thuiller et al. 2009). The process starts by creating a standard prediction using 

all environmental variables. Then, BIOMOD produces a set of new predictions, 

each having one of the independent variables randomised. The evaluation of 

variable’s importance uses the correlation scores between the standard 

prediction and each of the new predictions. If the correlation score is high, then 

the difference between the two models is small and, therefore, the relative 

importance of the randomised variable is low. The calculation of the relative 

WAi=
Σi(AUCji × pji) 

Σi(AUCji)
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importance is made by subtracting to 1 the correlation score obtained. Thus 

these values will range from 0 (lowest importance) to 1 (highest importance). 

This method is particularly valuable because of its independence of the modelling 

algorithms used. To obtain the relative importance of each of the environmental 

variables, we performed this calculation for each of the 10 replicate models of 

the statistical algorithms and we then averaged the correlation scores across the 

10 replicate models. The final importance value of each variable in the ensemble 

corresponded to the average influence across the eight algorithms weighted by 

the AUC values of each algorithm. To assess the variability between algorithms, 

the standard deviation was also calculated. The most important predictor 

variables were defined as those with a relative importance above the mean value 

of the 10 predictor variables.  

 

Quantitative description of the consensus suitability 

Besides identifying the most important variables in explaining the 

distribution of the decapods studied we also wanted to gain a deeper 

understanding about the spatial patterns of the consensus suitability projected 

for the IP. To assess the relationships between environmental variables and 

probability of occurrence in individual models one can make use of available 

methods for extracting response curves (e.g. Elith et al. 2005). These responses 

can then be combined to provide consensus responses, in a process similar to 

consensus prediction. Still, since these methods do not take into account the 

interaction among variables (i.e. they rely on setting to constant values all 

variables except the variable of interest), the environmental suitability along the 

gradients of these variables will most likely differ from any of the individual 

responses. This reduces our ability to assess the ecological validity of consensus 

suitability and hinder from exploring the spatial reasoning of the predictions 

obtained for the study area. In this context we developed a method that 

provides a quantitative description of the variation of consensus suitability along 

the gradient of any environmental variable of interest. Here we used this method 

to describe the variation of environmental suitability along the gradients of each 

of the most important predictors in the IP. The procedure used was conducted 

using Ilwis 3.7 Open GIS (http://52north.org/) automated by the Visual 
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DialogScript programming language (Commercial Research Ltd.) and its 

implementation starts by reclassifying each of the environmental variables into 

equal interval raster maps. For example, the continuous values of mean annual 

temperature were grouped into multiple classes using class amplitudes of 2ºC 

(e.g. 0–2ºC; >2–4ºC; >4–6ºC…). We chose class amplitudes by 

counterbalancing computer processing time with the number of analyses 

performed along the variable’s gradient. The next step was to create new maps, 

each containing only the portion of the consensus suitability map overlapping 

each of these classes (Figure 2). Finally, for each of these extracted suitability 

maps, a set of descriptive statistics was calculated (first quartile, median and 

third quartile). To obtain more representative values, we only extracted these 

statistics for classes represented by a minimum of 1000 cells in the variables’s 

raster map. The adoption of this criterion, in most cases, reduced the amplitude 

of the analysed variable’s ranges, since their range limits commonly comprise 

very small areas. Once this process was concluded we obtained a statistical 

description of the suitability values along a classified gradient of any 

environmental variable of interest. These statistics were then plotted using the 

mean value of each of the variable’s classes as the x-axis and the obtained 

descriptive statistics in the y-axis. 

 

Figure 2 – Schematic representation of the framework used to build the consensus 
suitability curves. The consensus suitability map is spatially intersected with areas 
having a predefined range of values of the variable under analysis. The process is shown 
for two classes of one variable; class one ranging from zero to two and class two from 
higher than two to four. From these intersections n fractions of the consensus suitability 
map are obtained. For each of these a set of descriptive statistics is then calculated 
(median, first and third quartiles).  
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Results 

Predictive performance 

Table 1 shows the mean AUC value for each algorithm, ranging from fair 

to very good accuracies. Models for C. destructor gather most of the least 

accurate predictions while also showing the highest variability between 

accuracies of distinct algorithms (mean AUC = 0.84; standard deviation = ± 

0.029). Predictions for E. sinensis are also dominated by fair accuracies but still 

slightly more accurate (mean AUC values = 0.88 ± 0.026) than those of C. 

destructor. Models for both P. leniusculus and P. clarkii show, in general, good 

accuracies and lower variability in their predictive performance (mean AUC 

values = 0.91 ± 0.023 and mean AUC values = 0.91 ± 0.02 respectively). 

Table 1 - Area under the receiver operation characteristics curve (AUC) and standard 
deviation (SD) values for each of the algorithms used for predicting distribution of the 
four decapod species. Evaluated algorithms include: artificial neural networks (ANN); 
classification tree analysis (CTA); generalized additive models (GAM); generalized 
boosted regression models (GBM); generalized linear models (GLM); multivariate 
adaptive regression splines (MARS); mixture discriminant analysis (MDA) and random 
forest for classification and regression (RF).  

 C. destructor  E. sinenis  P. leniusculus  P. clarkii 

 AUC SD  AUC SD  AUC SD  AUC SD 

ANN 0.83 0.04  0.87 0.02  0.88 0.03  0.91 0.02 

CTA 0.82 0.03  0.87 0.02  0.89 0.01  0.90 0.03 

GAM 0.86 0.02  0.91 0.02  0.87 0.03  0.92 0.02 

GBM 0.86 0.02  0.90 0.03  0.95 0.02  0.92 0.01 

GLM 0.80 0.04  0.84 0.04  0.92 0.03  0.88 0.02 

MARS 0.84 0.02  0.88 0.02  0.93 0.03  0.91 0.02 

MDA 0.85 0.03  0.88 0.03  0.94 0.03  0.92 0.02 

RF 0.85 0.03  0.87 0.03  0.93 0.01  0.92 0.02 

 

Relative importance of environmental variables 

For all four species only three environmental variables out of ten have 

values of relative importance higher than the mean importance value (Figure 3). 

Large standard deviation values show that a large variability can occur in the 
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influence that a variable has in predictions resulting from different algorithms. 

This occurs for all four species and due to their statistical dependence is higher 

for variables achieving high mean influence. Factors related to temperature are 

the most influential for all species especially for P. leniusculus and P. clarkii 

(Figures 3c and 3d respectively). The only noticeable exception is the distance to 

the ocean in E. sinensis models, which appears to drive strongly its distribution 

(Figure 3b). 

 

Figure 3 – Relative importance of the environmental variables used to predict the 
distributions of (a) Cherax destructor, (b) Eriocheir sinensis, (c) Pacifastacus leniusculus 
and (d) Procambarus clarkii. Bars refer to the mean value of relative importance 
obtained from eight different modelling algorithms and whisker to the standard 
deviation. Continuous black line represents the mean relative importance value across 
the 10 predictors. 
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Environmental suitability within the IP 

The suitability plots for C. destructor, E. sinensis and P. clarkii show that 

these invaders are better adapted to areas of warmer temperature in the IP 

(Figure 4). Still, they respond differently depending on the thermal variables and 

position on the thermal gradient. P. clarkii is the species showing wider thermal 

tolerance. The suitability for this invader steeply increases in areas having mean 

temperatures above 0ºC in winter, a mean annual temperature above 6ºC and 

mean summer temperatures above 13ºC (Figures 4j and 4k). C. destructor, 

however, shows a lower suitability in areas with low temperatures, with 

suitability values increasing only for areas above 12ºC in annual mean 

temperature and above 4ºC in winter (Figures 4a and 4b). Similarly, higher 

suitability for E. sinensis is also associated with warmer conditions. Still, this 

species is primarily conditioned by distance to ocean, and the suitability plot for 

this variable shows an exponential decay of suitability as distance increases 

(Figure 4d). Distinctively from the previous three invaders, P. leniusculus is the 

species with the highest ability to cope with low temperatures and, unlike the 

three other species, areas with warm temperatures do not seem suitable for that 

species whatever the season (Figures 4g-i). 

For C. destructor the geographic areas with the highest suitability are 

mostly located in the southwest of the IP, on the Cantabrian coast, the Ebro 

valley and along the eastern littoral regions (Figure 5a). Still, variability between 

statistical algorithms is high for some areas, particularly in the southwest of the 

IP (Figure 6a). Areas of higher suitability for E. sinensis are mostly grouped into 

two geographical regions: (1) the lower Tagus and Sado basins and (2) the 

lower Guadalquivir River basin, each within approximately 100 km of river 

mouths (Figure 5b). Other smaller areas are also suitable for this species, mostly 

in the western and eastern littoral areas of the peninsula. Overall, the variability 

in the predictions for this species is lower than for the other three invaders. 

Higher uncertainty values are confined to small areas that are mostly 

concentrated on the east coast of the IP (Figure 6b). The decrease of 

temperatures northward in the IP and the preference of P. leniusculus for colder 

areas clearly determines a north/south partition in the potential distribution of 

this invader (Figure 5c). Still, the ensemble of this species presents wide areas 

of high variability between single predictions (Figure 6c). P. clarkii is the species 
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showing wider invasiveness potential. Suitable conditions are found across most 

of the IP except at higher altitudes (Figure 5d). The uncertainty map for this 

species also identifies some areas of higher predictive variability between single 

predictions, especially in the upper sections of the Douro and Tagus basins 

(Figure 6d). 

 

 

Figure 4 – Suitability variation along the gradients of the most important environmental 
variables for predicting the distributions of (a-c) Cherax destructor, (d-f) Eriocheir 

sinensis, (g-i), Pacifastacus leniusculus and (j-l) Procambarus clarkii. Grey lines 
represent first and third quartile and black line the median. 
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Discussion 

Species environmental requirements 

In this work, we sought to explore the environmental requirements of four 

invasive decapods and analyse how the IP suited them. The strong predictive 

performance of some single models for these invaders supports well the 

accuracy of the species-environment relationships they found. Still, previous 

studies have shown that correlative models can fail to detect the correct 

relationships between the species and the environment (Austin et al. 2006). 

Furthermore, the identification of correct species/environment relationships is 

also complicated by the difficulties of comparisons with physiological data (but 

see Austin et al. 2009). NBM rely on information obtained at the population level 

and in natural conditions while physiological studies are mostly performed at the 

individual level, comprising isolated phases of their lifecycles and by maintaining 

non-studied environmental factors at fixed values (e.g. Nakata et al. 2002; 

Paglianti and Gherardi 2004). Our results demonstrate that even among models 

achieving good accuracy variability between models can be high (e.g. for P. 

leniusculus). In this context, the use of ensembles of NBM for examining 

species/environment relationships is useful since it allows assessing the degree 

of uncertainty of the achieved knowledge. 

 To explore the environmental requirements of our four invasive decapods, 

we first identified the environmental factors which explain the most their 

distribution. Results showed that a large variability can occur in the influence 

that each variable has for different algorithms. Given this uncertainty the use of 

a consensus approach seems more adequate than relying on any single 

algorithm evaluation. Our results showed that temperature variables, particularly 

annual mean temperature and mean temperature in winter, highly influence the 

distributions of all species. The only exception was the distance to the ocean for 

E. sinensis, a catadromous crab. The overall importance of temperature in 

predicting these invaders' distributions is unsurprising. Besides determining body 

temperature, temperature variation is also highly influential in sensitive life 

history processes of these decapods such as growth, mating and recruitment 

(Nyström 2002; Dittel and Epifanio 2009). This high influence of temperature is 

also of special concern under the threat of climate warming (IPCC 2007). 



Chapter 4 - Environmental requirements from ensembles of models 

 

 
86 

 

Changes in both the spatial and temporal thermal patterns will most certainly 

cause changes in the ranges of these invaders and, as such, further research 

regarding this matter is warranted. 

 The consensus suitability curves presented in this work explored how 

suitability changes along the gradients of the environmental factors in the IP. 

This information provides a deeper insight on the spatial patterns of the 

consensus suitability projected for this area. For example, C. destructor and P. 

clarkii, which are two warm water crayfish, present rather different invasive 

abilities for the IP. The consensus model for P. clarkii shows a much wider range, 

with suitable conditions being found for most of the peninsula, whereas for C. 

destructor most of the northern IP seems unsuitable. A combined analysis of the 

suitability curves’ shapes for these two species provides a detailed explanation 

for this dissimilarity (i.e. lower suitability in colder areas to C. destructor than P. 

clarkii).  

 In the same manner, despite E. sinensis also benefiting from warmer 

temperatures, the consensus prediction shows that the most suitable regions are 

almost entirely restricted to the first 100 km from the coast. The higher relative 

importance of the distance to ocean and the exponential decay of suitability as 

distance increases provide a clear explanation for this spatial pattern. This 

spatial confinement is also supported by the current knowledge about the 

occurrence of this species in the IP. Cabral and Costa (1999) found the most 

upstream record of this invader in the Tagus River to be only 80 km from river 

mouth, the same distance found for the majority of the invasive population 

found in the Guadalquivir (García de Lomas, pers. comm.). Similarly, the 

north/south partition shown in the P. leniusculus prediction can be easily 

understood by its inability to support the warmer temperatures found in the 

south of the peninsula. 

 

Invasive ability in the IP 

Holdich et al. (2009) provided the most up-to-date description of 

distributional data for crayfish in Europe. Despite using a much coarser 

resolution (50 × 50 km) they presented a pattern for P. leniusculus in the IP 
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showing the bulk of invasion in the Iberic, Central and Cantabric mountainous 

systems and the Douro basin. The suitable areas predicted by our study are 

highly consistent with this description. However, the fact that our potential 

distribution map shows large extents of suitable areas that are still unoccupied is 

of concern. Among them, the northwest of the peninsula might be the one of 

highest concern because of its wide extent and contiguity with established 

populations. Moreover, the natural spread to some of these areas is being 

noticed (Costa et al. 2009). As such, in the absence of control measures this 

region will probably also be part of the species' invasive range in the IP in the 

coming years. 

P. clarkii, remains unrecorded only in a reduced number of areas, of which 

the two wider ones are the northwest of the IP and the Pyrenees (Holdich et al. 

2009). Our consensus distribution map for this species shows that the Pyrenees 

comprise large extents of unsuitable areas and, as such, the species absence 

shown by the authors might be explained by a lower suitability of these areas. 

However, our consensus prediction show that in the northwest of the IP, 

especially the lowlands, many areas are highly suitable and, similarly to P. 

leniusculus, in the absence of control measures, these will probably become part 

of the P. clarkii invasive range. 

According to the distribution data provided by Souty-Grosset et al. (2006), 

C. destructor presents a small invasive range in the IP located in the upper Ebro 

basin. Our consensus prediction for this species shows that this region is 

dominated by moderate suitability values. These suboptimal conditions might 

help explain the reduced colonisation rate of C. destructor in the IP compared 

with the previous two crayfish species. The initial areas of introduction of both P. 

leniusculus and P. clarkii (upper central and southwest Spain respectively) took 

place in areas predicted as highly suitable, which certainly favoured their 

naturalisation and subsequent natural spread. Still, it is worth noticing that the 

wider areas offering high environmental suitability for C. destructor in the IP are 

also located in the Ebro basin, downstream of its current invasive range. 

The ensemble for E. sinensis shows that the two invasive populations 

currently known in the IP (Tagus estuary and Guadalquivir) are located in areas 

with high environmental suitability. The close proximity of wide highly suitable 
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areas such as the Doñana National Park could be of particular concern in the 

coming years. This large wetland is one of the most important protected areas in 

Europe and might be severely disrupted if the establishment of this crab occurs. 

 

Methodological issues and future directions 

 Ensembles of predictions allowed us to clearly identify areas for which 

environmental suitability is less certain such as the southwest of the IP for C. 

destructor or the upper sections of the Douro and Tagus basins for P. clarkii. 

Future refinement of the modelling framework (e.g. by including additional 

variables) might provide a better understanding of how environmental variability 

influences suitability in these areas. Despite the usefulness of the information 

provided by consensus suitability curves, some limitations should be recognised. 

These curves correspond to a quantitative description of the NBM predictions and 

are thereby based on the same assumptions and have the same limitations (e.g. 

not taking into account the existence of dispersal constrains or biotic interactions 

shaping the species distributions; see Hirzel and Le Lay, 2008 for a recent 

review). Moreover, consensus suitability curves describe the function fitted for 

the variable under analysis while also incorporating the influence of the other 

variables, their coefficients and the method used for combining predictions (i.e. 

the full model). Thus, these curves should not be detached from the study area 

for which the predictions are projected. This is because new areas might provide 

different environmental combinations (i.e. the factors interacting with the 

environmental variable under study might differ) and thereby consensus 

suitability values may differ.  

 

Conclusions 

Finding the combination of environmental conditions that determines the 

suitability to invasive populations is a crucial issue in the study of biological 

invasions. Our results have shown that the use of distinct correlative methods in 

NBM produces distinct outcomes. This variability occurs both in the predicted 

distributions and in the results aiming to provide insights on species-

environment relationships. These findings support previous studies suggesting 
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the use of consensus predictions to examine the uncertainty of distribution 

models for invaders. We further support the use of consensus of NBM results to 

increase the knowledge regarding the relationships between the environment 

and the invaders ability to establish. The uncertainty contained in this 

information should always be clearly presented and is fundamental to 

understand the limits of the obtained knowledge.  

Using this framework we were able to identify the environmental factors 

responsible for determining the potential distribution of four invasive decapods in 

the IP. We found that factors related to temperature are the most influential for 

all four invaders, being distance to the ocean the only exception in the E. 

sinensis models. Areas with low temperatures have reduced suitability to P. 

clarkii and C. destructor, while for P. leniusculus it is mostly in the warmer areas 

that environmental suitability is low. Our predictions indicate that there are still 

some uninvaded areas of the IP that possess adequate environmental conditions 

for these invaders. While the expansion of the P. leniusculus and P. clarkii 

invasive ranges in IP will most certainly continue to many of these areas, efforts 

should be placed to avoid the establishment of C. destructor and E. sinensis 

outside their current ranges since these are in close proximity to wide suitable 

areas some of which of high conservation importance.  
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Abstract 

In an effort to predict the impact of climate change on the distribution of existing 

invasive species, niche-based models (NBMs) are being increasingly used to 

make forecasts. Here, we investigate the reliability of these models in predicting 

future climatic suitability for 4 invasive decapods of the Iberian Peninsula: 

Cherax destructor, Eriocheir sinensis, Pacifastacus leniusculus and Procambarus 

clarkii. From an ensemble of forecasts generated by 5 distinct algorithms 

(generalized linear models, artificial neural networks, support vector machines, 

random forests and alternating decision trees), we calculated consensus 

predictions for current conditions and 3 future time periods (2030, 2050 and 

2080) under low and high scenarios of greenhouse gas emissions. Three criteria 

were examined to infer the robustness of the forecasts: ability to predict current 

distributions, inter-model variability and degree of environmental extrapolation. 

Our results indicate an overall decline in climatic suitability for the 4 invaders as 

time progresses. However, we also identified highly distinct levels of predictive 

uncertainty among species. Good indicators of reliability were found for 

Procambarus clarkii and Pacifastacus leniusculus, whereas the predictions for C. 

destructor showed low predictive performance, low inter-model agreement and 

wide areas of environmental extrapolation. For E. sinensis, the models also 
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showed high variability with respect to areas projected to lose climatic 

suitability. Overall, our results highlight the need to consider and evaluate 

multiple sources of uncertainty when using NBM predictions for invaders under 

current and future conditions.  

 

Keywords: Climate change; Decapods; Ensemble forecasting; Environmental 

extrapolation; Iberian Peninsula; Uncertainty 
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Introduction 

The climate has been rapidly changing in recent decades (Vose et al. 

2005; IPCC 2007), and simulations of future conditions suggest that surface 

temperatures may increase and precipitation patterns may change (IPCC 2007; 

Rahmstorf et al. 2007). These modifications are likely to have a substantial 

effect on key components of invasions (Dukes and Mooney 1999; Galil et al. 

2007; Hellmann et al. 2008; Rahel and Olden 2008; Walther et al. 2009), 

including the distribution of existing invasive species (Hellmann et al. 2008; 

Rahel and Olden 2008). For example, it is generally expected that cold-

temperature constraints will decrease at higher-latitude or upper-elevation range 

limits, whereas warm-temperature constraints will increase at lower-latitude or 

lower-elevation range limits (Hellmann et al. 2008).  

The Iberian Peninsula, like many other areas of the world, is seriously 

impacted by invasive species (Drake 2009). Of these species, few are as 

successful as the crayfish Procambarus clarkii (Red swamp crayfish) and 

Pacifastacus leniusculus (Signal crayfish). These 2 species are native to North 

America and were introduced to the Iberian Peninsula in the 1970s. Since then, 

they have become widespread (Gutiérrez-Yurrita et al. 1999; Souty-Grosset et 

al. 2006) and have had a large impact on ecosystems and human activities, 

which have been classified as ‘positive’ or ‘negative’ by affected stakeholders. 

For example, the harvesting and angling of these species have become popular 

activities in some regions, providing extra income to practitioners (Gutiérrez-

Yurrita et al. 1999). In contrast, other individuals have suffered major losses as 

a result of the grazing of their crops by crayfish, particularly Procambarus clarkii 

(Gutiérrez-Yurrita et al. 1999; Anastácio et al. 2005). A similar dichotomy has 

also been observed in conservation. For example, these invaders are a known 

cause for the decline of several freshwater species (Ilhéu et al. 2007; Arce and 

Alonso 2011), whereas they have also become a new and rich food source for a 

number of vertebrate predators, most notably the Eurasian otter (Lutra lutra) 

(Clavero et al. 2003; Arce and Alonso 2011).  
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In addition to these 2 decapods, Cherax destructor (Yabby) and Eriocheir 

sinensis (Chinese mitten crab) have also been established in Iberian inland 

waters for some decades. E. sinensis is a catadromous crab that is native to 

eastern Asia, which was first detected in the Tagus estuary of the Iberian 

Peninsula, and is thought to have been established since the late 1980s (Cabral 

and Costa 1999). At present, this species is also known to occur in the 

Guadalquivir River (Garcia-de-Lomas et al. 2010). To date, no significant impact 

by E. sinensis has been recorded in the Iberian Peninsula; however, this species 

has caused a number of negative impacts at other invaded areas, such as 

reducing the integrity of stream banks and levees due to its burrowing activity 

(Rudnick et al. 2003) or damaging fishing nets (Dittel and Epifanio 2009). C. 

destructor is a crayfish native to Eastern and Central Australia. This species was 

introduced to some sites in the north of the Iberian Peninsula during the 1980s 

and, regardless of eradication efforts, a few populations remain (Camargo and 

Gonzalo 2009, cited in Holdich et al. 2009). Like E. sinensis, the potential 

impacts of this species on the Iberian Peninsula remain relatively unknown. 

However, recent studies in other areas of the world suggest that this species 

might have serious negative impacts on invaded freshwater ecosystems, 

particularly on native crayfish (Beatty 2006; Lynas et al. 2007). 

In a previous study, our research group found that the potential 

distribution of these 4 invaders is strongly correlated with climate, particularly 

thermal factors (Capinha and Anastácio 2011). We also found that, C. 

destructor, E. sinensis and Procambarus clarkii are positively associated to 

warmer conditions in the Iberian Peninsula. We therefore hypothesized that 

future climate warming might increase the climatic suitability of the Iberian 

Peninsula to these invaders. Inversely, for Pacifastacus leniusculus we 

anticipated a reduction of suitable areas, since this species is associated with the 

colder areas of the Iberian Peninsula (Capinha and Anastácio 2011). Assessing 

changes on the potential distribution of Pacifastacus leniusculus and 

Procambarus clarkii is of particular importance, given the large number of 

impacts that these species have in the study area. Information is also of interest 

for C. destructor and E. sinensis, since an increase in the climatic suitability of 

the Iberian Peninsula might promote a widening of their ranges. 
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In recent years, niche-based models (NBMs) (Guisan and Zimmermann 

2000; Guisan and Thuiller 2005) have become popular tools to forecast climatic 

suitability for non-indigenous species (e.g. Beaumont et al. 2009b; Ficetola et al. 

2009; Gallagher et al. 2010b). These models relate species occurrences with 

climate data, to implicitly capture the species-environment relationships 

responsible for shaping species distributions. Such correlations have a degree of 

uncertainty, since they assume that species are in equilibrium with the 

environment, which is often not the case for invaders (Guisan and Thuiller 2005; 

Elith and Leathwick 2009; Elith et al. 2010). In addition, when developing 

predictions for new areas or time periods, these models also rely on the 

conservatism of species-environment relationships (i.e. niche conservatism; 

Peterson 2003; also see Pearman et al. 2008 for a review). Even if these 

ecological assumptions are met, the application of NBMs across space and time 

is also subject to several methodological uncertainties. These include the 

variability arising from (1) the use of distinct statistical models (Dormann et al. 

2008; Diniz-Filho et al. 2009; Buisson et al. 2010); (2) the way that these 

models are parameterised (Hartley 2006); (3) the quantity, quality and 

adequacy of dependent and independent data (Dormann et al. 2008; Diniz-Filho 

et al. 2009; Buisson et al. 2010; Austin and Van Niel 2011); (4) and/or the 

uncertainty already found in predictions of general circulation models and 

scenarios of greenhouse gas emissions (Beaumont et al. 2008; Dormann et al. 

2008; Diniz-Filho et al. 2009; Buisson et al. 2010). In addition, it should also be 

taken into account that the potential existence of new environmental conditions 

in the prediction layers (hereafter termed ‘environmental extrapolation’) is also 

an important, but often neglected, source of uncertainty (Thuiller et al. 2004; 

Dormann 2007; Elith and Leathwick 2009; Fitzpatrick and Hargrove 2009). This 

possibility raises both ecological and methodological uncertainties, since the 

relationships between the species and these new environments are not known; 

therefore, the behaviour of models under these circumstances is likely to also 

differ substantially (Pearson et al. 2006; Elith and Graham 2009). 

Given these challenges, NBM predictions should be accompanied with an 

assessment of their uncertainty. While ecological uncertainties are usually 

difficult to evaluate a priori (Guisan and Thuiller 2005; Pearman et al. 2008; 

Elith and Leathwick 2009), 2 main approaches have been used to address 
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methodological uncertainties: (1) using a single modelling option that is 

considered to provide ‘optimal’ results (e.g. Phillips et al. 2006; Peterson et al. 

2007) or (2) building an ensemble of distinct but plausible models and analysing 

the range of the results (Araújo and New 2007). In general, the choice for the 

second option is supported on the lack of agreement on what are the overall 

‘best’ modelling options (e.g. Elith et al. 2006; Peterson et al. 2007; Phillips 

2008; VanDerWal et al. 2009; Capinha et al. 2011). Consequently, ensembles of 

NBM have been used in a large number of applications, such as predicting the 

current distribution of rare species (e.g. Le Lay et al. 2010), predicting the 

potential distribution of invasive species (e.g. Roura-Pascual et al. 2009; 

Capinha and Anastácio 2011) or forecasting climatic suitability (e.g. Diniz-Filho 

et al. 2010).  

Here, we built an ensemble of NBMs to predict the climatic suitability of 

the Iberian Peninsula for C. destructor, E. sinensis, Pacifastacus leniusculus and 

Procambarus clarkii in 3 future time periods (2030, 2050 and 2070) under 

scenarios of low and high greenhouse gas emissions. Since our main interest 

was to increase the reliability of our forecasts, we specifically tested the effects 

of 2 well-known sources of uncertainty of NBMs during the analysis of our target 

species: (1) the use of distinct statistical models (Capinha and Anastácio 2011) 

and (2) the strategy used for extracting pseudo-absence data (Capinha et al. 

2011). In addition, we also applied a simple method to spatially delimit and 

measure the level of environmental extrapolation that arises when predictions 

are made for new conditions. We used the results from these procedures to 

address the 2 following questions: (1) how will the climatic suitability of the 

Iberian Peninsula change for these invaders in the future, and (2) are the levels 

of predictive reliability equal among all 4 species? 

 

Methods 

Species data 

Many invasive species are not in equilibrium with the environment in their 

new ranges (Guisan and Thuiller 2005; Elith and Leathwick 2009). Thus, to 

better estimate the fundamental niche of such species, recent research suggests 
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that, if available, both native and invasive distributions should be used when 

building models (Broennimann and Guisan 2008; Beaumont et al. 2009a; 

Capinha et al. 2011). Therefore, we compiled both native and invasive 

occurrence records of our target species from multiple sources, including the 

Global Biodiversity Information Facility (GBIF; http://www.gbif.org/), museum 

collections, published literature and several field surveys that we have previously 

conducted in the Iberian Peninsula. From these sources, we selected data that 

provided a spatial precision equal to or higher than 5 km. To avoid the 

duplication of information and given the spatial resolution of our climate data 

(see below), we only included 1 occurrence record per 10 × 10-km grid cell. This 

process resulted in a total of 128 (93 native and 35 invasive) occurrence records 

for C. destructor, 233 (98 native and 135 invasive) for E. sinensis, 437 (171 

native and 266 invasive) for Pacifastacus leniusculus and 512 (195 native and 

317 invasive) for Procambarus clarkii (see Figure 1 to 4 in the Appendix D for 

species ranges and occurrence data). 

 

Climate data 

We used downscaled climate model data from the Intergovernmental 

Panel on Climate Change (IPCC) fourth assessment, which was made available 

by Jones et al. (2009). These datasets provide both current conditions and 

predictions of future conditions on the monthly averages of maximum and 

minimum temperatures, monthly rainfall and the number of rainy days using a 5 

arc-minutes spatial resolution (≈10 km). We collected this information for 

current distribution conditions (1950–2000), and for 3 future time periods, i.e. 

2021–2040 (hereafter denoted as the 2030 period), 2041–2060 (denoted as the 

2050 period) and 2071–2090 (denoted as the 2080 period) with respect to 2 

possible alternative emission scenarios indicated by the IPCC Special Report on 

Emissions Scenarios (IPCC-SRES): B1 (low greenhouse gases emissions 

scenario) and A2 (high greenhouse gases emissions scenario) (Nakicenovic and 

Swart 2000). Datasets of future climates were extracted from 2 coupled general 

circulation models, the CSIRO Mark 3.0 (Australia's Commonwealth Scientific 

and Industrial Research Organisation) and the CNRM-CM3 (Centre National de 

Recherches Météorologiques). The climatic predictions of these 2 CGCMs were 
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averaged into a single prediction, from which a set of 6 non-redundant climatic 

variables (pairwise Pearson correlations ≤ ± 0.8) were calculated for both 

current and future time periods: mean diurnal range (ºC); mean maximum 

temperature of the warmest month (ºC); mean minimum temperature of the 

coldest month (ºC); mean yearly total rainfall (mm); mean maximum rainfall in 

the driest month (mm); and maximum number of rainy days in a month (days). 

We considered that this selection of climatic variables was ecologically 

meaningful for the selected target species since climate, and especially thermal 

conditions, appear to have a major influence on their distributions (Souty-

Grosset et al. 2006; Lynas et al. 2007; Dittel and Epifanio 2009; Sahlin et al. 

2010; Capinha and Anastácio 2011). We also assumed that these land-based 

variables are representative of climatic conditions found in inland waters (where 

our species occur), since the conditions in these 2 systems are roughly 

correlated (Caissie 2006; Sabater et al. 2009). 

 

NBMs 

To forecast the future potential ranges of the 4 selected invasive 

decapods, we used 5 distinct correlative algorithms implemented in the Weka 

data mining software (v 3.6.2) (Hall et al. 2009), i.e. generalised linear models 

(GLM; McCullagh and Nelder 1989), multilayer perceptron artificial neural 

networks (MP-ANN; Sarle 1994), support vector machines (SVM; Vapnik 1995), 

random forests (RF; Breiman 2001) and alternating decision trees (ADT; Freund 

and Mason 1999; Pfahringer et al. 2001). With the exception of ADT, these 

models have been widely used in NBMs, and their predictive performance has 

been previously tested by a number of studies (e.g. Drake et al. 2006; Elith et 

al. 2006; Pearson et al. 2006; see Text 1 in the Appendix D for more details). 

 

To calibrate and validate the NBMs, we created datasets containing 

current climatic conditions transmitted by the species occurrences and pseudo-

absences. Pseudo-absences were used as a substitute for real absences since 

information on the species absence or locations in which invasions have failed is 

almost non-existent for our target species. Despite allowing for the use of 
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discrimination models that are considered to be more accurate than models 

based on presence-only data (Brotons et al. 2004; Elith et al. 2006), these 

records are a known cause of uncertainty in NBMs. This uncertainty is mostly 

related to the delimitation of the areas used to sample these records 

(VanDerWal et al. 2009; Capinha et al. 2011). To account for some of this 

uncertainty, we tested 2 major types of extraction methods in this study. The 

first consisted of a random sample of worldwide climatic conditions, excluding 

areas that contained species occurrences. This extraction method has previously 

been shown to perform well with these invaders (Capinha and Anastácio 2011; 

Capinha et al. 2011); however, it potentially samples many areas where these 

species have never dispersed to, but that may in fact be suitable (see the 

discussion in Capinha et al. 2011). Hence, we tested a second strategy with the 

aim to increase the number of sampling locations that receive propagules of 

these species (i.e. areas close to where the species is established), but where 

they have not been recorded. By this, we assumed that these areas are 

representative of unsuitable conditions. This was done by jointly sampling areas 

where species do not occur inside the species native range (defined here as the 

convex-hull of its occurrence records), with the outer areas surrounding the 

species native range limit. Taking into consideration the high active dispersal 

ability of our target species (Souty-Grosset et al. 2006; Dittel and Epifanio 2009; 

Bernardo et al. 2011), we tested incrementally increasing distances from the 

species native range at intervals of 200 km, with a maximum distance of 1000 

km, to delimit the outer area surrounding the species range (following 

VanDerWal et al. 2009). Because of the catadromous life cycle of E. sinensis, we 

removed from the sampling areas of this species all locations exceeding the 

maximum distance to the coast found on its occurrence dataset (≈1100 km). 

In total, 6 groups of calibration datasets were prepared for each species: 

1 using pseudo-absences extracted worldwide and 5 using pseudo-absences 

extracted in the vicinity of the species native range. Each group comprised 20 

replicate calibration datasets. These datasets included the current climatic 

conditions transmitted by the species occurrences, and an equal number of 

climatic conditions transmitted by an independently drawn set of pseudo-

absences. The use of replicate models with an equal prevalence of occurrences 

and pseudo-absences allowed the overall representativeness of the conditions 
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sampled by pseudo-absences to be increased, without inducing predictive trends 

towards a more prevalent type of response. Before the final predictions were 

made, all the models were validated using a stratified ‘leave-one-out’ cross-

validation procedure. This procedure consists of using 1 occurrence and 1 

pseudo-absence previously removed from the model calibration for comparison 

with the predictions. The process is repeated so that each pair of records is used 

once as the validation data. These results were then used to calculate the area-

under-the-curve of the receiver-operating characteristic (AUC) (Hanley and 

McNeil 1982) for both native and invasive ranges by using the results of pairs 

with both native and invasive occurrences, respectively.  

Since, overall, we obtained equivalent or higher predictive performances 

when using local pseudo-absences sampled as far as 800 km away from the 

species native range (see results), we used the models calibrated from this data 

to make predictions under current and future climate conditions. Final climatic 

suitability predictions were made by obtaining an average across the replicate 

predictions. For this purpose, we initially excluded all predictions with poor 

accuracy (AUC < 0.8; cf. Thuiller et al. 2005) at discriminating either native or 

invasive occurrences from pseudo-absences. Next, we rescaled the remaining 

predictions into a 0 to 1 range, in an attempt to reduce differences in the 

calibration of probabilities between different statistical algorithms. Finally, the 

models were combined using a weighted average, with the weight of each model 

being given by the product of one from its mean AUC score. A schematic 

representation of the methodological framework is available in Figure 5 in the 

Appendix D.  

 

Analysis of the predictions  

The consensus predictions were spatially projected using a 10 × 10-km 

cell resolution. To quantitatively describe the magnitude of the changes in 

suitability of future climates, for each species we calculated the percentage of 

total area of the Iberian Peninsula that would be climatically suitable. To obtain 

these measurements, we classified the consensus predictions by using a 

probability threshold of 0.5 (≥0.5 = suitable), which corresponds to the 
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presence/pseudo-absence prevalence used for model calibration (Liu et al. 

2005). 

We also evaluated the variability associated with the use of multiple 

correlative models. This was achieved by calculating the standard deviation 

among the predictions of the replicate models used to generate each of the 

consensus predictions. We also evaluated the amount of environmental 

extrapolation in each of the forecasts. To identify the areas where predictions 

were extrapolated, we spatially delimited all areas where the value of at least 1 

of the predictors was outside of its range on the calibration datasets 

(transmitted either by occurrence or pseudo-absence records). We also 

measured the magnitude of this difference by calculating a simple measure of 

distance between the conditions found in the calibration sets and those found in 

each area of extrapolation. This calculation is given by equation 1: 

 (eq. 1) 

where Ex is the magnitude of environmental extrapolation, Vi is the value of the 

ith variable falling outside of its range in the calibration set, Li is the value of the 

closest range boundary of that variable in the calibration set, and Ai the 

amplitude of the variable in the calibration set. This measurement was calculated 

for all map cells of each scenario and time period, and it corresponds to the 

summation of the percentage of extrapolation (i.e. the prediction of conditions 

beyond the calibration ranges) that occurred for each environmental variable. 

The percentages are based on the amplitude of the variable in the calibration 

set. For example, if extrapolation occurs for only one 1 variable, a cell value 

higher than 100% indicates that the distance to the closest range boundary 

exceeds the amplitude of that variable in the calibration set. 

 

 

 

 

Ex =∑ i (( | Vi − Li | ) ×100 /Ai)



Chapter 5 – Impacts of climate change on invasive decapods 
 

 
103 

 

Results 

Predictive performances under current conditions 

Overall, pseudo-absences that were sampled at a maximum of 200 km 

from the species native range provided the least accurate predictions (Figure 6 

in the Appendix D). However, a clear increase in accuracy was found in models 

that sampled at maximum distances of 800 km, and no significant difference 

was found in accuracy when larger areas were sampled (Table 1; Figure 6 in the 

Appendix D). 

Table 1 Area under the receiver operation characteristics curve (AUC) for each of the 
algorithms used for predicting current climatic suitability in native and invaded areas. 
Values refer to models using pseudo-absences extracted in areas without the species 
occurrence located at a maximum of 800km from its native range boundary. Evaluated 
algorithms include: generalised linear models (GLM); artificial neural networks (ANN); 
alternating decision trees (ADT); random forests (RF); support vector graphics (SVG). 

  

Our models also showed consistently higher accuracies when 

discriminating invasive occurrences from pseudo-absences extracted in the 

vicinity of the species native range. This difference ranges from a mean increase 

of 0.01 to 0.08 in AUC values and is found irrespective of species (Figure 6 in 

the Appendix D). Focusing specifically on the results of the models used for 

building the consensus predictions (Table 1), we found a consistent pattern of 
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higher accuracy for the 2 tree-based algorithms. RF almost consistently provided 

the best performing models (mean AUC = 0.89; standard deviation = ± 0.05), 

followed by ADT (mean AUC = 0.87 ± 0.04). In comparison, the 3 remaining 

correlative methods provided lower mean scores, with SVG being the least 

accurate algorithm (mean AUC = 0.85 ± 0.04). In addition, all the models 

achieved the highest mean performance for Procambarus clarkii (mean AUC for 

native occurrences = 0.88 ± 0.03; mean AUC for invasive occurrences = 0.93 ± 

0.02), followed by Pacifastacus leniusculus (mean AUC for native occurrences = 

0.85 ± 0.03; mean AUC for invasive occurrences = 0.87 ±0.03), E. sinensis 

(mean AUC for native occurrences = 0.83 ± 0.02; mean AUC for invasive 

occurrences = 0.89 ± 0.03), and finally C. destructor, which had the lowest 

accuracies (mean AUC for native occurrences = 0.80 ± 0.02; mean AUC for 

invasive occurrences = 0.83 ± 0.02). In general, the variability of the predictive 

performances of each statistical model was low (max AUC variation = 0.02), 

which supports the independence of their accuracy scores from the 

environments sampled by each replicate sample of pseudo-absences. 

 

Climatic suitability in the future 

Overall, the consensus predictions show a decline in climatically suitable 

areas for the 4 invaders as climate change progresses (Figure 1). The invader 

with the highest loss of climatically suitable areas is Pacifastacus leniusculus 

(Figure 1c). As time progresses, the potential distribution of this species shows a 

continuous loss of suitability, mostly in the southern areas of the Iberian 

Peninsula (Figure 2c). Under the most extreme scenario for climatic change (i.e. 

A2 in 2080), suitable areas for this invader are projected to be less than a third 

of those under present-day conditions (Figure 1c). These areas are expected to 

be mostly confined to the northern and northwestern fringes of the Iberian 

Peninsula, and a few higher altitude regions. Projections for Procambarus clarkii 

show that this is the least affected species by climate change (Fig 1d). Future 

projections for this invader show moderate changes from its current potential 

distribution (Figure 2d), with the decline in suitable areas only being of note for 

the 2080 period (Figure 1d). Most of the areas projected to lose climatic 

suitability for this species are found on the interior of the Iberian Peninsula 
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(Figure 2d). A reduction in climatic suitability is also predicted to occur for C. 

destructor (Figure 1a). Major changes also occur mostly in the interior area of 

the Iberian Peninsula, where this species is projected to lose some suitable areas 

with increasing levels of climatic change (Figure 2a). Projections of climatic 

suitability for E. sinensis also show noticeable changes in future climates, 

especially in relation to the loss of suitable areas along the Southern Atlantic and 

Mediterranean coasts of the Peninsula (Figure 2b). 

 

Figure 1 - Percentage of the Iberian Peninsula climatically suitable for a) Cherax 
destructor, b) Eriocheir sinensis, c) Pacifastacus leniusculus and d) Procambarus clarkii. 
Predictions are made for current climatic conditions (2000; dark grey) and three future 
time periods (2030, 2050 and 2080) under a low (B1; light grey) and high (A2; black) 
greenhouse gases emission scenario. Suitable areas were defined as those achieving a 
climatic suitability equal or higher than 0.5. 
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Figure 2 - Climatically suitable areas of the Iberian Peninsula for a) Cherax destructor, 
b) Eriocheir sinensis, c) Pacifastacus leniusculus and d) Procambarus clarkii. Predictions 
are made for current climate (2000) and three future time periods (2030, 2050 and 
2080) under a low (B1) and high (A2) greenhouse gases emission scenario. 
 

Predictive variability and environmental extrapolation 

Out of the 4 invaders, the highest variability in generating consensus 

predictions was obtained for C. destructor (Figure 3a). This high variability arose 

in many areas, with the north and northwest of the Iberian Peninsula 

consistently being the major areas of model divergence. The forecasts for E. 

sinensis also showed several areas with medium to high inter-model divergence. 

The highest variability was mostly concentrated along the Southern Atlantic and 

Mediterranean coasts of the Iberian Peninsula (Figure 3b). For Pacifastacus 

leniusculus, variability among models was generally low. Nonetheless, some 

areas of higher disagreement were found in the northern and higher altitude 

regions (Figure 3c). The models for Procambarus clarkii also showed relatively 
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low levels of inter-model variability, with areas of more noticeable variability 

being mostly confined to the west and southwest coastal areas of the Iberian 

Peninsula (Figure 3d). 

 

Figure 3 - Standard deviation among the single-models included in the consensus 
predictions for (a) Cherax destructor, b) Eriocheir sinensis, (c) Pacifastacus leniusculus 
and (d) Procambarus clarkii. Predictions are made for current climate (2000) and three 
future time periods (2030, 2050 and 2080) under a low (B1) and high (A2) greenhouse 
gases emission scenario. 

 

Areas of extrapolation occurred in the majority of the forecasts; however, 

their extension was highly distinct for different species and scenarios. These 

areas are extremely reduced or absent in the forecasts for Procambarus clarkii, 

whereas they range from approximately 11% to 51% of the total area in the 

predictions for C. destructor (see Table 1 in the Appendix D). In the models of 

Pacifastacus leniusculus, extrapolation also occurred across wide areas (from 

18% to 46% of the study area), whereas for E. sinensis these areas were 
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relatively smaller (2 to 23%). The magnitude of extrapolation was also variable. 

Pacifastacus leniusculus and E. sinensis exhibited the highest degree of 

extrapolation, whereas this parameter was generally lower for C. destructor, and 

was insignificant for Procambarus clarkii (Figure 4). Excluding the models for 

Procambarus clarkii, which were practically free from environmental 

extrapolation, the magnitude and geographical extent of areas where this type 

of extrapolation occurs increased with increasing changes in future climates for 

all other species. 

 

Figure 4 - Environmental extrapolation in each climatic scenario for (a) Cherax 
destructor, b) Eriocheir sinensis, (c) Pacifastacus leniusculus and (d) Procambarus 
clarkii. Predictions are made for current climate (2000) and three future time periods 
(2030, 2050 and 2080) under a low (B1) and high (A2) greenhouse gases emission 
scenario 

 

Discussion 

Given the accelerating rate and magnitude of climate change worldwide 

(IPCC 2007), the need to forecast the impacts of these changes on the 

distribution of existing invasive species is of obvious importance. Despite other 

modelling approaches being available (e.g. Kearney and Porter 2009), NBMs 

have become the primary reference tool in forecasting these impacts because of 
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the increased accessibility to modelling algorithms and sampling data, together 

with the relatively straightforward process of model building. However, previous 

research using NBMs to forecast future potential ranges of invaders has rarely 

been accompanied by explicit assessments of the uncertainty of their 

predictions, despite the large number of sources of uncertainty that are involved 

(but see Roura-Pascual et al. 2009). Our results highlight that the levels of 

reliability of these forecasts can be highly distinct among species and climate 

change projections. 

 

How reliable are our predictions? 

We found that differences in predictive performance were dependent on 

the statistical algorithm. RF and ADT consistently showed the highest predictive 

ability, followed by ANN, GLM, and finally SVG, which delivered the poorest 

mean accuracy. Comparative studies have shown that statistical algorithms able 

to generate complex responses provide a better fit to current species 

distributions (Elith et al. 2006; Mateo et al. 2010). However, it has been argued 

that this complexity arises at the expense of generalisation (Araújo and Rahbek 

2006), resulting in a decline in the ability of these models to predict for new 

areas (e.g. invasions) or the impact of climate change. A more informative 

interpretation of predictive performances is to observe the patterns of 

performance of multiple models among species. Interestingly, our species 

showed a consistent pattern of distinct performances, with all models performing 

better for Procambarus clarkii, followed by Pacifastacus leniusculus and E. 

sinensis, and finally C. destructor, which received the lowest accuracies. This 

pattern is similar to the overall variability found in the forecasts. These species 

differences may be related to multiple factors, such as the degree of equilibrium 

with the environment, species characteristics and/or the quality and quantity of 

the distribution data (Elith and Leathwick 2009; Newbold 2010; Grenouillet et al. 

2011) and a generalised low fit across multiple modelling techniques together 

with a high predictive variability, as found for C. destructor, indicates that the 

processes determining species distributions are not well represented by the 

sampled data.  
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A large number of studies have analysed the relationships between the 

ecological characteristics of species and the ability of models to predict current 

distributions (see Grenouillet et al. 2011 and references therein). These studies 

found that, overall, species with narrower niche breadth (‘specialist’ species) and 

narrower ranges provide the highest accuracies. However, our results contradict 

these findings, since the best performing species (Procambarus clarkii) was the 

most widespread invader. Yet, its physiological tolerances are similar to those of 

C. destructor (Nyström 2002), the least widespread of our species, which 

received the least accurate predictions. It is not clear what could have caused 

this pattern, but, when specifically focusing on these 2 species, we hypothesise 

that it could be related to (1) the degree of equilibrium of the invaders within 

the sampled environments or (2) data bias. For example, Procambarus clarkii 

has been deliberately introduced to many countries worldwide, and is currently 

invasive on all continents with the exception of Australia and Antarctica. In 

contrast, C. destructor, which has received a lower level of introduction effort 

worldwide, is only found in Australia and in some localised regions of Europe. 

Hence, the higher equilibrium of Procambarus clarkii with environmental 

conditions worldwide allows a better description of its fundamental niche, and 

consequently more robust predictions of its potential distribution. Furthermore, 

the degree of dispersal of all 4 target species in this study was also related to 

the availability of occurrence data. Accurate geographical data reporting either 

the native or invasive distribution of C. destructor at the spatial scale of this 

work was particularly difficult to find. In fact, for some relatively wide areas of 

its native range, we were not able to collect any occurrence data. This factor 

may also underlie the lower level of predictive reliability found for this species, 

since it may have caused an underestimation of the species climatic niche and 

also because it potentially increased the chances of sampling pseudo-absences 

in areas that are, in fact, suitable for its existence. Pseudo-absences are a well 

known source of uncertainty in NBMs (VanDerWal et al. 2009; Capinha et al. 

2011), and, in the context of model evaluation, records that are extracted from 

suitable locations might cause an increase in Type I statistical errors (false 

positives), leading to a reduction in the discrimination values calculated by AUC. 

We also suspect that these records are the cause for the higher ability of models 

in discriminating invasive ranges compared to native ranges based on pseudo-
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absences extracted from the surrounding area of species’ native occurrences. 

This is because these pseudo-absences and native occurrences are inherently 

spatially autocorrelated, which reduces the ability of models to differentiate 

between the two. These implications concur with the high influence of pseudo-

absences found in previous NBM exercises and, despite a large number of 

studies having already assessed their effects, we believe that guidelines about 

the best ways to generate these models under different circumstances are still 

lacking. 

Previous studies have highlighted the risks of predicting species 

distributions into new environmental spaces (Thuiller et al. 2004; Elith and 

Leathwick 2009; Fitzpatrick and Hargrove 2009). However, it is still not general 

practice to provide spatially explicit assessments about this source of 

uncertainty. The method we employed here is a simple but practical way of 

performing such assessment. We were able to geographically delimit the areas 

where climatic conditions were beyond the ranges used for model calibration, as 

well as quantify their dissimilarities. A more thorough evaluation should also test 

for new environmental combinations (see Fitzpatrick and Hargrove 2009; Elith et 

al. 2010). However, we consider that the strategy used here could be useful as a 

preliminary description of the problem. Our analysis highlighted remarkable 

differences on the spatial extent and magnitude of environmental extrapolation 

among species and future climate projections. Wider geographical extents of 

environmental extrapolation were found for C. destructor; however, E. sinensis 

and Pacifastacus leniusculus achieved higher dissimilarities to current conditions 

in some areas. Procambarus clarkii was virtually free of this source of 

uncertainty. In addition, the level of extrapolation was higher when the 

projected changes in the climate of the Peninsula were more extreme. These 

results highlight that, even in modelling exercises developed under the same 

methodological framework, the level of predictive uncertainty may be extremely 

distinct between species and/or scenarios of climate change. It is also interesting 

to verify that, despite known divergences on how models behave under 

extrapolation (Pearson et al. 2006; Elith and Graham 2009), a visual comparison 

between the maps of variability among predictions and those of environmental 

extrapolation reveals that the 2 factors are not related. This observation 

therefore indicates that maps of variability among predictions, which are being 
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increasingly used to tackle uncertainty in NBM exercises, provide little or no 

signal about the uncertainty arising from environmental extrapolation. 

Overall, we found distinct indicators of reliability in the predictions for the 

4 sampled species, with Procambarus clarkii and C. destructor being at opposite 

ends and Pacifastacus leniusculus and E. sinensis falling in between. 

Nonetheless, this evaluation refers only to sources of uncertainty that might be 

assessed in models, specifically methodological issues. Ultimately, ecological 

uncertainty is much more difficult to evaluate, and would require different 

approaches, such as experimental work. For example, 1 major concern is the 

possibility of species shifting their climate niches because of the release of 

historical and geographical constraints or because of evolutionary changes 

(Pearman et al. 2008; Lavergne and Molofsky 2007). In fact, the species 

evaluated in the current study are known to have established under new 

environmental conditions in their invaded ranges (Capinha et al. 2011), and the 

possibility to continue doing so should be expected. This ability would inevitably 

cause the ranges predicted in this study to be an underestimate. Hence, we 

acted cautiously, and calibrated our models using occurrences from both native 

and adventive ranges, aiming to provide a better estimate of the species 

fundamental niche. However, this procedure does not guarantee that the entire 

range of conditions in which our species are able to persist have been captured, 

particularly for those with lower levels of introduction effort worldwide, such as 

C. destructor. 

 

Potential distributions under future climate change 

Contrary to our initial expectations, the potential distributions of 

Procambarus clarkii, E. sinensis and C. destructor are projected to contract in 

the future. Today, the areas least suitable for Procambarus clarkii are exclusively 

found in the higher altitude mountains of the Iberian Peninsula, which are 

characterized by low temperatures and high precipitation levels. However, as 

time progresses, some currently optimal areas are also projected to become less 

suitable for this species, particularly in the interior of the Iberian Peninsula 

where the maximum extremes of higher temperature and dryness are projected 
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to occur. Despite this loss of suitability, the warmer and dryer areas of the 

Peninsula are shown to remain potentially suitable to this invader, even under 

the most severe climate change scenario that we simulated here (A2 in 2080).  

C. destructor, which is also a warm-water crayfish, shows a similar pattern of 

range change. However, in contrast to that predicted for Procambarus clarkii, 

most of the interior of the Peninsula is shown to become clearly unsuitable in the 

mid to long-term. We are uncertain about the future unsuitability of this area, as 

most studies suggest that the two species have similar tolerances to warm 

temperatures (Nyström 2002). In addition, the high levels of predictive 

uncertainty found for C. destructor (see above) suggest that a refinement of the 

modelling framework should be conducted in order to obtain higher confidence 

about the impact that climate change will have in its potential distribution.  

For E. sinensis, our forecasts show that the majority of the north and 

northwest of the Peninsula will remain climatically suitable in the future, but an 

overall loss of suitability is expected to occur in southern areas. However, the 

models also showed a high predictive variability in most of these southern areas. 

In fact, no population of this species currently exists in regions with similar 

climatic conditions to those projected for these southern areas (e.g. in the 

Mediterranean basin). However, it is unclear if the reason for this absence is due 

to climatic constraints, or other factors, such as dispersal limitation. Thus, while 

the continued suitability of the northern areas seems reliable, the loss projected 

to occur in the south is more uncertain and should be treated with caution.  

 Pacifastacus leniusculus is the species with the highest loss of climatic 

suitability in the future. This decrease is consistent with what we expected for 

this invader. Pacifastacus leniusculus is a cold-water crayfish that is able to 

survive in cold climates up to a latitude of 66°N in Scandinavia (Holdich 2002). 

However, this species has a low tolerance to very high temperatures, a 

characteristic that is often linked to its inability to establish in some regions (e.g. 

Sahlin et al. 2010), including most of Southern Iberia (Capinha and Anastácio 

2011). This relationship is also apparent in our predictions, which show the 

current climate in the south of the Iberian Peninsula as unsuitable for this 

crayfish. In both of the climatic scenarios that we tested here, these ‘southern 

climates’ are expected to shift north towards the Cantabric Sea (see Figure 7 in 
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the Appendix D) which explains the severe range contraction predicted for this 

species. 

 

Conclusions 

As climate change progresses, the Iberian Peninsula is projected to lose 

climatically suitable habitats for the 4 invaders studied here. However, the 

reliability of the forecasts was highly variable among species. These differences 

support that the interpretation of NBM predictions of future potential ranges for 

invaders is not a straightforward process (Elith and Leathwick 2009; Elith et al. 

2010). Ecologists should therefore make an effort to assess the uncertainties of 

their models, and, while some of these may be very difficult to quantify (e.g. 

niche shifts or biotic processes), others (mostly those related to methodological 

issues) can be evaluated by using relatively straightforward procedures. 

Measuring the agreement among predictions obtained from multiple statistical 

methods proved to be a useful approach under this context. For our 4 target 

species, we also found that environmental extrapolation was unrelated to the 

level of agreement between predictions. Predicting beyond the ranges of 

calibration data is an important source of uncertainty and, thus, we recommend 

that forecasts of climatic niches should be accompanied with maps of 

environmental extrapolation. Finally, we also highlighted that the differences 

found in the reliability of our forecasts might be related to multiple factors and, 

thus, we encourage future studies to investigate the conditions leading to more 

reliable predictions. 
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1. General discussion and future perspectives 

Overall, our results corroborate the strong predictive power of abiotic factors 

–particularly climate– in shaping the potential distribution of invasive species. 

Niche based models (NBM) based on the characteristics of physical environments 

were able to successfully predict the invasive ranges of the four invaders 

worldwide. Moreover, the high predictive power of abiotic factors was maintained 

at distinct spatial resolutions (i.e. 1 × 1 km, 10 × 10 km and 50 × 50 km grid 

cells) and also when the relative importance of non-abiotic factors was tested 

simultaneously. This consistent pattern of accuracy is supportive of the use of 

NBM based on environmental conditions for building risk assessments for 

invasive species (Elith and Leathwick 2009; Jiménez-Valverde et al. 2011; 

Peterson 2011; Petitpierre et al. 2012). However, we also identified both 

methodological and ecological/evolutionary sources of uncertainty, which can 

greatly reduce the model’s predictive accuracy or contribute for an increase of 

their uncertainty. 

Of particular relevance was the consistent finding that, in Europe, the Red 

swamp crayfish invades environmental conditions markedly distinct from the 

ones it occupies in its native range, a result also recently corroborated by Larson 

and Olden (2012). Niche shifts are a well know challenge for predicting biological 

invasions (Broennimann et al. 2007; Pearman et al. 2008; Gallagher et al. 

2010a) and for the case of the Red swamp crayfish it remains unclear what can 

be behind the observed changes. At the most basic level niche shifts correspond 

to modifications of the species realized niche (ecological origin) and/or its 

fundamental niche (evolutionary origin) however, a more precise knowledge of 

the mechanisms causing these changes is needed for attaining more reliable 

predictions of environmental suitability under global change (Pearman et al. 

2008; Wiens et al. 2010; Hoffmann and Sgrò 2011). Questions such as if certain 

characteristics of the species or environmental conditions favour the occurrence 

of niche shifts remain unanswered (Pearman et al. 2008). Thus, the 

identification of distinct levels of niche conservatism found here can be highly 
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valuable information for future work addressing these questions. Moreover, 

future research specifically exploring the mechanisms behind the niche shift 

observed for the Red swamp crayfish would also be desirable.  

 Besides ecological and evolutionary uncertainty we also identified multiple 

sources of methodological uncertainty in our predictions. Selection of calibration 

data is one of the most basic steps in NBM. However, we found that some of the 

differing selection strategies commonly used in the literature can yield markedly 

distinct predictions and that, for some cases, these perform close to what would 

be expected at random. For minimizing the uncertainty caused by potential niche 

shifts our results agreed with previous research advocating the simultaneous use 

of native and invasive distribution data for model calibration (Broennimann and 

Guisan 2008; Beaumont et al., 2009a). Complementary, we found that in the 

absence of better information, pseudo-absences should aim at increasing the 

representativeness of the conditions for which predictions will be made, even if 

this represents sampling areas for which the degree of propagule pressure is not 

known (e.g. worldwide or in the surrounding of native ranges). An alternative 

approach has been advocated by Elith et al. (2010) which consist on making the 

model’s response constant outside of the range of the training data (i.e. 

‘clamping’). Future work should aim at testing the advantages and limitations of 

one method over the other as well as their complementarities. Regardless of the 

method used, we also found that future analyses on the uncertainty of NBM 

predictions benefit from the analysis of maps of environmental extrapolation. 

This is because this source of uncertainty is not captured by maps of inter-model 

variability which are the most commonly used method for evaluating predictive 

uncertainty. 

Several other methodological factors showed to have clear implications on 

the reliability of the predictions. The clearest of these referred to the 

dissimilarities among predictions from distinct statistical algorithms, but these 

were also found among distinct model parameterizations or initial conditions (i.e. 

dependent and independent calibration data). In accordance with previous 
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research, we found that ensemble modelling and consensus methods are a 

valuable framework to deal with the distinct outcomes (e.g. Araújo and New 

2007; Marmion et al. 2009). In this thesis we further developed this approach 

for assessing species-environment relationships allowing to gain ecological 

insight and/or to validate the rationale of the predictions. Using this framework 

we identified temperature as the most important factor – among a group of 

multiple abiotic factors – in shaping the potential distribution of the three 

crayfish species in the Iberian Peninsula. Differences in their potential 

distributions were found to be mainly originated by distinct responses along 

thermal gradients. The complementary use of maps of inter-model variability 

showed to be also of importance because we found high variability even among 

predictions with good discrimination accuracy. By being spatially explicit, this 

measure allowed identifying the areas least consensual among predictions. A 

very clear example of the importance of this type of evaluation was found in the 

predictions of future climatic suitability of the Iberian Peninsula for the Chinese 

mitten crab, since the areas with higher model disagreement were precisely 

those projected to lose climatic suitability to the species.  

Taken as a whole, our results give support to the combined use of distinct 

techniques for evaluating the reliability of NBM predictions. Traditional 

evaluation approaches have almost entirely relied on the ability of models to 

discriminate between the species current occurrences and absences (or pseudo-

absences). However, this approach has been criticized when models aim at 

predicting across space and/or time because known species distributions –and 

inherently the validation data– do not reflect the fundamental niches, but 

instead the realized niches (Jiménez-Valverde et al. 2008). Thus, alternative or 

complementary approaches should be considered for predictions across space 

and/or time. Accordingly, we complemented traditional evaluation techniques 

with the approaches discussed above and found that better estimates of 

predictive reliability can be obtained. 
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Our analysis also highlighted a high invasion potential for the four invasive 

decapods studied. Working at macro-scales we identified a large number of 

environmentally suitable areas worldwide, the majority of which remaining 

unoccupied. Similar results were found for the Iberian Peninsula concerning the 

three least spread invaders (Chinese mitten crab; Signal crayfish and Yabby). 

These results were also recently supported by independent studies working with 

the Red swamp crayfish and the Signal crayfish (Liu et al. 2011a; Larson and 

Olden 2012). It is also expected that climatic changes will cause modifications 

on the potential ranges of the four invaders. We here focused on the Iberian 

Peninsula and found that the magnitude of the expected changes varies among 

species but also that a decline in the extent of suitable areas is expected for all 

four species as time progresses. These patterns are location specific and with 

the exception of the Red swamp crayfish (Liu et al. 2011a) the implications of 

climate change for these invaders at the global scale remain undetermined, thus 

future work on this matter would be valuable.  

The importance of estimates of environmental suitability was also 

emphasized by our results which suggested that, in Europe, the current 

distribution of the Red swamp crayfish and the Signal crayfish is largely 

associated with country-level propagule pressure and climatic suitability of 

receiving areas. Other well known invasion mechanisms such as biotic resistance 

or human disturbance showed a reduced or null contribution to the process. 

Given data limitations we were only able to perform this assessment for Europe 

and using coarse-grained data. It is thus not possible to know if this pattern can 

be extrapolated to other invaded regions of the globe or at finer resolutions; 

however, it clearly indicates a strong invasive ability for the two species. If more 

detailed data arises in the future we suggest performing similar analyses for new 

areas and at multiple spatial resolutions.  

Our results also allowed a deeper insight about the environmental conditions 

potentially determining the successful establishment of each invader. From the 

multiple abiotic factors tested, thermal factors consistently showed to be of high 
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importance. The Red swamp crayfish and the Yabby evidenced a higher 

preference for warmer conditions than the Signal crayfish, a species more 

tolerant to cold. However, distinct tolerances to low temperatures were found 

between the Red swamp crayfish and the Yabby. Proximity to coastal waters was 

also an expected requirement of the Chinese mitten crab. Future work could use 

this sort of information (i.e. correlative) for comparison and/or integration with 

data originated from physiological experiments, potentially yielding a deeper 

knowledge about the invader’s fundamental niches (e.g. Monahan 2009).  

Knowledge about current and future potential ranges of the four invasive 

decapods is of specific interest for conservation. The patterns of climatic 

suitability expressed by our models indicate a large overlap of suitable areas and 

biodiversity hotspots worldwide (Myers et al. 2000). Although some of these 

hotspots may be largely representing species immune to the negative effects of 

these invaders (e.g. birds) others comprise a large number of endemic taxa 

potentially affected (e.g. Mediterranean amphibians; Cruz et al. 2008; Ficetola et 

al. 2011). This thesis did not specifically aim at estimating the impacts of the 

invaders in nature. However, future work could further extend our analyses to 

obtain more precise estimates of potential biodiversity loss or for supporting 

conservation actions. For instance, given the large amount of evidence that 

North American invasive crayfish are a primary driver of decline of European 

crayfish fauna (Holdich et al. 2009), a certainly valuable future research would 

be to estimate current and future overlap of potential ranges between these two 

groups of species. 
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2. Conclusions 

Overall, our results agree with the general perception that the predictive 

ability of invasion ecology in general, and niche based models for invasive 

species in particular, have increased in recent years (Davis 2009; Elith and 

Leathwick 2009; Petitpierre et al. 2012). Using correlative models we were able 

to predict the current invasive ranges of four problematic decapods at multiple 

spatial scales. In addition, it was also found that a thorough evaluation of 

multiple sources of uncertainty can be useful for investigating the reliability of 

these predictions across space and/or time. However, our results also 

highlighted multiple methodological issues that should continue being examined 

in order to obtain more reliable predictions. Among these are even basic aspects 

of model building such as the selection of calibration data or statistical model. 

Future research may particularly benefit from the increasing availability of large-

scale datasets of species distributions (e.g. the Global Biodiversity Information 

Facility). We suggest using these data for revaluating long-standing questions 

such as the identification of ‘ideal’ statistical algorithms, desirable levels of 

model complexity or data requirements. Answering questions such as these 

would be certainly valuable for increasing the predictive ability (and overall 

reliability) of invasion ecology. 

Besides methodological sources of uncertainty, it is also important to 

examine potential ecological and/or evolutionary changes. Similarly to previous 

studies (e.g. Broennimann et al. 2007; Gallagher et al. 2010a) we found that 

invaders are able to shift their niches (i.e. occupy environmental conditions 

distinct from those occupied previously). Much of these shifts can be originated 

from changes on the invaders realized niches (Perman et al. 2008; Rödder et al. 

2009) thus emphasizing the importance of an increase in the integration of biotic 

factors and dispersal barriers into the analyses. Similarly, a closer integration 

with evolutionary models and phylogenetics may improve the anticipation of 

changes on fundamental niches (Perman et al. 2008). 
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Our analyses also indicate that in the short-term the four decapods studied 

will continue to expand their ranges worldwide. In the Iberian Peninsula this may 

also occur, but in the long-term it is expected an overall hampering effect of 

climate change. In fact, climate and particularly thermal conditions showed a 

strong correlation with the distribution of these species. Thus, we suggest that 

estimates of potential distribution –and associated impacts– of these invaders in 

new regions should consider the fast changes predicted for future climates (IPCC 

2007).  
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APPENDIX A (CHAPTER2) 

Predicting worldwide invasiveness for four major problematic decapods: an evaluation of using different 

calibration sets 

 

Table 1 - Number of records in calibration datasets for each species using native range occurrences (NRO), native and invasive 

occurrences (NIO) and invaded range occurrences (IRO), coupled with within native range pseudo-absences random extraction 

(NRA), native and invasive ranges pseudo-absences random extraction (NIA) and the common spatially worldwide random pseudo-

absences (WRA). Occurrence records in NRO and IRO models correspond to 80% of total records collected for each species in its 

respective range. NIO models include an equal number of native and invasive occurrences corresponding each to the minimum 

available of one of the ranges. These occurrences were coupled with a same number of pseudo-absences for each pseudo-absence 

type. For maximizing their representativeness we made 20 replicate datasets for each combination, each containing an independently 

drawn set of pseudo-absences. 

Model C. destructor E. sinensis  P. leniusculus P. clarkii 

NRO-NRA 82 (native) 81 (native) 100 (native) 138 (native) 

NRO-NIA 82 (native) 81 (native) 100 (native) 138 (native) 

NRO-WRA 82 (native) 81 (native) 100 (native) 138 (native) 

NIO-NRA 82 (41 native + 41 

invasive) 

162 (81 native + 81 

invasive) 

200 (100 native + 100 

invasive) 

276 (138 native + 138 

invasive) 

NIO-NIA 82 (41 native + 41 

invasive) 

162 (81 native + 81 

invasive) 

200 (100 native + 100 

invasive) 

276 (138 native + 138 

invasive) 

NIO-WRA 82 (41 native + 41 

invasive) 

162 (81 native + 81 

invasive) 

200 (100 native + 100 

invasive) 

276 (138 native + 138 

invasive) 

IRO-NRA 41 (invasive) 155 (invasive) 352 (invasive) 340 (invasive) 

IRO-NIA 41 (invasive) 155 (invasive) 352 (invasive) 340 (invasive) 

IRO-WRA 41 (invasive) 155 (invasive) 352 (invasive) 340 (invasive) 
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Table 2 - Best mean root mean squared errors (RMSE) its standard deviation (SD) and number of nodes in the artificial neural 

network providing it during the training sessions. Number of nodes was based on the number of calibration cases (n) in each 

calibration dataset type. Models were built using native range occurrences (NRO), native and invasive occurrences (NIO) and invaded 

range occurrences (IRO), coupled with within native range pseudo-absences random extraction (NRA), native and invasive ranges 

pseudo-absences random extraction (NIA) and the common spatially worldwide random pseudo-absences (WRA). 

  
NRO  NIO  IRO 

Species Pseudo-

absence

s 

Best  

mean 

RMSE 

SD Nodes 

in 

network 

 Best 

mean 

RMSE 

SD Nodes 

in 

network 

 Best 

mean 

RMSE 

SD Nodes 

in 

network C. 

destructor 

NRA 0.49 0.11 0   0.44 0.07 (n/10)/2   0.16 0.04 0 

NIA 0.47 0.1 (n/10)/2  0.49 0.08 (n/10)/2  0.43 0.06 n/10 

WRA 0.30 0.07 (n/10)/2   0.30 0.54 n/10   0.34 0.07 n/10 

E. sinensis 
NRA 0.43 0.09 (n/10)/2   0.34 0.05 (n/10)/2   0.15 0.04 0 

NIA 0.34 0.08 (n/10)/2  0.36 0.06 (n/10)/2  0.23 0.05 (n/10)/2 

WRA 0.23 0.05 n/10   0.29 0.04 (n/10)/2   0.24 0.06 n/10 

P. 

leniusculus 

NRA 0.44 0.09 n/10   0.38 0.06 0   0.19 0.05 (n/10)/2 

NIA 0.38 0.06 (n/10)/2  0.37 0.06 (n/10)/2  0.31 0.05 n/10 

WRA 0.35 0.09 n/10   0.27 0.07 (n/10)/2   0.27 0.06 0 

P. clarkii 
NRA 0.42 0.11 n/10   0.38 0.11 (n/10)/2   0.18 0.05 n/10 

NIA 0.3 0.05 n/10  0.39 0.07 (n/10)/2  0.28 0.03 (n/10)/2 

WRA 0.22 0.03 (n/10)/2   0.32 0.04 n/10   0.30 0.04 (n/10)/2 

 



Appendix 

 

 
152 

 

Table 3 - Number of records used for evaluating the predictions. Numbers of occurrences 

correspond to 20% of total records collected for each species in its respective range. These 

records were coupled with an equal number of worldwide random pseudo-absences. For 

maximizing the representativeness of pseudo-absences we made 10 replicates of each validation 

dataset, each containing an independently drawn set of pseudo-absences. 

Species Range Validation occurrences Validation pseudo-absences 

C. 

destructor 

Native  21 21 

Invasive 10 10 

E. sinensis  

Native  20 20 

Invasive 39 39 

P. 

leniusculus 

Native  25 25 

Invasive 88 88 

P. clarkii 

Native  35 35 

Invasive 85 85 
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Table 4 - Standard deviation of validation results of kappa statistic (k) and area under the curve 

of receiver-operating characteristic (ROC-AUC) for native ranges using native range occurrences 

(NRO), native and invasive occurrences (NIO) and invaded range occurrences (IRO), coupled with 

within native range pseudo-absences random extraction (NRA), native and invasive ranges 

pseudo-absences random extraction (NIA) and the common spatially worldwide random pseudo-

absences (WRA).  

  NRO  NIO  IRO 

Species 

Pseudo-

absences SD (k) 

SD 

(ROC-

AUC) 
 SD (k) 

SD 

(ROC-

AUC) 
 SD (k) 

SD 

(ROC-

AUC) 

C. 

destructor 

NRA 0.066 0.061  0.072 0.060  0.050 0.061 

NIA 0.062 0.053  0.052 0.057  0.056 0.042 

WRA 0.031 0.029  0.031 0.028  0.029 0.021 

E. sinensis 

NRA 0.033 0.031  0.031 0.030  0.041 0.030 

NIA 0.029 0.035  0.045 0.032  0.042 0.046 

WRA 0.022 0.017  0.020 0.011  0.024 0.023 

P. 

leniusculus 

NRA 0.031 0.026  0.021 0.030  0.039 0.035 

NIA 0.055 0.032  0.041 0.034  0.061 0.047 

WRA 0.028 0.015  0.022 0.022  0.020 0.013 

P. clarkii 

NRA 0.022 0.020  0.037 0.042  0.009 0.011 

NIA 0.029 0.021  0.034 0.033  0.022 0.018 

WRA 0.019 0.011  0.022 0.014  0.028 0.024 
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Table 5 - Standard deviation of validation results of kappa statistic (k) and area under the curve 

of receiver-operating characteristic (ROC-AUC) for invasive ranges using native range occurrences 

(NRO), native and invasive occurrences (NIO) and invaded range occurrences (IRO), coupled with 

within native range pseudo-absences random extraction (NRA), native and invasive ranges 

pseudo-absences random extraction (NIA) and the common spatially worldwide random pseudo-

absences (WRA). 

  NRO  NIO  IRO 

Species Pseudo-absences k SD 

ROC-AUC 

SD  k SD 

ROC-

AUC SD  k SD 

ROC-AUC 

SD 

C. destructor 

NRA 0.041 0.036   0.055 0.034   0.031 0.041 

NIA 0.042 0.041  0.050 0.038  0.031 0.033 

WRA 0.033 0.029   0.027 0.027   0.020 0.021 

E. sinensis 

NRA 0.042 0.036  0.028 0.028  0.034 0.032 

NIA 0.029 0.032  0.022 0.024  0.034 0.030 

WRA 0.025 0.017   0.028 0.022   0.023 0.019 

P. leniusculus 

NRA 0.036 0.033  0.039 0.042  0.035 0.036 

NIA 0.036 0.038  0.032 0.034  0.022 0.022 

WRA 0.031 0.029   0.026 0.023   0.022 0.019 

P. clarkii 

NRA 0.026 0.028  0.031 0.031  0.043 0.044 

NIA 0.036 0.037  0.022 0.025  0.032 0.029 

WRA 0.042 0.038   0.024 0.026   0.021 0.018 
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Table 6 - Standard deviation of validation results of kappa statistic (k) and area under the curve of receiver-operating characteristic 

(ROC-AUC) of a weighted average of all single-models WA(all), a weighted average of all single-models using native range 

occurrences WA(NIO), a weighted average of all single-models using native and invasive occurrences WA(NIO), a weighted average 

of all single-models with invasive range occurrences WA(IRO), a weighted average of all single-models using native range pseudo-

absences WA(NRA), a weighted average of all single-models using native and invasive ranges pseudo-absences random extraction 

WA(NIA) and a weighted average of all single-models using worldwide random pseudo-absences WA(WRA).  

  WA(all)   WA(NRO)   WA(NIO)  WA(IRO)   WA(NRA)   WA(NIA)  WA(WRA) 

Species Range k 

ROC-

AUC   k 

ROC-

AUC   k 

ROC-

AUC  k 

ROC-

AUC   k 

ROC-

AUC   k 

ROC-

AUC  k 

ROC-

AUC 

C. 

destructor 

Native 0.58 0.72   0.71 0.81   0.57 0.69   0.47 0.57   0 0.15   0.17 0.32   0.9 0.98 

Invaded 0.61 0.73   0.53 0.64   0.66 0.8   0.64 0.74   0.23 0.52   0.27 0.4   0.79 0.96 

E. sinensis 

Native 0.64 0.73   0.75 0.87   0.65 0.79  0.34 0.38   0.12 0.49   0.38 0.55  0.62 0.88 

Invaded 0.73 0.85   0.64 0.74   0.79 0.89   0.79 0.9   0.7 0.89   0.71 0.82   0.86 0.97 

P. 

leniusculus 

Native 0.61 0.73   0.75 0.85   0.59 0.73  0.27 0.56   0.11 0.55   0.53 0.61  0.74 0.94 

Invaded 0.73 0.84   0.58 0.7   0.74 0.88   0.74 0.92   0.77 0.95   0.63 0.76   0.87 0.97 

P. clarkii 

Native 0.62 0.77   0.8 0.91   0.61 0.7  0.27 0.32   0 0.34   0.12 0.24  0.84 0.98 

Invaded 0.69 0.84   0.55 0.67   0.73 0.88   0.76 0.92   0.67 0.85   0.67 0.79   0.79 0.94 



Table 7 - Ranks of variable importance measured using the connection weights approach 

(Olden et al. 2004). Models were built using native range occurrences (NRO), native and 

invasive occurrences (NIO) and invaded range occurrences (IRO), coupled with within 

native range pseudo-absences random extraction (NRO), native and invasive ranges 

pseudo-absences random extraction (NIA), and the common spatially worldwide random 

pseudo-absences (WRA). 

  Independent variables 

  alt amte anpr dist fros maxtw mintcm pred prew trang

NRO - NRA 

C. destructor 4 5 2 - 3 6 1 8 9 7 

E. sinensis 2 5 3 4 1 7 6 8 9 10 

P. leniusculus 5 3 2 - 4 8 1 7 6 9 

P. clarkii 5 6 8 - 1 2 4 7 3 9 

NRO - NIA 

C. destructor 5 2 4 - 1 6 3 8 9 7 

E. sinensis 1 4 7 2 5 9 3 6 10 8 

P. leniusculus 9 4 3 - 1 8 2 5 6 7 

P. clarkii 6 2 8 - 3 4 1 5 7 9 

NRO - NRA 

C. destructor 7 3 5 - 4 1 2 8 6 9 

E. sinensis 7 6 5 1 3 4 2 8 9 10 

P. leniusculus 8 5 2 - 4 3 1 9 6 7 

P. clarkii 9 2 5 - 6 1 3 4 8 7 

NIO - NRA 

C. destructor 7 2 4 - 3 1 6 5 9 8 

E. sinensis 1 3 5 6 2 9 4 8 7 10 

P. leniusculus 4 1 5 - 2 6 3 8 9 7 

P. clarkii 5 4 6 - 3 1 7 8 2 9 

NIO - NIA 

C. destructor 6 2 4 - 3 9 1 7 8 5 

E. sinensis 3 5 4 1 2 7 6 8 10 9 

P. leniusculus 8 1 6 - 2 7 3 4 5 9 

P. clarkii 6 3 4 - 2 5 1 9 8 7 

NIO - WRA 

C. destructor 8 2 6 - 5 3 1 7 4 9 

E. sinensis 6 4 7 1 2 3 5 8 10 9 

P. leniusculus 9 4 3 - 5 1 2 8 7 6 

P. clarkii 9 2 4 - 5 3 1 6 8 7 

IRO - NRA 

C. destructor 3 5 6 - 1 4 2 7 9 8 

E. sinensis 1 3 6 4 2 8 5 10 9 7 

P. leniusculus 4 3 5 - 2 7 1 6 9 8 

P. clarkii 4 7 6 - 3 1 2 9 8 5 

IRO - NIA 

C. destructor 4 1 8 - 3 5 2 6 9 7 

E. sinensis 3 4 6 1 2 7 5 8 10 9 

P. leniusculus 5 1 7 - 4 6 2 3 8 9 

P. clarkii 4 3 6 - 2 7 1 9 5 8 

IRO - WRA 

C. destructor 6 4 7 - 3 2 1 5 8 9 

E. sinensis 9 4 3 2 5 1 6 10 8 7 

P. leniusculus 7 5 4 - 3 2 1 6 9 8 

P. clarkii 9 3 2 - 7 4 1 5 8 6 

 

References 

Olden JD, Joy MK, Death RG (2004) An accurate comparison of methods for 
quantifying variable importance in artificial neural networks using simulated data. 

Ecological Modelling 178: 389-397 
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APPENDIX B (CHAPTER3) 

Geographic variability in propagule pressure and climatic suitability 
explain the European distribution of two highly invasive crayfish 

 

Table 1 List of crayfish species which have co-occurring European populations with 
the Red swamp crayfish or the Signal crayfish and are known competitors for 
resources or space. Listed references represent only a subset of studies referring 
to these biotic interactions. 

 

 Red swamp crayfish Signal crayfish 

Red swamp crayfish 

(Procambarus clarkii 
Girard) 

 
Alonso and Martínez 

(2006) 

Spiny cheek crayfish 

(Orconectes limosus 
Rafinesque) 

- Hudina et al. (2011) 

Noble crayfish 

(Astacus astacus 
Linnaeus) 

- Bäck (1995) 

White-clawed crayfish 

(Austropotamobius 
pallipes Lereboullet) 

Gherardi and Cioni 
(2004) 

Dunn et al. (2009) 

Stone crayfish 

(Austropotamobius 
torrentium Shrank) 

- 
Vorburger and Ribi 

(1999) 

Narrow-clawed crayfish 

(Astacus leptodactylus 
Eschscholtz) 

- Holdich et al. (1995) 

 

References 

Alonso F, Martínez R (2006) Shelter competition between two invasive crayfish 

species: a laboratory study. Bulletin Français de la Pêche et de la 

Pisciculture.  380-381: 1121-1132 
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Bäck BS (1995) Replacement of the native crayfish Astacus astacus by the 

introduced species Pacifastacus leniusculus in a Swedish lake: possible 

causes and mechanisms. Freshwater biology 33: 291-304 

Dunn J, McClymont H, Christmas M et al. (2009) Competition and parasitism in the 

native White Clawed Crayfish Austropotamobius pallipes and the invasive 

Signal Crayfish Pacifastacus leniusculus in the UK. Biological Invasions 11: 

315-324 

Gherardi F, Cioni A (2004) Agonism and interference competition in freshwater 

decapods. Behaviour, 141: 1297-1324 

Holdich DM, Reader JP, Rogers WD et al. (1995) Interactions between three 

species of crayfish (Austropotamobius pallipes, Astacus leptodactylus and 

Pacifastacus leniusculus). Freshwater Crayfish 10: 46-56 

Hudina S, Galić N, Roessink I, et al.( 2011) Competitive interactions between co-

occurring invaders: identifying asymmetries between two invasive crayfish 

species. Biological Invasions, 13: 1791-1803 

Vorburger C, Ribi G (1999) Aggression and competition for shelter between a 

native and an introduced crayfish in Europe. Freshwater biology 42: 111-

119 
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Figure 1 - Worldwide occurrences for the Signal crayfish 

 

 

 

Figure 2 - Worldwide occurrences for the Red swamp crayfish 
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Figure 3 - Candidate explanatory variables used for predicting the current European 
distribution of the Signal crayfish: (a) country-level introduction effort; (b) mean human 
footprint; (c) richness of competing crayfish species; (d) climatic suitability based on the 
climatic conditions occupied in the native range; (e) climatic suitability based on the 
climatic conditions occupied in invaded areas outside Europe and (f) climatic suitability 
based on the climatic conditions occupied in the native range and in invaded areas outside 
Europe 
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Figure 4 - Candidate explanatory variables used for predicting the current European 
distribution of the Red swamp crayfish: (a) country-level introduction effort; (b) mean 
human footprint; (c) richness of competing crayfish species; (d) climatic suitability based 
on the climatic conditions occupied in the native range; (e) climatic suitability based on the 
climatic conditions occupied in invaded areas outside Europe and (f) climatic suitability 
based on the climatic conditions occupied in the native range and in invaded areas outside 
Europe 
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Figure 5 - Smoothed partial dependence plots of one representative boosted regression 
trees model for the Signal crayfish using a climatic suitability model based on the species 
native range. The relative contribution of each predictor in this specific model is show in 
parenthesis 

 

 

 

Figure 6 - Smoothed partial dependence plots of one representative boosted regression 
trees model for the Signal crayfish using climatic suitability based on the species invasive 
range outside the study area. The relative contribution of each predictor in this specific 
model is show in parenthesis 
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Figure 7 - Smoothed partial dependence plots of one representative boosted regression 
trees model for the Red swamp crayfish using a climatic suitability model based on the 
species native range. The relative contribution of each predictor in this specific model is 
show in parenthesis 

 

 

 
Figure 8 - Smoothed partial dependence plots of one representative boosted regression 
trees model for the Red swamp crayfish using climatic suitability based on the species 
invasive range outside the study area. The relative contribution of each predictor in this 
specific model is show in parenthesis 
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APPENDIX C (CHAPTER4) 

 
Assessing the environmental requirements of invaders using ensembles of 

distribution models 

 

 

 

Figure 1  - Native (black circles) and invasive occurrences (grey circles) of (a) Cherax 

destructor, (b) Eriocheir sinensis, (c) Pacifastacus leniusculus and (d) Procambarus clarkii 

used for model calibration 
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Table 1 - Parameterization values selected (x) for predicting the distribution of the four 

decapod species using: artificial neural networks (ANN); classification tree analysis (CTA); 

generalized additive models (GAM); generalized boosted regression models (GBM) and 

generalized linear models (GLM). Tested values were chosen by taking into account the 

default values used by the BIOMOD package (Thuiller et al. 2009) and making them vary 

at regular intervals. Parameters not mentioned were set to default values. For the 

multivariate adaptive regression splines, mixture discriminant analysis and random forest 

for classification and regression algorithms we only tested the default parameter values. 

When distinct parameterizations provided equal predictive performance the most 

parsimonious model was selected. 

 

References 

Thuiller W, Lafourcade B, Engler R et al. (2009) BIOMOD – a platform for ensemble 

forecasting of species distributions. Ecography 32:369–373 

 
 

  

Model Parameter Value Best performing parametrization 

C. E. P. P. 

ANN 
Number of cross-validation 

episodes 

1         

5 x    

10  x x x 

15         

CTA 
Number of cross-validation 

episodes 

20         

40 x    

60  x   

80   x x 

100         

GAM 
Degree of smoothing of the 

spline function 

3 x x     

4   x  

5    x 

6         

GBM Maximum number of trees 

1000         

2000 x x x  

3000    x 

4000     

5000     

6000         

GLM Complexity of the terms 
linear  x x     

polynomial   x  

quadratic       x 
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APPENDIX D (CHAPTER 5) 

 
Predicting the impact of climate change on the invasive decapods of the 

Iberian inland waters: an assessment of reliability 

 

 
Table 1 - Percentage of the study area where at least one climatic variable falls outside its 

range in the species calibration data. Predictions were made for three future time periods 

(2030, 2050 and 2080) under low (B1) and high (A2) greenhouse gases emission 

scenarios. 

  C. destructor   E. sinensis   P. leniusculus   P. clarkii 

 B1 A2  B1 A2  B1 A2  B1 A2 

2030 11.2 19.6  2.6 2.1  18.4 15.2  0 0.5 

2050 19.4 25.5  6.2 10.9  18.7 26.1  0 0.2 

2080 38.6 50.6   13 22.8   28.3 46.2   0 0 



 

 

Figure 1 - Native and invasive occurrences of 

of the species native occurrences 
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Native and invasive occurrences of Cherax destructor used for model calibration. Native range is delimited as the convex

 

 

used for model calibration. Native range is delimited as the convex-hull 



 

 

Figure 2 - Native and invasive occurrences of 

the species native occurrences 
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Native and invasive occurrences of Eriocheir sinenis used for model calibration. Native range is delimited as the convex

 

 

used for model calibration. Native range is delimited as the convex-hull of 



 

 

Figure 3 - Native and invasive occurrences of 

convex-hull of the species native occurrences 
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Native and invasive occurrences of Pacifastacus leniusculus used for model calibration. Native range is delimited as the 

 

 

 

used for model calibration. Native range is delimited as the 



 

 

Figure 4 - Native and invasive occurrences of 

of the species native occurrences 
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Native and invasive occurrences of Procambarus clarkii used for model calibration. Native range is delimited as the convex

 

 

used for model calibration. Native range is delimited as the convex-hull 
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Text 1 - Description of the correlative algorithms used 

Generalized linear models (GLM) correspond to a flexible generalisation of 

the ordinary least squares regression since they allow multiple distributions to be 

modelled in the response variable and non-constant variance functions (Guisan et 

al. 2002). Here, we used binomial GLMs with a logit link function to predict the 

probability of species presence. Despite being widely used in NBMs, GLMs assume 

a linear relationship between the response and the predictors, and as such may 

have limited success if these relationships are complex (Elith at al. 2006). 

Multilayer perceptron artificial neural networks (MP-ANN) are supervised machine 

learning models that use a set of training data to infer functions that best describe 

the relationships between a response variable and a set of predictors. Due to their 

non-parametric nature, MP-ANNs are considered to be particularly appropriate for 

addressing the complexity and non-linearity of ecological data (Lek and Guégan 

1999). However, the degree of flexibility of these models should be regulated to 

avoid overfitting the training data. Here we used MP-ANN with 1 hidden layer 

composed of 8 processing nodes, each with a logistic activation function. To avoid 

overfitted relationships, we used a stopping rule in the training process. Models 

were allowed to search for the best fit over a maximum of 6000 learning cycles, as 

long as the predictions did not exceed more than 500 consecutive cycles without 

improving their predictive performance. Support vector machines (SVM) are a 

distinct set of supervised machine learning models. These models produce 

classification rules by building a set of hyperplanes in the environmental space that 

is provided by the predictors. New data are then classified by using the hyperplane 

that provides the largest separation between the classes found on the response 

variable. For this study, the SVM model was trained using the sequential minimal 

optimisation algorithm (Platt 1999). Final probability estimates were obtained by 

fitting logistic regression models to the outputs of the SVM. Random forests (RFs) 

are an ensemble classifier that is based on the generation of multiple classification 

trees. Classification is made by choosing the class predicted by the higher number 

of classification trees in the forest. Here we used RF with 100 classification trees. 

Alternating decision trees (ADT) is another type of tree based classification method 

that uses boosting to combine weak classifiers based on 1-level decision trees. 

ADT is distinct from most decision tree methods in that instances can take multiple 

paths, and classification is based on the sum of the weights found along them. To 
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our knowledge, this is the first study to use this statistical algorithm for the 

analysis of species distributions. Nonetheless, we selected this method on the basis 

of its good predictive accuracy supported by other areas of research (e.g., Zhao 

and Zhang 2008). In this study we ran ADT with 20 boosting interactions. 
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Figure 5 - Schematic representation of the methodological framework for (a) evaluating 

predictive performances and selecting type of pseudo

current and future conditions and assessing predictive variability 

extrapolation 
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Schematic representation of the methodological framework for (a) evaluating 

predictive performances and selecting type of pseudo-absences and, (b) predicting under 

current and future conditions and assessing predictive variability and environmental 

 

 

Schematic representation of the methodological framework for (a) evaluating 

absences and, (b) predicting under 

and environmental 



Appendix 

 

 
174 

 

 

Figure 6 - Mean AUC values of all models in discriminating either native (dark grey) or 

invasive (light grey) occurrences of  (a) Cherax destructor, (b) Eriocheir sinensis,(c) 

Pacifastacus leniusculus and (d) Procambarus clarkii from local pseudo absences 

extracted at distinct maximum distances (200, 400, 600, 800 and 1000 km) from the 

convex-hull of the species native occurrences. Circle size refers to standard deviation 
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Figure 7 - Spatial distribution of (a) mean diurnal range, (b) maximum number of rainy 

days in a month, (c) mean minimum temperature of the coldest month, (d) mean yearly 

total rainfall, (e) mean maximum temperature of the warmest month and (f) mean 

maximum rainfall in the driest month, for both current (2000) and future time periods 

(2030, 2050 and 2080) under a low (B1) and high (A2) greenhouse gases emission 

scenario 
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