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Abstract  Globally, human activities profoundly 
influence biodiversity, frequently favouring biological 
invasions. Crayfish, prominent invaders on multiple 
continents, pose significant varied threats. Using spe-
cies distribution models (SDMs), this study explores 
the current and future potential distribution of  Pon-
tastacus leptodactylus, a widely introduced but under-
studied crayfish, at Eurasian scale. Climate is crucial 
for most species’ distributions and historically SDMs 
focused primarily on these variables, while overlook-
ing other environmental factors influencing species 
occurrence. This research employed 2 approaches: 
one climatic and one broader environmental model 

encompassing soil pH and elevation data. Both meth-
ods revealed high suitability for the species, particu-
larly currently in Central-Europe. Future climate 
scenarios for 2050 do not seem to favour the species 
in terms of intermediate-high suitability regions, 
with contractions also in the native regions with 
both approaches. However, remarkable discrepan-
cies were observed in some North-European regions; 
with the climatic approach predicting high suitability 
where the environmental approach did not. This study 
identifies  P. leptodactylus  as a widespread success-
ful species outside its native range with potential for 
expansion under current conditions. The synthesised 
continental overview and projected distribution maps 
aid in prioritising monitoring and prevention efforts 
while underlining the importance for using environ-
mental as well as climatic variables in SDMs.

Keywords  Bioclimatic predictions · Biological 
invasions · Climate change · Narrow-clawed crayfish · 
Species distribution models

Introduction

Globally, biological invasions are one of the most evi-
dent symptoms of human activities on biodiversity 
distribution (IPBES, 2023). The rate of invasions is 
not predicted to saturate in the future and will likely 
increase with climate change precipitating higher 
rates of successful establishment (Rahel & Olden, 
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2008; Pecl et al., 2017; Seebens et al., 2020). Inland 
waters are particularly vulnerable to biological inva-
sion due to high connectivity between systems and 
a pervasive lag in detection time which makes early 
management particularly challenging (Strayer et  al., 
2006; Simberloff, 2021; Guareschi et al., 2021). Thus, 
to reduce future negative outcomes, an emphasis 
should be on preventing successful establishment of 
invasive species (Strayer, 2010), meaningful biosecu-
rity legislation needs to be pre-emptive rather than 
reactive. By predicting which areas are threatened by 
invasion and how this may adjust with future scenar-
ios, policy can be implemented proactively to prevent 
invasion and manage potential high impact invasive 
species (Bradley et al., 2023).

Freshwater crayfish are extremely successful 
global invasive species which have multiple and 
varied ecological and economic impacts (Twar-
dochleb et  al., 2013; Kouba et  al., 2022). Crayfish 
are large-bodied polytrophic omnivores which con-
sume resources across the food web and alter nutri-
ent cycling through shredding behaviour (Dunoyer 
et al., 2014; Doherty-Bone et al., 2018; South et al., 
2019; Madzivanzira et al., 2022). Predation and eco-
logical engineering, through burrowing behaviours, 
have caused decline in native species and long-term 
change to macro-invertebrate and fish communities 
(Mathers et al., 2020; Galib et al., 2021; Sanders et al. 
2021).

Pontastacus leptodactylus (Eschscholtz, 1823) 
(Crustacea: Decapoda, common name: narrow-
clawed crayfish), despite uncertainty regarding the 
validity of the species complex (Bláha et  al., 2023), 
is considered as native to the Ponto-Caspian region 
(e.g., drainage areas of the Azov, Black, and Cas-
pian Seas, but also the lower Danube catchment area: 
Kouba et  al., 2014; Bláha et  al., 2023). It is one of 
the largest freshwater crayfish species, with a maxi-
mum body length of ca. 200 mm and mass of up to 
178 g (Bök et al., 2013) and can be found in freshwa-
ter and brackish environments (Holdich et al., 1997) 
inhabiting both lotic (e.g., rivers) and lentic ecosys-
tems (e.g., coastal areas of lakes and reservoirs). Due 
to these traits, the species has been widely introduced 
in Central and Northern Europe through the aquacul-
ture pathway and in some instances to support fisher-
ies (Alvanou et al., 2022; Bláha et al., 2023). Recent 
range expansions into northern Europe have been 
attributed to climate change reducing the thermal 

invasion barrier to establishment (invasive status 
sensu Blackburn et  al., 2011) and thermal plasticity 
in the species (e.g., Berezina et al., 2021). Some flag-
ship invasive crayfish species have been studied inten-
sively (e.g. Pacifastacus leniusculus (Dana, 1852) 
and Procambarus clarkii (Girard, 1852)), to predict 
and understand their invasive ranges and trajecto-
ries (e.g., Zhang et al., 2020; Guareschi et al., 2024). 
However, other potentially damaging non-native cray-
fish, such as P. leptodactylus, remain considerably 
under-studied to date, with records being rather old 
and scattered for various reasons (e.g., complex phy-
logeographic patterns, morphological diversity, and 
nomenclatural status, Bláha et al., 2023).

Robustly determining species future invasive range 
is a key step in creating preventative policy for bio-
diversity conservation. Species Distribution Models 
(SDMs) can be useful tools to predict potential suit-
able habitat for invasive species by incorporating 
bioclimatic and environmental variables with species 
occurrence data (Jeschke & Strayer, 2008; Guareschi 
et  al., 2024). This can identify bridgehead regions 
through which invasion is likely, and areas of high 
invasion risk by single or multiple species as well as 
areas to be prioritised for protection (e.g., Guareschi 
et  al., 2013; Gallardo & Aldridge, 2020; Ricciardi 
et al., 2020).

The distribution of a wide range of invaders is 
primarily limited by climate (Gallardo et  al., 2015). 
Historically, many SDMs have mostly focused on cli-
matic variables due to their wide availability at differ-
ent scales, with little or limited consideration of other 
environmental variables (Gallardo & Aldridge, 2013; 
Zhang et  al., 2020). However, species occurrence is 
not determined solely by climate (e.g., Heikkinen 
et  al., 2006; Cosentino et  al., 2023). Environmental 
characteristics such as elevation, soil characteristics, 
water parameters, and flow are also important (Pâr-
vulescu & Zaharia, 2013; Beaune et al., 2018; Dornik 
et al., 2021; Satmary et al. 2023), but they can be dif-
ficult to obtain or integrate at large spatial scale. For 
instance, elevation is considered as a key, yet chal-
lenging, variable in SDMs as it is related to multiple 
features like topography, vegetation, and land uses. In 
some cases, its inclusion when modelling showed an 
increasing predictive accuracy compared to climate-
only models (e.g., butterflies: Luoto & Heikkinen, 
2007) and it has also been stressed as a relevant envi-
ronmental predictor affecting crayfish (Mozsár et al., 
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2021) and other freshwater taxa distributions (amphi-
pods: Cancellario et  al., 2023; fish: Markovic et  al., 
2012). Other factors, such as soil pH, can influence 
the availability of nutrients to plants and may conse-
quently affect land cover in terms of vegetation, as 
well as have implications on the mobility of organic 
matter and nutrients in the recipient freshwaters 
(Osafo et  al., 2023). Moreover, low value of water 
pH can be a limiting factor for calcifying organisms 
(like crayfish) as low pH directly affects calcifica-
tion, moulting, growth and reproduction (e.g., Beaune 
et  al., 2018). Thus, incorporating multiple variables 
into SDMs can enhance outputs and better inform 
future best practices.

Therefore, in this paper, we aim to compile and 
update the current known distribution of P. leptodac-
tylus at global scale. Using this information, we will 
project P. leptodactylus current and future potential 
distributions at Eurasian scale under different climate 
change scenarios. This will provide a detailed spread 
risk assessment for P. leptodactylus in current and 
future conditions supporting proactive policy mak-
ing for this potentially damaging non-native spe-
cies. To explore the relevance of different variables, 
we focussed on two different approaches: i) a strictly 
climatic model, and ii) one using both climatic and 
environmental variables. This allows for further direct 
comparison of distributional patterns (e.g., overlap) 
obtained with different approaches.

Methods

Biological data

Distribution of P. leptodactylus was retrieved from 
occurrences on the Global Biodiversity Information 
Facility database (GBIF, 19 December 2023, https://​
doi.​org/​10.​15468/​dl.​gumenv) and through additional 
literature searches for P. leptodactylus and its basio-
nym Astacus leptodactylus (reference list and details 
available in S1) which compiled information from 
scientific and grey literature as well as technical 
reports.

Location data gathered covered both native and 
invaded ranges, as recommended to accurately model 
the invasive species’ potential ranges (Sánchez-
Fernández et al., 2011; Jiménez-Valverde et al., 2011; 
Santamarina et  al., 2023). For numerous invasive 

species it is quite common that most of the research 
focuses on the species’ invasive ranges with the 
peculiar pattern of displaying more records in their 
invaded regions compared to the presumed native 
range (e.g., invasive amphipods: Cancellario et  al., 
2023). To minimise the risk of spatial biases dur-
ing distribution modelling, duplicates were removed 
and a spatial thinning approach applied. Occurrences 
were thinned to a minimum of 20 km between records 
using the spThin R package (v 0.2.0; Aiello-Lam-
mens, 2015). This was due to the unbalanced high 
number of records in areas particularly well studied 
and historically sampled (e.g. western Europe). In 
scientific bibliography, different values (e.g., 18  km 
in Guareschi et al., 2024, > 50 km distance in Jarnev-
ich et al., 2018) have been used in multi continental 
contexts. In our specific case, a value of 20 km rep-
resented the best compromise between predictors’ 
data and the need to ensure a large dataset (e.g., > 500 
occurrences) for modelling. It produced 649 data 
points from the original 2,244 that representatively 
cover the current known distribution of the species at 
global scale, avoiding redundant/spatial biased infor-
mation (Fig. 1).

Climatic and environmental approaches

To investigate the Eurasian suitability of P. lepto-
dactylus we used two different approaches that dif-
fer by the nature and pool of predictors considered: 
i) climatic and ii) environmental (see Table  1). The 
first approach is a strictly climatic model that relies 
on the starting pool of predictors composed of the 
19 climatic variables obtained from WorldClim V2.1 
(Fick & Hijmans, 2017). To go beyond a climatic 
focus, the second approach expanded the climatic set 
of variables by also including environmental predic-
tors that can affect the distribution of the species, like 
elevation and soil pH (e.g., Hof et  al., 2012; Osafo 
et al., 2023). Elevation data (altitude above sea level) 
was obtained from WorldClim V2.1 while soil pH 
(0–5  cm) from the worldwide dataset SoilGrids2.0 
(Poggio et al., 2020). In the latter, an Inverse Distance 
Weighted (IDW) interpolation has been used in cases 
of areas with no data due to reasons such as artificial 
or urban surfaces. IDW calculates values for locations 
based on nearby known values, assigning greater 
influence on closer known values. It has been exten-
sively used in spatial interpolation for environmental 

https://doi.org/10.15468/dl.gumenv
https://doi.org/10.15468/dl.gumenv
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Fig. 1   Occurrences used in SDM analysis after spatial thin-
ning procedure (649 occurrences). More details are provided 
in the Methods section. Grey colour represents elevation layer 
(higher values with darker colour). The presumed native area 

is delineated with a Minimum Convex Polygon (highlighted 
in yellow), based on information from Kouba et al. (2014) and 
Bláha et al. (2023)

Table 1   List of climatic 
and environmental variables 
considered in the research. 
Complete details about 
variables selection are 
available in S3. A quarter 
is a period of three months 
(1/4 of the year). In bold 
the variables used when 
modelling

Definition Source

Climatic variables
BIO1 Annual Mean Temperature (°C) WorldClim V2.1
BIO2 Mean Diurnal Range (Mean of monthly (max temp—

min temp)) (°C)
WorldClim V2.1

BIO3 Isothermality (BIO2/BIO7) (× 100) WorldClim V2.1
BIO4 Temperature Seasonality (standard deviation × 100) WorldClim V2.1
BIO5 Max Temperature of Warmest Month (°C) WorldClim V2.1
BIO6 Min Temperature of Coldest Month (°C) WorldClim V2.1
BIO7 Temperature Annual Range (BIO5-BIO6) (°C) WorldClim V2.1
BIO8 Mean Temperature of Wettest Quarter (°C) WorldClim V2.1
BIO9 Mean Temperature of Driest Quarter (°C) WorldClim V2.1
BIO10 Mean Temperature of Warmest Quarter (°C) WorldClim V2.1
BIO11 Mean Temperature of Coldest Quarter (°C) WorldClim V2.1
BIO12 Annual Precipitation (mm) WorldClim V2.1
BIO13 Precipitation of Wettest Month (mm) WorldClim V2.1
BIO14 Precipitation of Driest Month (mm) WorldClim V2.1
BIO15 Precipitation Seasonality (Coefficient of Variation) WorldClim V2.1
BIO16 Precipitation of Wettest Quarter (mm) WorldClim V2.1
BIO17 Precipitation of Driest Quarter (mm) WorldClim V2.1
BIO18 Precipitation of Warmest Quarter (mm) WorldClim V2.1
BIO19 Precipitation of Coldest Quarter (mm) WorldClim V2.1
Env. variables WorldClim V2.1
Elevation Altitude above sea level (mean value at cell scale) (m) WorldClim V2.1
Soil pH Soil pH (0–5 cm) calculated in water SoilGrids2.0
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modelling due to its computational efficiency (e.g., 
Mitas & Mitasova, 1999; Susanto et  al., 2016). 
Finally, both approaches have been performed at 
2.5 min resolution (4.5 km × 4.5 km at equator).

To avoid collinearity issues, in both approaches we 
first performed a hierarchical cluster analysis, result-
ing in a dendrogram indicating the similarity among 
all variables (Dormann et al., 2013). The chosen dis-
tance-threshold to select variables in the cluster was 
set at 0.3 (i.e., less than 70% correlation), following 
Rodrigo-Gómez et al. (2021). Variance Inflation Fac-
tor (VIF) was then applied to exclude variables with 
the highest multicollinearity (VIF > 3) on an indi-
vidual basis using a stepwise procedure (Heiberger 
& Holland, 2015). The selection process steps are 
further outlined in S3. Overall, here we refer to “cli-
matic suitability” as synonyms of the geographical 
representation suitable for the species when strictly 
climatic predictors are taken into account and use 
“environmental suitability” when an expanded set of 
variables is considered (climate, elevation, soil pH). 
Given the presumed native range of the species (e.g., 
Ponto-Caspian region, Anatolian Plateau, Fig. 1) and 
its current invasion into areas such as central-north 
Europe, focusing on a Eurasian scale emerges as par-
ticularly significant.

Estimation of species potential distributions: 
modelling procedure

To perform species distribution modelling, we used 
the R package biomod2 (v. 4.2–4; BIOdiversity 
MODelling, Thuiller et al., 2009, 2023). Four widely 
applied algorithms (from different family of model-
ling algorithms, see details in S2) were used to model 
the potential distributions of the species: Generalized 
Linear Models (GLM), Generalized Boosted Models 
(GBM), Random Forest (RF) and Maximum Entropy 
Modelling (Maxent). Absence information is rarely 
available in record-based compilations and often 
scarcely reliable in the case of non-native and inva-
sive species. For this reason, we randomly selected 
10,000 background absence points from the studied 
area, a common practice in these cases (e.g., Gal-
lardo & Aldridge, 2020; Santamarina et  al., 2023). 
The absence randomization process was repeated 
three times to avoid results being affected by any spe-
cific set of background absences. The predictive per-
formance of the models was evaluated by randomly 

splitting the presence into two subsets: 70% of the 
original data was used for training the models, and the 
remaining 30% for evaluation (Araújo & New, 2007). 
This procedure was repeated with randomly mixed 
presences for each of the three replicates. Three 
cross-validations were run to account for the uncer-
tainty associated with dataset partitioning. Thus, for 
each projection 36 model replicates (4 algorithms × 3 
background absence sets up × 3 validations) were run.

Model performance was assessed using the true 
skill statistics (TSS) and the receiver operating char-
acteristic curve (ROC). In both the closer the value to 
1 (perfect discrimination), the better the model per-
formance. Single model projections and TSS perfor-
mance were used to create a weighted mean ensem-
ble model (EMwmeanByTSS following Sherpa et al., 
2022) in which only model replicates over a TSS 
threshold of 0.7 were used to reduce uncertainties 
associated with individual species distribution models 
(e.g., Araújo and New, 2007; Guareschi et al., 2024). 
Within the ensemble model variable importance was 
assessed using the “get_variables_importance” func-
tion of biomod2 with higher values indicating greater 
importance (Thuiller et al., 2023). All analyses were 
performed in R (v. 4.2.1; R Core Team, 2022) and 
data were visualised in QGIS (v. 3.28; QGIS.org, 
2023).

Future potential distributions

The future potential distributions of P. leptodactylus 
were modelled using the CMCC-ESM2 global cli-
mate model for 2041–2060 (here coded 2050) obtain-
ing future climatic scenarios from WorldClim v. 2.1 
(Fick & Hijmans, 2017). We created the same type of 
climatic and environmental layers as described above 
for the current scenario. Shared socioeconomic path-
ways (ssp) 2–4.5 and 3–7.0 were explored, reflecting 
an intermediate and intermediate-high CO2 emis-
sions climate scenario. In ssp 2–4.5 mean warming is 
limited to around 3℃ while in ssp 3–7.0 CO2 levels 
continue to rise until 2100 but remain lower then ssp 
5–8.5 (Hausfather, 2019). The latter, more extreme 
scenario, was avoided as recently recommended by 
Hausfather and Peters (2020). Geographic contrac-
tions and expansions are then explored examining 
both modelling approaches through time.

Finally, once we obtained the projection for the 
ensemble models, we converted the continuous 
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suitability maps into presence/absence (binary) layers 
using the threshold of suitability > 500 (biomod2 pro-
duces ensemble models with suitability value ranging 
from 0 to 1,000). This has been done for all scenarios 
(present and future) to assess spatial overlap between 
the two approaches (climatic vs environmental) and 
through time (see similar procedures in Cuyckens 
et al., 2016; Fournier et al., 2017; Cancellario et al., 
2023). The robustness of the value 500 was con-
firmed by using the “bm_FindOptimStat” function 
(data not shown). This function suggests the threshold 
for converting continuous values to binary ones, opti-
mizing the evaluation metric (in this case, true skill 
statistics—TSS). The areas with suitability > 500 are 
then considered zones of intermediate-high suitability 
(IHS) for the species and have been further explored 
at both Eurasian scale and native areas. The latter 
has been defined as just “presumed” in the review of 
crayfish distributions by Kouba et al. (2014). Taking 
this into account, we defined a tentative native range 
for the species following both Kouba et al. (2014) and 
the recent Bláha et  al. (2023) using a conservative 
approach via minimum convex polygon (Fig. 1).

Results

To the best of our knowledge the occurrence data-
set collated represents the most comprehensive geo-
graphical information available about the species 
and updates its distribution at a multicontinental 
scale (details in S1). Occurrences ranged from 1875 
to 2023, although the majority fell within the period 
1970–2023. After exploring for collinearity, 7 out 
of 21 variables (19 bioclimatic plus 2 environmen-
tal) were retained and used during modelling: Mean 
Diurnal Range (BIO2), Isothermality (BIO3), Mean 

Temperature of Wettest Quarter (BIO8), Precipita-
tion Seasonality (BIO15) and Precipitation of Cold-
est Quarter (BIO19), Elevation and soil pH (see 
Table  1 and values in S4). The climatic approach 
focussed just on the 5 climatic variables while the 
environmental perspective also included Elevation 
and soil pH. Regarding ensemble models, the most 
important variable for determining climatic suitabil-
ity was BIO19 (0.27 ± 0.002, mean ± SD), followed 
by BIO15 (0.21 ± 0.002) and BIO3 (0.19 ± 0.001) 
while for determining environmental suitability 
(which uses both climatic and environmental predic-
tors) it was BIO19 (0.29 ± 0.003), followed by BIO15 
(0.17 ± 0.003) and pH (0.15 ± 0.002) (see S5 for vari-
able importance results for each algorithm).

Ensemble models performed remarkably with TSS 
and ROC values of 0.76 and 0.94 for the climatic 
approach and 0.78 and 0.95 for the environmen-
tal approach. Within each approach, RF showed the 
highest TSS and ROC values (single evaluation plots 
available in S6).

Climatic potential distributions

Under a purely climatic approach, 13.6% of Eurasia 
may currently provide an intermediate-high level of 
suitability for P. leptodactylus. This slightly decreases 
when projected into 2050 under both climate sce-
narios: to 11.7% (ssp 2–4.5), and 11.4% (ssp 3–7.0, 
see Table  2). Ensemble model results indicated that 
much of western to eastern central Europe (e.g., Brit-
ain, Ireland, Denmark, Germany, France, Italy, the 
Balkan Peninsula, southern Sweden, central-northern 
Iberia, as well as some areas of eastern Europe and 
south-eastern Russia) currently provide suitable cli-
matic conditions for the species (Fig.  2a and zooms 
in S7). Sections of Iceland were also identified as 

Table 2   Percentage 
of Intermediate-High 
suitability (IH) in different 
temporal scenarios and 
approaches. Values for the 
tentative native areas are 
also displayed

Approach Scenarios % of IH suitability (Eura-
sian scale)

% of IH suitabil-
ity (native area)

Climatic Current 13.6 37.7
ssp 2.45 at 2050 11.7 26.1
ssp 3.70 at 2050 11.4 24.4

Environmental Current 11.2 34.2
ssp 2.45 at 2050 6.8 13.7
ssp 3.70 at 2050 7.2 15.3
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being suitable. Currently the majority of Asia was not 
identified as being particularly favourable for the spe-
cies, except for native range areas around the Black 
Sea and Caspian Sea, and restricted areas in northern 
India, south-eastern China, Japan and Russia’s Kam-
chatka peninsula (Fig. 2a). Considering future climate 
scenarios, the results remain broadly similar in both 
2050 projections (Fig. 2b,c). Intermediate-high suita-
ble areas remain consistent in central-western Europe, 
but reduce in eastern Europe, Ukraine and Russia. 
Their percentage values were higher when just focus-
ing on the native region, ranging from 37.7% (current 
scenarios) to 24.4% (future scenarios, Table 2). 

Environmental potential distributions

Under the environmental approach 11.2% of Eurasia 
may currently provide an intermediate-high level of 
suitability for P. leptodactylus. This decreases when 
projected into 2050 under both climate scenarios 
to 6.8% (ssp 2–4.5), and 7.2% (ssp 3–7.0, Table 2). 
Ensemble model results indicated that much of 
western to eastern-central Europe (except for moun-
tain systems like the Alps and Pyrenees) currently 
provide highly suitable climatic conditions for 
P. leptodactylus (Fig.  3a and zooms in S7). This 
included areas of France, Germany, Italy, England, 
Ireland, Denmark, the Balkan Peninsula, the cen-
tral Iberian Peninsula, the Baltic countries as well 
as some south areas of Russia. Sections of Iceland 
were still identified as being suitable, while, mir-
roring the climatic scenario, the majority of Asia 
was not identified as being particularly favourable 
for the species, except for native range areas around 
the Black Sea and Caspian Sea and a few restricted 
areas (Fig. 3a). Overall, considering future climate 
scenarios (Fig.  3b,c), the amount of area suitable 
for P. leptodactylus remained constant in west-
ern and central Europe, while strongly reducing in 
eastern Europe and south-western Russia, being 
similar considering both ssp 2–4.5 and 3–7.0 pro-
jections. When considering intermediate-high suit-
able areas, percentage values were higher when just 
focusing on the tentative native area, ranging from 
34.2% (current scenario) to 13.7% (future scenarios, 
Table 2).

Modelling approach comparisons: Climatic vs 
Environmental

Both approaches exhibited similar patterns for 
future projections of areas reducing in suitability 
(red areas in Fig. 4), but they diverged in their out-
puts when examining areas increasing in suitability, 
which were primarily appreciable through the cli-
matic approach (blue areas in Fig. 4a and 4c). Con-
siderable areas that appear to be undergoing poten-
tial contraction belong to regions labelled as native 
(Fig. 1 and 4).

Currently, there is a 72.3% overlap in the areas 
detected with intermediate-high level of suitabil-
ity (> 500) predicted by both approaches (Fig.  5, 
Table  3). The overlap mainly occurred in a band 
across western-eastern Europe, south-western Rus-
sia, southern Europe, and native ranges around the 
Black Sea and Caspian Sea. Differences lie mainly in 
the climactic prediction of suitability in Scandinavian 
Peninsula (N Europe), and the environmental predic-
tion of increased suitability in Latvia, Estonia and 
central Russia (Fig. 5a).

When projected to 2050, the percentage of overlap-
ping suitable areas decreased in similar way (52.2% in 
ssp 2–4.5 and 54.8% in ssp 3–7.0). In 2050 the over-
lap is mainly in central-western Europe, and along the 
upper regions of the Mediterranean basin, as well as 
around the Black Sea (Fig.  5b-c). The main differ-
ence in 2050 between both modelling approaches is 
swathe of highly climatically suitable area predicted 
in northern Europe (e.g., Scandinavian region) and 
central-western Russian, with which there is no over-
lap. Again, overlap is broadly similar between both 
2050 climate scenarios, however in ssp 2–4.5 there is 
slightly greater overlap detectable in Baltic areas.

Overlap values between approaches were higher 
when focusing just on the native area in the current 
scenario (80.1%) and decreased similarly, to between 
48.5 and 55.9%, when considering the 2050 scenarios 
(Table 3).

Discussion

Determining future potential species distributions 
is critical for effective biosecurity policy. Pontasta-
cus leptodactylus records are spread across multiple 
European and Asian countries, some (e.g., France, 
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the UK) clearly outside its native range. Despite this, 
distribution data at a broader scale was highly scat-
tered across a variety of sources, and there was no 
research on potential distributions under future cli-
mate change scenarios. Therefore, we synthesised 
a continental overview of P. leptodactylus’ known 
distribution and proposed maps of current and future 
potential distribution based on two complementary 
modelling approaches. Ensemble species distribu-
tion models confirmed highly suitable conditions 
exist across numerous geographic areas of Europe 
that have already been colonised by the species. This 
conclusion was supported through both the climatic 
and environmental models. The results also allowed 
detection of potential contact zones among currently 
colonised regions and potential areas with remarkable 
suitability (e.g., large regions of Iberian Peninsula 
and Italy, but also areas of northern Europe) and can 
be used to prioritise locations for monitoring across 
Eurasian water bodies.

There is still high potential for P. leptodactylus 
range to expand based on currently invaded loca-
tions, despite ultimate contractions in intermediate-
high suitable areas forecasted by both approaches and 
climate scenarios. Moreover, rapid adaptation and 
potential shifts in ecological niche may also facilitate 
P. leptodactylus in overcoming thermal stresses, as 
observed in other expanding species (e.g., Liu et al., 
2020; Chown & McGeoch, 2023; Viana et al., 2023). 
However, similar to the predicted reduction in range 
with climate change for signal crayfish, Pacifasta-
cus leniusculus (Gallardo & Aldridge, 2013; Zhang 
et  al., 2020), SDMs indicated that changing climate 
considered will not further benefit the invasion range 
of P. leptodactylus and will likely cause contractions 
in the native area. Invasive species often show niche 
conservation and environmental matching where they 
are pre-adapted to an optimal range of climatic condi-
tions, although aquatic species have higher potential 
for niche expansion (Liu et  al., 2020; Nikkel et  al., 
2023). Therefore, rather than a blanket assertion that 
climate change will favour most invasive species, it 

should be considered that there will instead be a con-
stant shift in gamma diversity and community com-
position reorganisation (Haubrock & Soto, 2023; 
Briski et al., 2023).

In SDMs, bioclimatic data have been shown to be 
useful in predicting species distributions, including 
invasive crayfish (e.g., Guareschi et  al., 2024). Nev-
ertheless, complementary environmental approaches, 
developed in parallel, can be used to further refine 
and better anticipate possible trajectories of inva-
sions. In this study, despite both approaches showing 
similarly high TSS and ROC indicator values, their 
geographical representations varied considerably. The 
climatic model identified a northerly shift in Euro-
pean distribution which matched future predictions 
for other invasive crayfish (Gallardo & Aldridge, 
2013; Zhang et  al., 2020), that was not identified in 
the environmental model. This indicates potential 
mismatches when aiming to disentangle or anticipate 
invasion patterns.

Precipitation data (e.g., patterns and quantity of 
rainfall) were important variables in both the cli-
matic and environmental models. Precipitation sig-
nificantly influences crayfish distribution and richness 
via habitat availability and quality, fostering habitat 
connectivity and temporary establishment in inter-
mittent waterbodies (Díaz-Paniagua et  al., 2014), 
while potentially enhancing resource availability, 
substrate characteristics and reducing competition 
(e.g., Walker & Entrekin, 2023; Wood et  al., 2024). 
When included, soil pH was particularly relevant for 
determining environmental suitability, and should be 
incorporated in future studies relating to P. leptodac-
tylus. Indeed, soil-related predictors have been associ-
ated with crayfish distribution in numerous European 
species, including P. leptodactylus which was also 
associated with high clay content and deep sediment 
cover (Dornik et al., 2021). Thus, we recommend that 
both modelling approaches are considered to obtain 
the most robust predictions, and that the incorpora-
tion of environmental variables will assist manage-
ment decisions, especially in the early detection phase 
(Funk et  al., 2020). To support this integration, we 
also emphasise the value of broad scale environmen-
tal datasets (such as soil pH) and other aspects that 
could be made available through remote sensing 
applications (e.g., Randin et al., 2020).

Furthermore, organisation of biological com-
munities is not only driven by abiotic factors; biotic 

Fig. 2   Strictly climatic approach: a current potential distri-
bution of P. leptodactylus in Eurasia; b future potential dis-
tribution of P. leptodactylus for 2050 considering ssp 2–4.5 
scenario; c future potential distribution of P. leptodactylus for 
2050 considering ssp 3–7.0 scenario. Suitability ranges from 0 
(black—low) to 1000 (light yellow—high)

◂
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interactions are also critical in determining species 
presence and shaping diversity trends across envi-
ronmental gradients (Blois et  al., 2013; Cosentino 
et  al., 2023; Paradinas et  al., 2023). In ecologically 
degraded regions, there is often a decrease in biotic 
resistance which can facilitate tolerant non-native 
species establishment and potential invasion melt-
down (Tilman, 1999; Simberloff & Von Holle, 1999; 
Alofs & Jackson, 2014). Alternately, over-invasion 
scenarios by functionally similar species, such as P. 
leniusculus, can also cause new competition and co-
introduce pathogens such as the causative agent of 

crayfish plague Aphanomyces astaci Schikora, 1906 
which may displace species (Russell et  al., 2014; 
James et al., 2015; South et al., 2020). Interestingly, 
while A. astaci can have devastating impacts on P. 
leptodactylus, some populations have shown resil-
ience to the pathogen depending on the haplotype of 
A. astaci (Svoboda et al., 2017; Kokko et al., 2018). 
Therefore, the incorporation of joint species distri-
bution models and biotic interactions may help in 
refining and improving potential distributions (e.g., 
Cosentino et al., 2023; da Silva et al., 2023; Paradi-
nas et al., 2023). Equally, this can be challenging to 
smoothly integrate when working at continental or 
global scale.

Similarly, attempts to integrate physiological lim-
its, like the reproductive thermal tolerance, into spe-
cies distribution models should be explored. Males 
may become sterile, or sperm may become less potent 
at sub-lethal temperatures, which ultimately drives 

Fig. 3   Environmental approach: a current potential distri-
bution of P. leptodactylus in Eurasia; b future potential dis-
tribution of P. leptodactylus for 2050 considering ssp 2–4.5 
scenario; c future potential distribution of P. leptodactylus for 
2050 considering ssp 3–7.0 scenario. Suitability ranges from 0 
(black–low) to 1000 (light yellow–high)

◂

Fig. 4   Range size changes of the narrow-clawed crayfish Pon-
tastacus leptodactylus under future climate scenarios. Climatic 
evolution is displayed on the first column (left): a current vs 
ssp 2–4.5 at 2050; c current vs ssp 3–7.0 at 2050. Environmen-
tal evolution is displayed on the second column (right): b cur-

rent vs ssp 2–4.5 at 2050; d current vs ssp 3–7.0 at 2050. Loss 
(in red) indicates areas which suggested contractions for the 
species in future; gain areas (in blue) represent areas that may 
expand in the future
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realised environmental niche (Wang et al., 2009; Par-
ratt et  al., 2021; Harishchandra et  al., 2022; Gong 
et  al., 2023). It has been postulated that water tem-
peratures of 19  °C reduce spermatozoal production 
in P. leptodacytlus compared to their optimal repro-
ductive temperature of 7–12 °C (Skurdal & Taugbø, 
2002; Farhadi & Harlıoglu, 2018). Therefore, similar 
water temperatures may slow the spread of the spe-
cies without necessarily hindering establishment and 
thus these limits should be considered.

In conclusion, narrow-clawed crayfish have the 
potential to be a wide-spread invader, especially in 
Europe in which there are currently suitable, unin-
vaded areas which may be colonised. Our outcomes 
can guide and facilitate decision-making for the 
monitoring and control of P. leptodactylus. Looking 
forward, patterns of precipitation, and temperature 
associated with climate change will not particularly 
benefit narrow-clawed crayfish, with potential con-
tractions also in the postulated native region (Blaha 
et al., 2023). This finding hints towards the invasion 
paradox, wherein localities which the species has no 
eco-evolutionary context become more suitable than 
the native ranges (Marchetti & Engstrom, 2016). Bet-
ter understanding of the biotic interactions which 
underpin the success of establishment and species 
biogeography are needed to make accurate assess-
ments of conservation and invasion management, 
without these any assertion is speculative. In this 
context, we highly recommend that new confirmed 
records should be incorporated into the model and 

maps to refine estimates of potential distributions. 
While there was little difference in model perfor-
mance, comparing climatic to environmental model-
ling approaches reveals some differences in output. 
Thus, we would suggest caution when relying solely 
on one type of approach when modelling spatial dis-
tribution and encourage further exploration of biolog-
ically relevant variables.
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Table 3   Summary of the overlap detected between methods 
(climatic vs environmental) in different temporal scenarios 

Values for the tentative native areas are also displayed

Climatic Environmental Overlap 
Eurasian 
scale (%)

Overlap 
native range 
(%)

Current Current 72.3 80.1
ssp 2.45 at 

2050
ssp 2.45 at 

2050
52.2 48.5

ssp 3.70 at 
2050

ssp 3.70 at 
2050

54.8 55.9
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