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Abstract Climate is a major driver of species

distribution and biological invasions worldwide. In

this study, we combined the catches of a widespread

and invasive species, the common carp (Cyprinus

carpio), with climate data to assess the importance of

climate variables on the ability of the species to

maintain self-sustaining populations in European

lakes. Data were collected on common carp popula-

tions in 378 lakes in six European countries over a

16-year period (551 sampling campaigns). All catches

followed the same standardized sampling procedure

(European CEN gillnets). Climate data consisted of

daily averages of air temperature and precipitation.

Population self-sustainability was determined by the

relative catches of different size classes and the

presence of juveniles. The climate data were used to

train a classification tree model to characterize the

effects of climate on common carp population viabil-

ity. Results indicated that climate is an important

predictor of common carp population viability, which

is particularly enhanced under dry conditions and

elevated temperatures during spring and summer

months. Areas of high population viability strongly
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Faculty of Science, Department of Ecosystem Biology,

University of South Bohemia, Branišovská 1645/31a,
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overlapped with the invasive range of the species.

According to Intergovernmental Panel on Climate

Change (IPCC) climate projections, some areas where

common carp currently have a low probability of

maintaining viable populations will shift toward

climatic conditions that enhance their viability and

invasion potential.

Keywords Fish � Freshwater � Invasive species �
Macroecology � Reproduction � Species distribution

Introduction

Understanding the distribution of species is one of the

most fundamental questions in ecology, and even

though there is the extensive literature in this area

(Guisan and Zimmermann 2000; Elith et al. 2006;

Sutherland et al. 2013; Wisz et al. 2013; Reside et al.

2019), there are still many gaps in knowledge that

cannot be easily bridged. The geographic distribution

of species is shaped by complex interactions of

multiple biotic and abiotic, natural and anthropogenic

drivers, such as ecological relationships among co-

occurring species (Verberk 2011; Wisz et al. 2013),

population genetics (Slatkin 1987; McCallum et al.

2014; Habel et al. 2015), climate (Comte et al. 2013;

Lauchlan and Nagelkerken 2020), and direct and

indirect anthropogenic stressors (Mack et al. 2000;

Peterson 2003).

Population viability is a broad term commonly used

in conservation and invasion science. It usually refers

to a set of ideas, theoretical models, quantitative

methods, conceptual and computational tools that

ecologists use to understand extinction rates and

predict future scenarios of population growth and

decline (Morris and Nature Conservancy (U.S.) 1999;

Beissinger and McCullough 2002; Drake 2008). The

methods, applications, and complexity of population

viability assessments vary widely among studies,

ranging from simple analyses of population dynamics

to complex models that incorporate climatic and

anthropogenic factors (Morris and Nature Conser-

vancy (U.S.) 1999). The presence of newborns,

juveniles, and recruits in the population is an indica-

tion that the species is reproducing naturally. Although

the presence of recruits does not necessarily means

that the population is viable, their presence is a good

proxy for assessing population viability (Nunn et al.

2007).

Climate has a major influence on fish reproduction

(Ottersen et al. 2006; Maynou et al. 2020; Paumier

et al. 2020; Vidal et al. 2020), growth (Vilizzi and

Copp 2017; Smalås et al. 2020), mortality (Biro et al.

2007; Arula et al. 2015), and population dynamics

(Souza et al. 2018; Smalås et al. 2020), making it an

important driver for the viability of fish populations.

Climate is also a key driver of biological invasions,

with temperature and precipitation patterns determin-

ing the fate of both native and invasive species

(Roberts et al. 2013; Adámek et al. 2015;Murphy et al.

2015; Carosi et al. 2019). The common carp (Cyprinus

carpio) is a fish native to the Ponto-Caspian region

(Balon 1995, 2004) that has successfully spread

worldwide (Froese and Pauly 2021), being considered

one of the most pervasive and destructive invasive

species in the world (Lowe et al. 2000; Zambrano et al.

2006; Vilizzi et al. 2015). The common carp is a

highly fecund freshwater fish that is known to

undertake seasonal migrations to spawn in freshly

flooded meadows of floodplains (Balon 2004). How-

ever, it opportunistically uses a variety of substrates to

spawn (Cowx and Welcomme 1998), including sub-

merged vegetation, plant debris, stones and artificial

substrates (Horvath et al. 2002), with natural sub-

strates generally having a higher density of eggs

(Adámek et al. 2015). The common carp is highly

valued for sport fishing (Arlinghaus andMehner 2003;

Hickley and Chare 2004; Rapp et al. 2008), which has

led to its deliberate introduction and stocking world-

wide to support commercial and recreational fisheries

(Funge-Smith 2018). In many European countries

where the species is nowadays present, its natural

reproduction is rare or absent, so the sustainability of

its populations depends on active stocking (Boukal

et al. 2012; Specziár and Turcsányi 2014). At the same

time, some introduced common carp populations in

Europe are able to reproduce and maintain naturally

viable populations without supportive stocking

(Ribeiro et al. 2004, 2008).

The aim of this study was to find empirical evidence

of the effects of climate on the ability of common carp

to reproduce and maintain self-sustaining populations

in European lakes (i.e. without the need for fish

stocking). To this end, we combined data on stan-

dardized catches of common carp from various lakes

across Europe with local climate data to predict the
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areas on the continent where the species can establish

viable populations.

Material and methods

Studied areas

We collected data on common carp populations from

378 natural and artificial lakes in six European

countries (Czechia, France, Germany, Italy, Nether-

lands and Spain) over a 16-year period (2002–2018)

with a total of 551 unique sampling campaigns

(Table 1, Fig. 1).

In this study, only lakes and reservoirs were

considered, while ponds were not due to their char-

acteristics (small surface area, shallow depth, lack of

aphotic zones and thermal stratification of the water

column) (Hoverman and Johnson 2012). Common

carp often breed successfully and maintain viable

populations in European ponds. In fact, common carp

is an important farmed species on the continent (Szücs

et al. 2007), but the environmental and management

conditions of pond and lake populations differ

considerably, so we opted to focus exclusively on

lake populations.

Climatic data

Data on daily average air temperature in 8C (two

meters above ground) and rainfall in mm.m-2 down-

scaled to 1 9 18 grids, were obtained for the entire

year of the sampling campaign for each sampled site.

Data were retrieved from NASA (NASA 2020) via the

application programming interface (API) provided on

the website and processed in R using the jsonlite

package (Ooms et al. 2020). Altitude data were also

retrieved from the same source and processed using

the same procedure.

After retrieving the data, air temperature and

rainfall were used to calculate the variables needed

for the climate classification (Köppen-Geiger) of the

locality: Average temperature, average temperature of

the warmest and coldest month, temperature of the

fourth warmest month of the year, total precipitation,

total precipitation in the six coldest and six warmest

months, precipitation in the driest month, precipitation

in the driest month of summer and winter, precipita-

tion in the wettest month, precipitation in the driest

month of summer and the precipitation in the wettest

month of winter. Climate classification was performed

using the function koeppen_geiger from theClimClass

package in R (Eccel et al. 2016). Each sampling

campaign was assigned to four different climate

classifications, namely one of five climate groups,

eight precipitation groups, six heat groups, and 31

global classes (Supplementary table 1). In addition,

average and cumulative temperature and rainfall were

calculated for the entire sampling year, spring, and

spawning season (assumed to occur from May 1st to

July 31st). The number of days above the critical

temperature for spawning of 18 �C (Horvath et al.

1985) during the sampling year was also calculated.

Photoperiod was obtained using the daylength func-

tion from the geosphere package in R (Hijmans et al.

2017). Photoperiod averages during winter, spring,

and spawning season were calculated based on daily

values per locality per day.

Data on the common carp

Common carp individuals were sampled using Euro-

pean standard multimesh gillnets (mesh sizes of 5,

6.25, 8, 10, 12.5, 15.5, 19.5, 24, 29, 35, 43 and 55 mm)

deployed overnight for 12 h from pre-sunset to post-

sunrise in benthic habitats (CEN - Comité Européen de

Normalisation 2005). Standard length (SL, mm), total

length (TL, mm) and wet weight (g) of all common

Table 1 Summary of the

multimesh gillnet samples

used to assess common carp

(Cyprinus carpio)
population viability in

European lakes

Country Number of lakes Number of campaigns Time span

Czechia 22 65 2004–2018

France 277 392 2005–2016

Germany 58 73 2002–2018

Italy 12 12 2009–2014

The Netherlands 3 3 2004

Spain 6 6 2004–2015
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carp individuals were measured to the nearest 5 mm

using a fish ruler and to the nearest gram using a

precision weighing scale. Based on the total area of

nets used, CPUE (capture per unit effort—

ind.1000 m-2 of net) and BPUE (biomass per unit

effort—kg.1000 m-2 of net) were calculated for each

sampling campaign.

When only SL was measured in a single fish, TL

was calculated according to the regression (TL =

(1.16 9 SL ? 17.39)), which was fitted based on

data from captured fish with both SL and TL

measurements.

Population viability was determined based on

proportional catches between small and large

individuals (threshold of 200 mm TL—equivalent to

2 or 3 year old fish (Froese and Pauly 2021)) and

classified as reproducing (viable) if the proportion of

small individuals exceeded 5% of the total population.

At localities where no individuals were captured, the

species was classified as absent from the lake. Because

length at first sexual maturity (Lm) ranges from 250 to

360 mm TL (Froese and Pauly 2021), the threshold

was conservatively set to be 20% smaller than the

lower end of the Lm distribution range. Similarly, a

conservative approach was taken for the proportion of

small-sized fish indicating a viable population, with

the threshold of 5% allowing the population to be

classified as a reproducing population.

Fig. 1 Map of sampled lakes used to assess common carp (Cyprinus carpio) population viability in Europe
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Statistical analysis

Fish and climate data were integrated and the calcu-

lated variables were used to describe the factors

affecting the viability of common carp populations in

European lakes. Generalized linear models (GLM)

with Gaussian distribution were used to evaluate the

differences between each climatic and biotic variable

(abundance and biomass) among the different cate-

gories of population viability (absent, non-spawning

and spawning). Data transformation (log (x ? 1)) was

applied when the goodness of fit (Hosmer–Lemeshow

test) of the model was not significant using the

hoslem.test function from the ResourceSelection

package (Lele et al. 2019). GLM models were run

using the glm function from the stats package (R Core

Team 2020). Population status was modelled by

integrating all variables that were significant (accord-

ing to the GLMmodels) as predictors of common carp

population viability. Models were run using the

randomForest package of R (Cutler and Wiener

2018). Random forests are an ensemble learning

method for classification. In this type of supervised

machine learning analysis, a large number of decision

trees are created, which are then averaged into a final

functional model (Ho 1995). Each decision tree is

created with a different subsample of the original

dataset and only after the algorithm has been trained

with 2/3 of the dataset. The omitted cases are used to

obtain an estimate of the error when the trees are added

to the forest. The method is not affected by overfitting

and there is no need for cross-validation as the analysis

is performed internally during the creation process of

the final model (Hastie et al. 2009).

Modelling

Daily climate data from 1988 to 2018 in Europe were

retrieved and the same variables as above were

calculated for the sampled locations. This extended

dataset was used to predict common carp population

viability across the continent. The model used for

prediction was the same as described previously, with

the exception of CPUE and BPUE (due to lack of data

outside the sampled areas). The random forest model

prediction was performed for the entire continent for

each year from 1988 to 2018, and each cell was

classified as either a spawning or non-spawning

population. Then, the values of each grid cell for each

year (30 years) were integrated (by calculating the

percentage at which each grid cell was assigned to the

spawning population) to increase the reliability of the

prediction for a given area. Predictions were limited to

the areas currently inhabited by common carp, based

on distribution maps from the International Union for

Conservation of Nature website (2020).

Results

A total of 1,214 common carp were caught, with an

average length of 292.6 ± 4.8 mm (TL, mean ± SE)

and weight of 816.8 ± 42.5 g (mean ± SE). There

were considerable differences in body size between

countries. The largest specimens were caught in

Czechia, followed by Italy, France, Germany and

Spain, while no catches were recorded in the Nether-

lands. There were also large differences in body

weight between countries, with the lighter fish caught

in Spain and Italy, and the heavier fish being recorded

in Germany, followed by Czechia and France

(Table 2).

Common carp were absent in 76.8% of the

sampling campaigns, and of the remaining 23.2%,

common carp populations were spawning in 21.5% of

the campaigns. The highest percentage of viable

populations was recorded in Spain (100%), followed

by Italy (50%), Germany (20%), France (16.4%) and

Czechia (15.4%) (Fig. 2). The reproducing popula-

tions included individuals of all sizes in each of the

countries studied, highlighting the differences in

population structure between spawning and non-

spawning populations (Fig. 3).

In arid and cold steppe climates (BSk and Cwa

Köppen-Geiger climatic classes), the species had

viable populations in all lakes studied, whereas none

of the populations in subarctic climates with cold

summers (Cwb, Dwb and Dwc Köppen-Geiger cli-

mate classes) had viable populations. Overall, repro-

ducing common carp populations were mostly

restricted to areas with dry springs and summers with

relatively warm climates (Table 3, Fig. 4). Spawning

populations experienced comparatively higher tem-

peratures and lower precipitation than non-spawning

populations, with the largest differences between these

two population types occurring during the spawning

season. CPUE differed significantly between
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spawning and non-spawning populations, while no

significant differences were found in BPUE (Table 4).

The random forest model was able to correctly

classify common carp populations as spawning or non-

spawning 88.4% of the time, with an accuracy of

97.9% for non-spawning populations and 53.8% for

spawning populations. The five most important vari-

ables were CPUE, precipitation in the driest month of

the year, precipitation during the spawning season,

precipitation in the spring, and the Köppen-Geiger

climate group (Table 5). The random forest model

used to predict the viability of common carp popula-

tions on the European continent showed that the

probability of maintaining viable populations was

higher in southern Europe (Portugal, Spain and Italy),

eastern Europe (Turkey, Ukraine and Russia) and in

areas relatively close to the Atlantic Ocean (France

and the United Kingdom), while it was lower in the

continental areas of central Europe (Fig. 5).

Discussion

Climate is a good predictor of the viability of common

carp populations in European lakes. Viable common

carp lacustrine populations in Europe were mostly

absent in areas with continental climate, while they

were more frequent in areas with marine influence

near the Baltic Sea, the Mediterranean Sea, the North

Sea and the Atlantic Ocean. Common carp populations

thrive in dry and warm climates (Oyugi et al. 2012;

Vilizzi 2012; Marr et al. 2013). Even though our

results confirmed this pattern, they also indicated that

areas with suboptimal climatic conditions can also

allow the establishment of viable populations. This is

Table 2 Mean standard length (SL ± SE), total length (TL ± SE), weight (Weight ± SE) and number (N) of captured individuals

of common carp (Cyprinus carpio) per country

Country SL (mm) TL (mm) Weight (g) N

Czechia 321.3 ± 10.6 390.4 ± 12.2 1204.2 ± 95.9 49

France 259.5 ± 7.3 318.6 ± 8.5 1177.9 ± 84.5 539

Germany 252.5 ± 29.3 310.4 ± 34.1 1326.3 ± 347.4 29

Italy 266.9 ± 8.9 327.2 ± 10.3 801.4 ± 75.8 185

Spain 183.3 ± 4.7 230.1 ± 5.4 269.3 ± 19.1 412

Fig. 2 Sampled localities where common carp (Cyprinus carpio) was absent (gray circles), non-spawning (red circles) or spawning

(blue circles)
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consistent with the observed occurrence of invasive

populations in wetter and colder areas (HELCOM

2006; Tempero et al. 2006; Nunn et al. 2007).

Gonad development in common carp depends on

photoperiod and critical temperature (Crivelli 1981;

Horvath et al. 1985). While these conditions are met

for only a short period of time in many populations in

their native range, the number of days above threshold

temperature is higher in non-native areas, allowing for

multiple cohorts per year (Tempero et al. 2006; Oyugi

et al. 2011). This condition most likely affects the

density and structure of common carp populations.

The population structure in lakes where populations

are not viable is truncated, with a nearly complete

absence of small-sized fish. Such populations are

probably maintained by continuous stocking for

recreational fishing (Specziár and Turcsányi 2014),

escaped individuals from aquaculture, or even com-

mon carp egg dispersal by birds (Lovas-Kiss et al.

2020). The continuous stocking of common carp in

lacustrine ecosystems, where the species cannot

maintain viable populations in central and northern

Europe, does not currently pose a significant risk to the

establishment of viable populations in these areas, but

the situation may change in the near future due to the

expected effects of climate change (Comte et al.

2013). The results suggest that the common carp had a

small, but non-negligible chance of producing viable

fish recruits in central and northern Europe during the

last three decades. Considering the predicted shift in

precipitation regime and increasing temperatures in

these areas (Intergovernmental Panel for the Climate

Change 2014), this probability might increase in the

future.

Potential shifts in the viability of common carp

populations in central and northern Europe could

cause environmental impacts similar to those observed

in already invaded areas, such as eutrophication,

increased water turbidity, impacts on submerged

macrophytes and bird populations (Meijer et al.

1990; Breukelaar et al. 1994; Badiou and Goldsbor-

ough 2015; Maceda-Veiga et al. 2017). On the other

hand, there is a long history and interest in recreational

fisheries targeting this species in the area (Arlinghaus

and Mehner 2003; Boukal et al. 2012), and selective

removal of common carp could hinder population

increases. Although recreational fishing for common

carp is mostly catch-and-release, it can still signifi-

cantly impact other fish species in lentic freshwater

systems (Niesar et al. 2004; Mehner et al. 2019), so

population increases in this area can have both direct

and indirect detrimental ecological effects. Another

Fig. 3 Size distribution of common carp (Cyprinus carpio) in
lake populations of five European countries. The dashed vertical

line shows the threshold used to classify common carp

individuals as recruits or adults. The height of the curve shows

the proportional density of values at the corresponding value on

the x axis
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important aspect to address is that common carp are

often intentionally introduced to new habitats by

humans (Ellender and Weyl 2014; Macklin et al.

2016). The combination of climate effects and human

actions could facilitate the spread of common carp in

new areas.

Eradication of common carp has been difficult or

impossible in many areas where it has invaded (Bio

et al. 2009; Taylor et al. 2012; Haubrock et al. 2018).

Given the empirical evidence of climatic effects on

common carp populations in lakes observed in this

study, management of common carp populations

should include measures to reduce or cease artificial

stocking to avoid future detrimental effects. Although

common carp densities may be high in lakes where

populations are dependent on stocking, they are often

much lower than in invaded areas (Crivelli 1983), so,

the ecological effects of establishing feral common

carp populations in these areas may still be detrimental

to the environment and the economy.

The number of sampled lakes in this study where

common carp were not caught exceeds the number of

lakes where the species was caught and spawning

populations were observed. Therefore, model accu-

racy should be expected to be higher for non-spawning

areas than for spawning areas, as observed. Nonethe-

less, the accuracy of predicted spawning areas was

quite good, and overlaying the predictions for each

grid cell on the map for 30 years increased the

reliability of the predictions. The sample size and the

spatiotemporal range of observations used in this study

are sufficiently large to provide a good level of

Table 3 Classification of

viability of common carp

(Cyprinus carpio)
populations in different

climate types according to

the Köppen-Geiger

classification system. See

Supplementary table 1 for

information on climate

groups

Classification Category Non-spawning Spawning

Climate type Continental 20 (83.3%) 4 (16.7%)

Temperate 122 (80.3%) 30 (19.7%)

Arid 0 (0%) 5 (100%)

Precipitation group Dry summer 79 (85.0%) 14 (15.0%)

Dry winter 5 (71.4%) 2 (28.6%)

Without dry season 58 (76.3%) 18 (23.7%)

Steppe 0 (0%) 5 (100%)

Heat group Cold summer 1 (100%) 0 (0%)

Hot summer 35 (70.0%) 15 (30.0%)

Warm summer 106 (84.8%) 19 (15.2%)

Cold 0 (0%) 5 (100%)

Climate broad group Humid continental 19 (82.6%) 4 (17.4%)

Mediterranean 77 (84.6%) 14 (15.4%)

Oceanic 45 (73.8%) 16 (26.2%)

Semi-arid 0 (0%) 5 (100%)

Sub-arctic 1 (100%) 0 (0%)

Köppen-Geiger class BSk 0 (0%) 5 (100%)

Cfa 8 (72.7%) 3 (27.3%)

Cfb 35 (76.1%) 11 (23.9%)

Csa 27 (73.0%) 10 (27.0%)

Csb 50 (92.6%) 4 (7.4%)

Cwa 0 (0%) 2 (100%)

Cwb 2 (100%) 0 (0%)

Dsb 2 (100%) 0 (0%)

Dfb 15 (79.0%) 4 (21.0%)

Dwb 2 (100%) 0 (0%)

Dwc 1 (100%) 0 (0%)

Total 142 (78.4%) 39 (21.6%)
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confidence in the results. Nevertheless, model results

should be used with due caution, especially in areas

close to the north-western edge of the species’

distribution (Scotland, England, Ireland and Norway)

where predictions appear to be less accurate.

Another important aspect of this study is that only

data from lakes and reservoirs were used, but the

species can also thrive in ponds, water channels and

rivers (Froese and Pauly 2021). Conditions in these

ecosystems are quite different from those in lakes,

making the results obtained in this study less appli-

cable to ponds. In fact, common carp usually thrive in

ponds in Central and Eastern Europe (FAO 2019),

probably because the fish are exposed to extensive or

semi-intensive management conditions associated

with shallow water depths (which in turn affect water

temperature) and the abundant presence of submerged

vegetation. These conditions are very different from

those observed in larger lentic systems. These

differences are crucial for the reproduction of common

carp, which are sensitive to temperature, water level

fluctuations and the presence of submerged vegetation

(Weber and Brown 2012; Adámek et al. 2015;

Maiztegui et al. 2019). The lower water volume and

less steep topography combined with flood and

drought events during the spawning season create

perfect conditions for spawning and are an important

trigger for common carp reproduction (Maiztegui et al.

2019). Interestingly, in many lakes, the large water

volume and steep shore slopes reduce water level

fluctuations, which in turn also reduces the abundance

of submerged vegetation (Kolada 2014), thus reducing

the chances of establishing viable populations in these

areas.

Multimesh gillnets are standardized across Euro-

pean countries (CEN - Comité Européen de Normal-

isation 2005), allowing comparisons of fish catch data

across the continent with good coverage of the fish size

Fig. 4 Relationship between climatic characteristics and self-sustainability of common carp (Cyprinus carpio) populations. Climatic

characteristics were assigned according to the Köppen-Geiger classification system
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Table 4 Summary of climatic and biotic variables (aver-

age ± SE) used to assess population viability of common carp

(Cyprinus carpio) in European lakes. Different upper script

letters indicate post-hoc statistical differences. * = log(x ? 1)

transformation applied. KG = Köppen-Geiger, which in this

case means that winter is considered the coldest 6 months of

the year and summer the 6 warmest months of the year

Variable Population status GLM

Absent Non-spawning Spawning AIC p

Annual temperature 9.8 ± 0.1a 11.0 ± 0.2b 11.7 ± 0.5b 3454 \ 0.001

Spring temperature 10.9 ± 0.1a 12.0 ± 0.2b 12.3 ± 0.4b 3204 \ 0.001

Spawning season temperature 16.3 ± 0.1a 16.9 ± 0.2b 17.8 ± 0.4c 3221 \ 0.001

Warmest month temperature 19.9 ± 0.1a 20.2 ± 0.2a 21.6 ± 0.5b 3468 \ 0.001

Coldest month temperature -0.4 ± 0.1a 1.3 ± 0.1b 2.4 ± 0.7b 4232 \ 0.001

Days above 188C* 15.9 ± 1.0a 22.4 ± 3.0b 34.8 ± 6.9b 1340 \ 0.05

Annual precipitation 2.2 ± 0.0 2.2 ± 0.1 2.0 ± 0.1 1348 0.17

Spring precipitation 2.4 ± 0.0a 2.4 ± 0.1ab 2.0 ± 0.1b 2114 \ 0.05

Spawning precipitation 2.4 ± 0.0a 2.3 ± 0.1ab 1.9 ± 0.2c 2031 \ 0.01

Driest month precipitation* 23.4 ± 0.5a 21.1 ± 0.9ab 20.8 ± 2.5b 1593 \ 0.05

Wettest month precipitation* 130.3 ± 1.5 134.1 ± 3.4 130.9 ± 8.3 199.6 0.47

Winter precipitation (KG)* 414.4 ± 4.7 422.1 ± 9.0 402.0 ± 23.9 248.6 0.44

Summer precipitation (KG)* 405.6 ± 5.0 381.3 ± 10.6 332.3 ± 23.8 476.8 0.13

CPUE* – 0.0 ± 0.00a 36.30 ± 22.4b 698.3 \ 0.001

BPUE* – 7.9 ± 0.8 14.0 ± 5.4 593.8 0.40

Altitude* 442.1 ± 14.2 385.4 ± 23.7 370.9 ± 48.1 2318 0.49

Day length spawning season 15.5 ± 0.0 15.3 ± 0.0 15.3 ± 0.1 739.7 0.06

Day length spring 14.2 ± 0.0 14.1 ± 0.0 14.1 ± 0.0 -34.9 0.22

Day length winter 9.6 ± 0.0 9.7 ± 0.0 9.8 ± 0.0 170.2 0.17

Table 5 Relative

importance of variables for

the random forests model

Variable Mean decreased accuracy Mean decreased Gini

CPUE (catch per unit effort) 115.0 12.10

Driest month precipitation 102.0 7.78

Spawning season precipitation 82.90 6.88

Spring precipitation 76.3 5.97

Köppen-Geiger climate class 70.2 5.00

Spring temperature 61.8 4.00

Warmest month temperature 60.4 3.49

Coldest month temperature 55.1 4.02

Annual temperature 51.5 3.46

Spawning season temperature 49.7 3.20

Days above 188C 39.5 2.33

Köppen-Geiger precipitation group 24.2 0.79

Köppen-Geiger classification group 22.6 0.68

Köppen-Geiger heat group 21.5 0.55

Köppen-Geiger climate group 19.3 0.41

Köppen-Geiger main group 20.44 0.41
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spectrum (Emmrich et al. 2014; Alexander et al. 2015;

Mehner et al. 2015). While this method is well suited

to capture the overall picture of fish assemblages

(Achleitner et al. 2012), other methods are routinely

used to sample fish in lakes, but are not as efficient or

standardized as multimesh gillnets, which can lead to

comparability issues (Achleitner et al. 2012; Porreca

et al. 2013). In the present study, only data from

benthic multimesh gillnets were used, as catches in

pelagic gillnets were negligible, which was expected

for a species that is closely associated with the bottom

(Grenouillet and Schmidt-Kloiber 2006; Froese and

Pauly 2021). Nevertheless, common carp fingerlings

and juveniles were caught in lake systems during

electrofishing surveys in southern Europe (Portugal

and Italy) (author’s unpublished data), suggesting that

the species may have viable populations in certain

areas of southern Europe.

Conclusions

This study provides a macroecological approach to

evaluate the empirical evidence of the effects of

climate on the establishment of common carp popu-

lations in lacustrine environments across Europe.

Fig. 5 Projection of the common carp (Cyprinus carpio) population viability in lakes in Europe. The gray areas indicate the regions

where the species is currently absent according to the IUCN (International Union for Conservation of Nature)
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Viable common carp populations show a strong

affinity to dry and warm climates (semi-arid and

humid subtropical), being less frequently found in

continental climates and often associated to oceanic

climates. The likelihood of the common carp estab-

lishing viable populations is currently higher in areas

where it is non-indigenous than in its native range.

However, the climatic changes already in coursemight

increase the likelihood of viable populations becom-

ing established in a wider area of continental Europe in

the near future.
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