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Abstract Rotan Perccottus glenii is one of the most

widespread alien invasive freshwater fish in Eurasia.

We reviewed the mechanisms of its dispersion,

identified the potential range and regarded these

results in the light of possible prevention of further

expansion. Our analysis was based on 970 presence

records and 198 absence records from both invaded

and native parts of the range. Since 1916 invasion

dynamics of rotan have been driven by episodic

anthropogenic translocations, followed by spontane-

ous expansion within river networks, and secondary

translocations. MAXENT species distribution models

with independent validations showed that rotan

distribution in Eurasia has climatic limitations; rotan

have already invaded most areas with high climatic

suitability in the Palearctic, but some regions of

North Eurasia and North America, where rotan is

currently absent, have high climatic suitability and

may be vulnerable to invasion in the future. Rotan’s

high invasiveness, lack of geographical barriers and

absence of reliable methods to prevent spread present

a very high risk of expansion within appropriate

climate limits in Europe. Our analysis shows that the

long-term invasion dynamics of an invasive freshwa-

ter species may depend on climate variables rather

than on river basin borders. Species distribution

models, based on large scale environmental layers,

can be useful to understand the invasion risk for other

freshwater species restricted to shallow aquatic

habitats.
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Introduction

The development of human civilisation, including

increasing populations and globalisation is resulting

in progressive homogenisation of the Earth biota

within and among continents. Investigations of

introduction pathways and predicting spatial patterns

of biotic invasions, homogenization, hybridization,

and control and eradication are necessary to under-

stand the invasion process (Sato et al. 2010).

Understanding spatial patterns of invasion and the

identification of the areas most at risk of invasion are

particularly important because they may be used to

determine preventive measures. Such preventative

measures are cheaper and more effective than those
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performed at later stages of invasions (Leung et al.

2002; Hulme 2006). Climatic similarity between

native and target regions is considered as a key

requirement for the success of invasions (Ficetola

et al. 2007; van Wilgen et al. 2009; Bomford et al.

2010, Medley 2010). Therefore species distribution

models (SDM), evaluating the relationships between

species and climatic features, are often used to assess

the potential distribution of invasive organisms and

the areas where the risk of invasion is highest.

However, predictions obtained through SDM may be

different from the actual invaded ranges for several

reasons, including biotic interactions and niche shifts

(Fitzpatrick et al. 2007; Rödder et al. 2009; Medley

2010). Furthermore, SDM often represent the realized

niche of the species. In principle, the fundamental

niche would be more relevant to the potential

distribution, but is more difficult to define (Jeschke

and Strayer 2008; Jiménez-Valverde et al. 2008;

Kearney and Porter 2009; Medley 2010). Therefore,

before models can be used for predicting range shifts

and risk assessment, model performance should be

tested with independent validation data, which allows

assessment of the reliability of predictions (Guisan

and Thuiller 2005). However, only a limited number

of studies use independent data to evaluate the

predictive power of models; data on a larger number

of invasive species are required to assess the

reliability of SDM results for prevention and man-

agement (reviewed by Jeschke and Strayer 2008).

Many freshwater fishes have been introduced over

the planet and sometimes introduced fishes become

invasive. In recent years at least 536 alien fish taxa

(i.e., species, hybrids, and certain unidentified forms)

were recorded in inland waters of the United States

(Fuller et al. 1999); similarly, at least 76 alien fish

species were registered in European fresh waters

(Lehtonen 2002). Environmental suitability for fresh-

water species clearly depends on the features of their

freshwater habitats. However, for both terrestrial and

freshwater species, large scale SDM are often based

on environmental variables obtained through geo-

graphic information systems or remote sensing (e.g.,

Ficetola et al. 2007; van Wilgen et al. 2009; Bomford

et al. 2010). For terrestrial environments, these

variables exist at high resolution and over a large

part of the globe (Sillero and Tarroso 2010). On the

other hand, it is not clear to what extent these data

can be used to describe inland waters, which have

features that might not be captured by large scale

environmental layers. Studying invasive species for

which there are extensive datasets on distribution

within both native and invaded parts of their range

may be extremely useful to assess whether SDMs

based on large-scale environmental layers can be

successfully used for freshwater species (Drake and

Bossenbroek 2004).

We analyzed the invasion of the rotan, Perccottus

glenii Dybowski, 1877 (family Odontobutidae),

known also as Amur or Chinese sleeper, which is one

of the most widespread invasive fish in Eurasia

(Reshetnikov 2010). Rotan is a medium-sized fish

(total length up to 27 cm) that is native to the Far East

region of Eurasia in Russia, north-eastern China and

northern North Korea (Fig. 1). The rotan’s ability to

effectively use trophic resources ranging from ciliates

to vertebrates (Sinelnikov 1976; Manteifel and

Reshetnikov 2001; Reshetnikov AN 2003; Koščo

et al. 2008; Grabowska et al. 2009) coupled with a

prolonged reproductive period, likely allows the coex-

istence of individuals of multiple sizes (Zaloznykh

1984). Rotan is able to escape competition and

predation by inhabiting waterbodies unsuitable for

most other freshwater fishes of Northern Eurasia. The

above-mentioned biological characteristics are typical

for highly invasive species (Puesink 2005). Moreover,

rotan dramatically impacts freshwater communities by

depressing species diversity (e.g., extirpating some

amphibian species; Reshetnikov AN 2003).

Rotan has been successfully transported by

humans far outside its natural range several times

during the twentieth century (Machlin 1960;

Elovenko 1981; Reshetnikov 2001, 2004; Miller

and Vasil’eva 2003). Reshetnikov (2010) recently

presented a map of its non-native range (Fig. 1).

Invasive populations of rotan are currently known in

many countries of Eurasia: Russia, Mongolia, Ka-

zakhstan, Belarus, Ukraine, Lithuania, Latvia, Esto-

nia, Poland, Slovakia, Hungary, Serbia, Bulgaria,

Romania, and Moldova. This species continues to

increase its invaded range (e.g., Ćaleta et al. 2011).

However, information on the vectors and pathways of

rotan invasion remain limited; bioclimatic models

identifying areas most at risk would be extremely

useful to implement preventive management actions.

The objectives of the present work were to: (1)

provide a review of the vectors, limiting factors and

dynamics of the current distribution of rotan; (2)
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build an SDM based on large scale environmental

layers, and assess whether they can be successfully

used to predict the potential range expansion; and (3)

discuss our results in terms of preventing further

range expansion and for management of this unde-

sirable invasive species.

Methods

Distribution data

We used published information on the distribution of

rotan in Eurasia (Reshetnikov 2010). These data were

gathered through an analysis of literature sources and a

questionnaire survey of specialists in regions of Russia

and 20 other countries. Relevant data were found in

521 publications spanning 1877–2008. The data from

catalogues of Zoological Museum of Moscow State

University (Moscow), the Zoological Museum of

Ukrainian National Academy of Sciences and the

Museum of Vladivostok were also used. In addition,

141 specialists kindly provided unpublished informa-

tion about locations of non-native populations. The

validity of these data was scrutinized; in doubtful

cases, collected material or photos were requested.

When doubt yet remained or datawere insufficient, one

of the authors (ANR) traveled into those regions and

surveyed 81 waterbodies in the Enisey river basin in

2005, 39 waterbodies in Ob’ river basin in 2005, and

102waterbodies in Irtysh river basin (77 in 2006 and 25

in 2008). Expedition observations are partly published

(Reshetnikov and Petlina 2007; Reshetnikov 2008;

Reshetnikov and Chibilev 2009).

We considered all records received before 2009 in

the analyses. Ninety four presence records from the

native range, within 71 grid cells in China, North

Korea, and the Far-Eastern region of Russia were

used. From the invaded range, we used 876 presence

records within 592 grid cells in the above-mentioned

fifteen countries from which invasive populations are

known. In addition, previously unpublished informa-

tion on rotan absence records in 198 localities within

142 grid cells was also used.

Fig. 1 The range of the fish rotan, Perccottus glenii, in

Eurasia from Reshetnikov (2010). Open circles represent

presence records within the native range. Black circles

represent presence records within the invaded range. In

a primary rivers are shown, in b country borders are shown.

Open squares represent long-distance initial introductions. See

Table 1 for an explanation of the numbers
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Environmental data

We used climatic variables from the CRU CL 2.0

global data set at 10 9 10 arc-minutes resolution

(New et al. 2002). Our approach integrated classical

correlative SDM with biological characteristics of

rotan. This produces more robust models than the

simple correlative approach using comprehensive sets

of environmental variables (Kearney and Porter 2009;

Rödder et al. 2009). We considered four climatic

variables selected on the basis of species biology: (1)

Maximum temperature of the warmest month (range:

2.7–40.7�C within study area) describing the thermal

tolerance of the species. Southern distribution may be

limited by maximum temperature because rotan does

not persist at water temperatures of about 34–38�C

(Golovanova et al. 2007). (2) Growing degree days

above 10�C (defined as the temperature sum of all

consecutive days with mean temperature greater than

10�C; range: 0–3418). This variable represents the

availability of thermal energy, particularly for repro-

duction, and was included because the northern

distribution of rotan may be limited by low summer

temperature. This species requires water tempera-

tures higher than 15�C for beginning of spawning

(Kirpichnikov 1945). (3) Total precipitation during

the warmest quarter (June–August within the study

area; range: 0–819 mm). (4) The mean ratio of annual

actual over potential evapotranspiration, representing

an index of humidity (range: 0–0.96). These two last

variables are related to water availability and stability

of waterbodies and are key factors for the persistence

of rotan populations, since they are mainly restricted

to shallow, isolated or temporary isolated waterbod-

ies (Nikolskiy 1956). We did not consider minimum

temperature of the coldest month as limiting factor

because rotan overwinters in relatively stable aquatic

conditions and sometimes can hibernate in the ice

(Sokolov 2001). We used a limited number of

variables to avoid multicollinearity issues, and

because the use of many climatic variables may lead

to models overfitting the data and limited robustness

(Nogués-Bravo 2009; Rödder et al. 2009).

Modelling

We used MAXENT 3.3 (‘‘maximum entropy’’) to build

the SDM (Phillips et al. 2006; Phillips and Dudı́k

2008; Elith et al. 2011). MAXENT is a machine

learning method that estimates species distribution on

the basis of maximum entropy. This method evalu-

ates the suitability of each grid cell as a function of

environmental variables; it requires presence-only

data, and can calculate the relative importance of

different environmental features (Phillips et al. 2006;

Phillips and Dudı́k 2008). We used linear, quadratic

and hinge features and a logistic output, with

suitability values ranging from 0 (unsuitable) to 1

(optimal habitat) and considered only one record per

grid cell as evidence of species presence (Phillips and

Dudı́k 2008). In recent comparisons, MAXENT was

among the most effective SDM methods, and showed

high quality performance (Jeschke and Strayer 2008;

Wisz et al. 2008). The reliability of MAXENT has been

confirmed by its capacity to correctly predict the

dynamics of biological invasions (e.g., Ficetola et al.

2007; Rödder et al. 2009; Ficetola et al. 2010) and

novel presence localities for poorly known species

(Pearson et al. 2007).

We built three models: (1) the native model,

calibrated using rotan records within the native

range of the species; (2) the invasive model,

calibrated using the records within the invaded

range; (3) the all data model, calibrated using all

presence records of the whole native and invaded

range. Subsequently, the native model was projected

into the invaded range, and the invasive model was

projected into the native range to evaluate predic-

tive performance; all three models were projected

into the whole Palaearctic biogeographic realm

(latitude[ 34�N). We used the 10th percentile

training presence as a suitability threshold, i.e., we

assumed that a cell is suitable if its suitability score

is greater than the 10th percentile of training

presence points (Pearson et al. 2007). This threshold

showed good capability of correctly predicting

presence of rare species and invasion dynamics of

alien species (e.g., Pearson et al. 2007; Ficetola

et al. 2010; Fouquet et al. 2010). Models calibrated

with records of both native and invasive populations

can better describe the potential distribution of the

species, and therefore can yield more robust

predictions (Steiner et al. 2008). As many species

from Eurasia are currently invasive in North

America and vice versa (Fuller et al. 1999; Jeschke

and Strayer 2005), the all data model was also

projected to North America, to evaluate invasion

risk in another continent.
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We used cross-validation to assess the robustness

of MAXENT models (Nogués-Bravo 2009). For each

model (i.e., native, invasive and all data models), we

randomly divided the cells with presence records into

five groups; we then ran the model five times, each

time using a different group of cases (representing

20% of presences) as test cells and the remaining

subsets as training cases. We built the model

averaged across the replicates, and we used the

averaged model in all analyses of suitability and to

create the maps.

Extrapolating models outside the range of envi-

ronmental conditions used for calibration can be

problematic (Fitzpatrick and Hargrove 2009). We

therefore used MAXENT to calculate ‘‘clamping’’,

identifying areas where environmental variables are

outside their calibration range, which might affect

predicted suitability (Phillips et al. 2006). However,

all models showed very low clamping when projected

outside the calibration area (results not shown),

indicating that environmental conditions were not

outside of the calibration range.

Evaluation of models

We used several methods to evaluate the MAXENT

results. First, we used the area under the curve (AUC)

of the receiver operator characteristic plot to test the

agreement between observed species presence and

projected distribution (Manel et al. 2001). Calculating

AUC using the training data set might give high AUC

values even if performance outside the training region

is limited. Therefore, (1) to evaluate model robustness

within the calibration region, we calculated the AUCs

for the test data of the cross-validated models, by

averaging the AUC of all models; and (2) to evaluate

the model ability to correctly predict invasions, we

calculated the AUC using the presence records outside

the calibration region as independent test data. For

example, we calculated the AUC evaluating the

performance of the native model in predicting the

records of invasive populations. Usually, AUC ranges

from 0 to 1, with AUC B 0.5 indicating that a model

does not perform better than random, AUC[ 0.8

indicating good performance and AUC C 0.9 indicat-

ing very good performance. However, for SDM based

on presence-only data, maximum achievable AUC is

below 1, because the maximum achievable AUC can

be calculated as 1 - a/2, where a represents the

proportion of pixels occupied by the study species

(Phillips et al. 2006). Second, we evaluated the

capability ofmodels to correctly predict rotan presence

outside the calibration area by analysing omission

errors (Lobo et al. 2008). We used a v
2 test (1 df) to

compare observed frequencies of correct and incorrect

predictions, and therefore to assess if models predict

distribution significantly better than expected under

random expectations (Roura-Pascual et al. 2004).

Third, to further evaluate whether the native model

correctly predicts invasion probability outside the

native range, we used regression models comparing

bioclimatic suitability of grid cells outside the native

range with known presence or absences of rotan.

Records of alien species are affected by strong spatial

autocorrelation because of the joint effect of multiple

factors, including spatial clustering of surveyed local-

ities (Fig. 1), strong spatial structure of climatic data,

and because species dispersal is a spatial process. Such

spatial autocorrelation can lead to a biased assessment

of model performance (Veloz 2009); in preliminary

analyses the residuals of ordinary least squares logistic

regression were spatially autocorrelated (Moran’s

I = 0.23, permutation P\ 0.001). Therefore, we used

spatial eigenvector mapping (SEVM), assuming bino-

mial error structure, to build regressionmodels relating

presence/absence in surveyed grid cells to bioclimatic

suitability. SEVM allows the translation of spatial

arrangement of data points into explanatory variables

that capture the spatial effects (Dormann et al. 2007).

In SEVM, eigenvectors reducing the spatial autocor-

relation of residuals are computed and then included as

spatial predictors into generalized linear models; we

performed SEVM as implemented by Dormann et al.

(2007). Recent comparisons showed that this is among

the most flexible and efficient spatial regression

methods (Dormann et al. 2007; Bini et al. 2009). We

used Nagerkerke’s R2 (R2
N) to evaluate the amount of

variation explained by SEVM. We built SEVM using

the package SPDEP in R 2.5 (http://www.r-project.org).

Results

Analysis of the features of rotan range expansion

Since 1916, rotan was introduced into several distant

localities throughout Eurasia (Table 1); these intro-

ductions led to the rise of several new isolated

Potential range of the invasive fish rotan (Perccottus glenii) 2971
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subranges (e.g., Saint Petersburg; Moscow; Nizhniy

Novgorod, Ilev; Baikal; Lithuania; Minsk; West

Ukraine, Lviv; Arkhangelsk, Plestsy; Tomsk;

Upper-Amur). Some primary introductions were

documented (Fig. 1b; Table 1). Many of these

newly-appeared populations rapidly and extensively

expanded their range and presently some of the

subranges have merged (Fig. 1b). Thus, the shape of

the current invaded range of rotan is partially

determined by location of the initial introduction

points.

Local dispersion of rotan from the first invasive

populations (e.g. Saint Petersburg, Moscow and

Plestsy subranges: Fig. 2; Table 1) was due to

translocation by local people (Dmitriev 1971;

Shlyapkin and Tikhonov 2001; Reshetnikov and

Reshetnikova 2002). Spread from the first-colonised

waterbodies in Moscow, Nizhniy Novgorod and

Baikal rotan subranges was at least partly due to

self-distribution via water connections (Dmitriev

1971; Pronin 1982; Zaloznykh 1982; our data). These

lessons highlight the importance of the uncontrolled

translocations and water connections in the spread of

rotan at the initial stage of enlarging of new

subranges.

During the further expansion of Moscow and

Nizhniy Novgorod subranges, until 1990, rotan was

recorded in a limited number of locations westwards

and eastwards of the initial introductions. These

secondary localities were mainly along major high-

ways (Fig. 2a) although subsequent dispersion masks

this pattern. These features of invasion dynamics

together with reports about a number of local

introductions (Reshetnikov and Chibilev 2009) con-

firm the role of uncontrolled transportation by

humans in the spread of this species during long-

term development of the new subranges.

Most records of rotan are restricted to small

isolated floodplain waterbodies where the species

reaches high population density. Reports of rotan

from large rivers are rare; however a large-scale

examination of rotan populations reveals strong

association with river system (Figs. 1a, 2). This

illustrates that rivers are common pathways for rotan

self-dispersal. Rotan distribution within a river

system can be well described through the

Fig. 2 Features of the

expansion of the fish rotan,

Perccottus glenii. A records

of rotan and major

highways (dotted lines);

B spatio-temporal dynamics

of rotan records for Ukraine

(Lviv) subrange, including

subsequent dispersion to

Poland, Slovakia, Hungary,

Serbia, Bulgaria, Romania,

and Moldova; C spatio-

temporal dynamics of rotan

records for the Baikal

isolated part of the range.

Black circles presence

records of rotan. Open

squares with a dot inside

documented long-distance

introductions. Open squares

without a dot records

located at considerable

distances from other

simultaneously established

populations. See Table 1 for

an explanation of the

numbers
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metapopulation concept (Hanski and Gilpin 1997),

with source populations located in floodplain water-

bodies producing emigrants, especially during floods,

whereas large rivers serve as important long-distant

transmission corridors.

Rotan expansion seems to be more rapid down-

stream than upstream. For example, in the Danube

river basin this species had not been found far

upstream in tributaries for a long time, but was

recorded hundreds kilometres downstream, in the

Romanian-Bulgarian sector of the Danube (Jurajda

et al. 2006) (Fig. 2b). A similar situation is known for

the Baikal subrange (Fig. 2c). The earliest reports

from the uppermost part of the Volga river basin

came from fish farms. This suggests that upstream

expansion may be due to human activities rather than

by self-distribution.

The importance of rivers in the spread of rotan is

particularly notable during the expansion in West

Ukraine (Lviv subrange) (Fig. 2b). This example of

rapid range expansion from the local centre of

invasion also illustrates the importance of upstream

territories. As a result of local anthropogenic

translocations, rotan reached the heads of rivers and

then spread downstream through new water basins.

The Lviv subrange of rotan spread to the Vistila,

Danube, Dnepr, Don, and Dniester river basins on the

territories of Poland, Belarus, Slovakia, Hungary,

Serbia, Bulgaria, Romania, and Moldova (Fig. 2b).

Thus, the appearance of rotan in the upper part of a

new basin is especially dangerous.

Species distribution models

Our results suggest a high suitability, and therefore a

risk of invasion of rotan, in several areas of China,

Western Siberia, and Western Europe where this fish

is currently absent (Fig. 3). The SDM, calibrated

using records within the native range (native model),

predicted climatic suitability in a large strip through

Eurasia up to the Atlantic coast, including several

areas of Western Europe where populations of rotan

are not presently recorded (Fig. 3a). Following this

model, growing degree days accounted for most of

explained variation, whereas maximum air tempera-

ture contributed the least (Table 2). The native model

Fig. 3 Bioclimatic

suitability for the fish rotan

Perccottus glenii in Eurasia

following MAXENT models

(a) calibrated using native

records; b calibrated using

invasive records;

c calibrated using records

from both native and

invasive parts of the range.

Darker colours indicate

higher suitability. Data used

for calibration: black

crosses presence records

within the native range;

black circles presence

within the invaded range;

open circles absence

records outside the native

range
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showed high AUC for both the native and the invaded

parts of the range, and predicted invasion localities

significantly better than random expectations

(Table 3). For instance, this model predicted high

suitability in 85% of grid cells actually invaded by

rotan. All the cross-validated models were extremely

similar, suggesting that the model is robust (Table 3).

SEVM was employed to evaluate the capability of

the native model to correctly identify areas invaded or

not invaded. In SEVM, grid cells with presence

records had bioclimatic suitability much higher than

surveyed localities without known presence

(v21 = 77.2, P\ 0.001). SEVM extracted nine

eigenvectors reducing spatial autocorrelation; the

extracted eigenvectors significantly explained rotan

distribution within the invaded range (v29 = 470.4,

P\ 0.001). The SEVM combining bioclimatic suit-

ability with spatial autocorrelation explained most of

variation in presence/absence across grid cells

(R2
N = 0.86).

Suitability predicted by the invasive model was

similar to that of the native model (Fig. 3a, b). The

amount of variation explained by environmental

variables was comparable between the two models

(Table 2). The invasive model showed high AUC for

both the native and the invaded range, and predicted

native localities significantly better than random

expectations (Table 3), indicating a very good pre-

dictive performance. For instance, this model pre-

dicted high suitability in 88% of grid cells where

native rotan populations are actually present. All the

cross validated models yielded similar results.

Suitability predicted by the all data model

(Fig. 3c) was very similar to that predicted by the

invasive model. The amount of variation explained by

environmental variables was similar to the other two

models (Table 2). The all data model showed high

cross-validated AUC, suggesting that its performance

is robust (Table 3). When projected to North America,

the all data model predicted high suitability in wide

areas of north-eastern United States and south-eastern

Canada (Fig. 4).

Discussion

Bioclimatic suitability

Species distribution models are key tools to assess the

risk of invasion, but it may be difficult to fit

bioclimatic models to aquatic species. Collecting

extensive information on local water features is

challenging and integrating microhabitat features into

large-scale SDMs is complex (but see also Whittier

et al. 2008; Kumar et al. 2009). On the other hand,

large-scale environmental layers are easily available

and therefore appealing for large-scale SDM if they

provide valuable information on aquatic systems.

Water temperature (which would be a relevant

parameter for aquatic species) can be quite different

from air temperature because of the thermal inertia of

waterbodies which might smooth short-term oscilla-

tions of air temperature. Nevertheless, at the

Table 2 Percentage of explained variation accounted for by

the environmental layers in the three models

Native

model

Invasive

model

All data

model

Growing degree days 60.8 55.5 54.3

Actual/potential

evapotranspiration

21.2 31.4 22.5

Summer precipitation 11.2 12.8 21.4

Annual max. temperature 6.8 0.4 1.7

Table 3 Predictive performance of models, evaluated by examining AUC and omission errors

Calibration area Test area AUC Omission error v
2
1 P

Cross-validated over

the calibration area ± SD

Test

area

Test N Pres.

correcta
Pres.

incorrecta

Native range Invaded range 0.936 ± 0.020 0.858 590 504 (161) 86 (429) 1003.7 \0.001

Invaded range Native range 0.893 ± 0.008 0.873 70 62 (21) 8 (49) 118.4 \0.001

All data – 0.900 ± 0.007 – – – – – –

The table reports the correct and incorrect predictions of presence and absence, and Pearson’s v
2 with 1 df (Roura-Pascual et al.

2004). Suitability of each cell was based on the 10th percentile of training presence points (Pearson et al. 2007)
a In parentheses, values expected under random expectations
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continental spatial scale, there is probably strong

correlation between the features of terrestrial and

freshwater environments. At this scale, bioclimatic

variables describing terrestrial ecosystems may there-

fore be considered good proxies of unmeasured water

features. Our analyses showed that bioclimatic layers

can successfully describe the invasion dynamics of a

freshwater fish at the continental scale; validation

using independent datasets showed very good per-

formance (Table 3). Nevertheless, it should be noted

that rotan populations are restricted mainly to shallow

waterbodies, which may be particularly influenced by

aerial climate conditions; broad scale climatic layers

might be less useful for species closely associated

with large waterbodies. The long-term range dynam-

ics of rotan differs from the most other fish species

(Gilbert and Williams 2002; Reshetnikov YS 2003)

because it depends on climate variables rather than on

river basin borders.

Growing degree days explained the highest pro-

portion of variation, while maximum temperature

was less important (Table 2). Growing degree days

may be particularly important at high latitudes by

limiting reproduction, in spite of high physiological

cold resistance of rotan (Kirpichnikov 1945; Sokolov

2001). The native and invasive calibrated models

showed some differences, for example in estimating

the southern border: the major difference was a lower

suitability in western and southern Europe and a

higher suitability in eastern China suggested by the

invasive model. We note that the founders of

European invasive populations were imported from

the northern part of the native range (Table 1), and

those individuals might be better pre-adapted to

northern climatic conditions (Fitzpatrick et al. 2007).

On the other hand, the overall differences between

models were minor and could also be influenced by

the process of calibration, by clusters of populations

not filling the whole fundamental niche of the

species, or by the use of environmental variables

with indirect effects on the study species (e.g.,

Rödder et al. 2009). Water balance and precipitation

may be also important (Table 2) for the species

depending on shallow, isolated or even temporary

waterbodies (Nikolskiy 1956). The southern bound-

ary of the range approximately coincides with an

isopleth showing the border between surplus and

deficit of water due to balance of atmospheric

precipitations and evaporation (Lean et al. 1990).

Our models focused on large scale climatic variables,

but small scale habitat features can also be important

(Ficetola et al. 2007). For example, the native model

did not predict the appearance of rotan in the

mountainous Baikal region, where rotan is distributed

along narrow river valleys and the Lake Baikal

shoreline.

The climatic variables considered do not fully

explain the absence of rotan from the lower sections of

southern rivers (Dnestr, Dnepr, Don) where climatic

conditions are apparently suitable (Figs. 1a, 2a, 3c).

Some large rivers have long sections with fast current

and few oxbow lakes, bays, or other biotopes suitable

for rotan. Theoretically, these landscape limitations, as

well as biotic barriers caused by diverse fish commu-

nities may limit or at least delay the expansion of rotan.

On the other hand, large, deep, and well-oxygenated

Fig. 4 Bioclimatic

suitability for the fish rotan

Perccottus glenii in North

America following the

MAXENT model calibrated

using records of both native

and invasive records. See

Fig. 3 for colour scale
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lakes and rivers are more stable and may provide

suitable microclimatic conditions outside the southern

border of the potential range. However, large lakes are

usually characterized by more diverse fish communi-

ties, including predatory fish (e.g.,Perca fluviatilis and

Esox lucius) which effectively control rotan (Zal-

oznykh 1982). The richness of native communities

might increase resistance to the invasion (Kennedy

et al. 2002). Nevertheless, long-term regional obser-

vations show that rotan may survive at low population

densities in some large waterbodies despite diverse

ichthyofauna and presence of the above-mentioned fish

predators (Reshetnikov AN 2003).

Areas at high risk of invasion

Rotan is currently absent in several areas of Eurasia

where bioclimatic models suggest high suitability,

and therefore a risk of invasion (Fig. 3c). Although

all our models suggest that the mountainous regions

of Europe constitute a barrier to rotan, two climat-

ically suitable corridors may connect already colon-

ised areas to Western Europe: a northern corridor

which includes Poland, Germany and western coun-

tries, and a southern corridor extending from the

Danube river basin through Croatia, Slovenia, and

Italy to France (Fig. 3). The northern corridor

includes artificial canals connecting many rivers.

The Oder is under high risk of invasion.

The Sayany Mountains may act as a barrier to the

enlarging of the Baikal subrange of rotan westward,

although rotanmight reach the EniseyRiver fromLake

Baikal via theAngara River (Figs. 1a, 2c). Conversely,

theUpper-Amur invasive subrange (in the territories of

Russia andMongolia) is obviously close to its climatic

limits (Fig. 3). Models also show high suitability in the

adjacent Chinese territory westwards from the Hing-

gan Mountains. This may be evidence that hitherto

unknown Chinese populations of rotan could be a

source for sudden invasion and formation of an Upper-

Amur subrange (Reshetnikov 2010). Japan, the south-

ern British Isles and part of North America also show

high suitability (Figs. 3, 4), but geographical barriers

may not prevent human-mediated introductions.

Control of rotan expansion

Due to the impossibility of eradication from whole

water systems, prevention of introduction may be the

best strategy to control rotan expansion. Transporta-

tion and sale of rotan should be forbidden. Strict

control of fish-farm stocking materials is necessary.

Fishermen, aquarists and even fish-farm staff may be

unaware of the problems caused by rotan. Education

aimed at increasing awareness is therefore desirable.

Additionally, monitoring aquatic sites and immediate

eradication of populations introduced to small iso-

lated waterbodies is recommended, with special

attention to upstream portions of water basins. After

the identification of a new invasive population, some

actions may limit further dispersal: (1) forbidding

public access to the waterbody, (2) hydrological

isolation the waterbody, and (3) immediate eradica-

tion of the population using chemical methods or by

drying the waterbody followed by processing of the

substrate with chemicals (e.g., Zaloznykh 1982). A

successful example of such actions is known in the

Valdayskiy national park, Russia, where a population

of rotan in an isolated fire pond was successfully

eradicated in 1998 (A. N. Glasov, pers. comm.).

Rotan is still absent in the park. However, despite this

local positive experience, reliable and effective

methods for preventing large-scale geographical

expansion in areas with high climatic suitability are

currently lacking. Therefore, without implementing

preventative measures, additional areas may be

colonized by rotan with undesirable consequences

for native biodiversity of freshwater ecosystems of

Europe (Spanovskaya et al. 1964; Reshetnikov AN

2003).

Conclusion

The invasive fish rotan has already occupied most

climatically suitable areas within the Palearctic.

Nevertheless, the expansion of this species has not

reached its limits. Some large areas of Europe and

Asia where rotan is currently absent have a high

future invasion risk (Fig. 3c). At the present time,

reliable preventive methods against large-scale

geographical expansion of rotan within Eurasia are

absent; it is therefore urgent to implement strategies

aimed reducing the risk of invasion. Our analysis

showed that long-term range dynamics of an invasive

freshwater species may depend on climate variables

rather than on river basin borders. Models based on

large-scale bioclimatic variables can effectively
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predict the invasion of a freshwater species restricted

to shallow water habitats.
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