Ruthenica, 2022, vol. 32, No. 3: 121-136.
Published online  July 1, 2022.

© Ruthenica, 2022
http: ruthenica.net

Land snails Brephulopsis cylindrica and Xeropicta derbentina
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ABSTRACT. The terrestrial snails Brephulopsis cylindrica and Xeropicta derbentina are native to steppes
of the Northern Black Sea region; X. derbentina has also initially inhabited Eastern Mediterranean, the Cau-
casus, and Anatolia. However, in last decades the species are increasingly reported outside of their natural
range which renders them as likely invasive. The paper aims to assess the ecological suitability of adjacent
habitats in terms of the molluscs invasion. We address this using species distribution modelling (SDM). The
selected environment predictors for SDM included 22 environment factors such as land cover, enhanced
vegetation index (EVI), altitude, and 19 bioclimatic parameters. The resulted model suggests that the area
with maximum suitability extends from the natural range to the Central Danube lowland in the West and up
to the Volga Upland in the Northeast. These regions have similar EVI and are largely croplands. Among the
predictors, the minimum temperature of the coldest month has the greatest impact on the modelling results,
which agrees with the variable being the limiting factor for the distribution of subtropical invertebrates. The
study reinforces the notions that X. derbentina and B. cylindrica are likely to further expand the boundaries
of their range thus posing threats to native ecosystems.
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PE3IOME. Hazemubiec momttocku Brephulopsis cy-
lindrica n Xeropicta derbentina NICKOHHO HACEISIOT
crerrHbie Onotornbl CeBepHoro IlpuaeprHOMOpbs. Jlns
X. derbentina HaTUBHBIN apean Takke BKJIoUaeT Boc-
touHoe CpeanzemMHoMopsre, KaBkas, Mamyio Azuto. B
MOCJICTHUE JECSITUIICTHS YBEINYMIOCh KOJIMYECTBO

HaXOJIOK ATHX BHJOB 3a IpeJeliaMi €CTECTBEHHOIO
apeaJia, YTo yKa3bIBaeT Ha X MHBA3UBHBIM IIOTCHIINAII.
D10 00YCIIOBHIIO HEOOXOANMOCTD OLICHKH ITPHTOIHO-
CTH TEPPUTOPHUH, OKPY)KAIOINX €CTECTBEHHBII apea
BUJIOB, ¥ IOTCHIIMAIBHO YSI3BUMBIX Ul X WHBA3HIL.
Jlnist perieHust 3ToM 3a7a4n ObUIN IPUMEHEHBI METOBI
MOJIETTUPOBaHUs pacnpocTpaHeHus BUAOB (SDM).
B kauectBe npeaukropoB aiust SDM Obutn BBIOpaHSI
22 daxropa OKpyKaromeH cpenbl, TaKne Kak THII
3eMeNbHBIX yroauii (land cover), pacmpeHHBI Bere-
tarmonHbIi nHAeke (EVI), BeIicoTa Hax ypoBHEM MOPSI
u 19 KTUMaTHYecKux mapaMeTpoB. Pe3yasraTel Mose-
JIMPOBAHMS 1TOKA3aJIM, YTO 30HA, HAUOOJIee IPUTOIHAs
JUIsl OOUTaHUS UCCIIEAYEMBIX BUJIOB, IPOCTHPAETCS OT
€CTeCTBEHHOrO0 apeana 10 CpenHenyHaiickoil HU3MEH-
HOCTH Ha 3amazie ¥ 10 [IpuBoIKCKOIT BO3BBIIEHHOCTH
Ha CEBEPO-BOCTOKE. DTH TEPPUTOPHU UMEIOT CXOXKHUE
3HaueHuss EVI u npeumyIlecTBEHHO SBISIOTCS 3€M-
JISIMA  CEJIbCKOXO3SMCTBEHHOTO Ha3HA4YCHUS. Cpe}m
MIPEIMKTOPOB HauOOJIbIIECe BIMSHUE Ha PE3YNIBTaThI
MOJICIMPOBAHUS OKa3bIBACT MHUHUMaJIbHASI TEMIIEpa-
Typa caMOro XOJIOAHOTO MECSIa, YTO COINIACyeTCsl C
TEM, 4TO 3TOT (AKTOP SABISAETCS TMMUTHPYIOIIIM ISt
pacrpocTpaHeHUs CyOTpONMIECKUX OECITO3BOHOYHBIX.
HccnenoBanue moaTBEPIKAAET MPEACTABICHUS O TOM,
uto X. derbentina u B. cylindrica, BeposTHO, elie
OoJIbIIIe pacIMpPST IPaHUIIBI CBOETO apeaiia, Co3/1aBast
TEM CaMbIM yI'PO3y MECTHBIM SKOCHCTEMAaM.
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Introduction

Many species, both animals and plants, of the
Ponto-Caspian, in particular the northern Black Sea
region and the Caucasus, are well known as expand-
ing their ranges across Europe [Hulme, 2007; Keller
et al., 2011; Wagner et al., 2017]. Many of these
invaders have had dramatic consequences for native
flora and fauna [Jahodova et al., 2007; Berezina,
2007; Hohenadler et al., 2019; Ward, Ricciardi,
2007]. Moreover, certain species originating in the
Ponto-Caspian region are currently marked as poten-
tial invaders threatening Europe [Gallardo, Aldridge,
2013]. This situation necessitates research regarding
the possible expansion of such alien species to new
territories. In recent decades, species distribution
modelling (SDM) has become a major tool for as-
sessing the suitability of habitats for potential range
expansion of invasive species [Gallien et al., 2010;
Goldsmit et al., 2020; Srivastava, 2019; Péknicova,
Berchova-Bimova, 2016; Uden ef al., 2015]. Being
a versatile technique, SDM is easily modified for
the purpose of the particular analysis. For example,
SDM predictions combined with genetic structure
analysis can enable reconstruction of the history of
founder invasion [Sherpa et al., 2020]. Its ability to
include a multiplicity of environmental factors also
expands the list of SDM applications. The traditional
approach generally focused on climatic predictors
as key variables permitting successful invasion,
especially under global climate change [Reside et
al., 2019; Journé et al., 2020; Zhang et al., 2019].
However, climatic data by themselves are not suf-
ficient to model the potential distribution of invasive
species [Barbet-Massin et al., 2018]. Other features
of habitat are important as well. For example, in the
case of aquatic species SDM one can also consider
water chemistry and proximity to man-made objects,
etc. [Gallardo et al., 2020; Rodriguez-Rey et al.,
2019]. In the case of terrestrial species, incorporating
vegetation indices and land cover type as covariates
can improve SDM predictions [Cord et al., 2014,
Feilhauer et al., 2012; Wen et al., 2015; Wilson et
al., 2013].

Our research focuses on alien molluscs. This
phylum not only includes numerous invaders, but
several species known as among “100 of the world’s
worst invasive alien species” [Lowe et al., 2000]. In
addition, invertebrate invaders have many ways to be
introduced to new areas and thus can easily spread
throughout the world [Cowie, Robinson, 2003].
Unsurprisingly, these species often become SDM
study objects. Prediction of their dispersal helps to
pinpoint potential hotspots of an invasion and pos-
sibly manage it. Such predictions are important both
at global and regional scales, as seen from numerous
examples. Predicted shifts of environmental suit-
ability for native and invasive molluscs of the order

Unionida in water bodies of Southeast Asia further
enabled the monitoring of the conservation status
of freshwater biodiversity [Gallardo et al., 2018].
Combining SDM and molecular genetic analyses
allowed both reconstruction of introduction history
and prediction of new invasions by slugs in the genus
Arion across different continents [Zemanova et al.,
2018]. Based on dispersal-related factors, distribu-
tion overlaps between Dreissena polymorpha (Pal-
las, 1771) and D. rostriformis bugensis (Andrusov,
1897) were predicted at the global scale [Quinn et
al., 2014]. Invasive potential of D. polymorpha was
assessed using the MaxEnt algorithm, and the vul-
nerability of certain Italian water bodies to invasion
by these bivalves was demonstrated [Bosso et al.,
2017]. Predicting the distribution of the well-known
invasive snail Potamopyrgus antipodarum (Gray,
1843) has demonstrated the potential susceptibility of
protected areas in South America to invasion by this
species [Alexandre da Silva ef al., 2019]. According
to SDM that used 19 climatic predictors, the distribu-
tion of another invasive freshwater mollusc Pomacea
canaliculata (Lamarck, 1819) is possible on all six
continents [Lei ef al., 2017]. The same algorithm was
used to predict the potential distribution of another
commonly recognised invader, Lissachatina fulica
(Bowdich, 1822), in Nepal [Adhikari et al., 2020].
The predatory land snail Oxychilus alliarius (Miller,
1822) was shown to have spread across the Hawaiian
Islands to all suitable areas and to have the potential
to establish on other oceanic islands based on SDM
modeling [Curry et al., 2020].

In recent decades, the terrestrial molluscs Xe-
ropicta derbentina (Krynicki, 1836) and Brephu-
lopsis cylindrica (Menke, 1828) have expanded
the northwestern boundaries of their ranges. Both
species are native to the northern Black Sea region,
and the native range of X. derbentina also includes
the Caucasus and Anatolia [Schileyko, 1978]. Re-
cords of this species in Western Europe (France)
are known as early as the middle of the twentieth
century [Van Regteren Altena, 1960]. The species
have successfully adapted to their new habitats and
formed established populations [Aubry et al., 2005;
Kiss et al., 2005]. During the last decade, many new
records of X. derbentina across Ukraine, including
western Transcarpathia, were published [Gural-
Sverlova, Gural, 2017; Balashov et al., 2018b]. Since
2014, a population of this species has been known
in southwestern Russia [Adamova et al., 2019].
Around this time, B. cylindrica was also found to
be invasive [Snegin et al., 2017]. The native range
of B. cylindrica is the Crimean Peninsula, but in
recent decades, it has become established across the
northern Black Sea region and the steppe region of
Ukraine [Kramarenko, Sverlova, 2001; Vitchalkovs-
kaya, 2008; Zhukov et al., 2019; Balashov et al.,
2018b]. In addition, one occurrence of B. cylindrica
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has been confirmed in Belarus, which is currently
the westernmost point that this species has reached
[Rabchuk, Zemoglyadchuk, 2011]. In their native
ranges, both species inhabit open steppe areas where
their populations are numerous. Both are typical
xerophilous species having various adaptations to
arid environments [Di Lellis et al., 2012; Troschin-
ski et al., 2014; Dieterich et al., 2015; Kramarenko,
2016]. Studies of dispersal and locomotor activity
of X. derbentina indicate its ability for successful
geographical spread [Popov, Kramarenko, 2004;
Aubry et al., 2006].

In this study, we quantify habitat suitability of the
areas surrounding the native range of X. derbentina
and B. cylindrica. To do so, we use climatic param-
eters, altitude, enhanced vegetation index (EVI), and
land cover type as predictors. Our research focuses
on identifying potential habitats that are currently
vulnerable to invasion by these two species beyond
their native ranges.

Material and methods

Study regions, Species occurrence data, and
Predictors

Actual localities, i.e., places where X. derbentina
and B. cylindrica had been reported, came from three
sources: field collection data of the authors (29 sites
for X. derbentina and 23 for B. cylindrica), published
records (59 and 45 sites) [Balashov, Baidashnikov
2012; Balashov et al., 2018a; Balashov et al., 2018b;
Rabchuk, Zemoglyadchuk 2011; Gural-Sverlova,
Gural 2007; Vitchalkovskaya 2008; Kramarenko,
Sverlova 2001; Gural-Sverlova, Gural 2017; Gural-
Sverlova et al., 2018; Kramarenko, Dovgal 2014;
Kovalenko 2019; Zhukov et al., 2019; ], and data
in the GBIF database that also include iNaturalist
data (gbif.org) (62 and 83 sites); all localities are
shown in Fig. 1, with data in Supplementary Mate-
rial Tables 1-4. In total, 150 sites for X. derbentina
and 151 for B. cylindrica were used as primary data.
Randomly selected background points served as
“pseudo-absence” points.

The study region lies within a rectangle between
12°E to 47°E and 37°N to 55°N. It spans the natural
range of the species (the Eastern Mediterranean and
the Black Sea region, including the Crimean Penin-
sula, the Western Caucasus, and Anatolia) as well
as the surrounding areas (most importantly, Eastern
Europe), into which, according to numerous records
over recent decades, the species are expanding. The
population of X. derbentina that settled in South
France was intentionally excluded from our work
as highly isolated from the major distribution area.
To reduce sampling bias we performed spatial thin-
ning: if two or more records occurred within a 5 km
radius, only one was preserved [Aiello-Lammens
et al., 2015]. The distance was selected after evalu-

ation of thinning with 1,2, ... 20 km radius as the
most suitable, it allows to preserve a substantial
number of observations that still are not too close to
each other. Sampling bias is a common obstacle to
a successful SDM; it is caused by uneven coverage
of the area by localities. This was essential for our
particular work given that most observations came
from a well-studied yet limited geographical area.

The initial set of predictors comprised: 1) 19 bio-
climatic parameters taken from the WorldClim.org
database; 2) altitude (WorldClim.org); 3) land cover
(MODIS / Terra + Aqua Land Cover Type Yearly L3
Global 500 m SIN Grid), and 4) the enhanced veg-
etation index (EVI). Satellite data (land cover, EVI)
were taken from the Moderate Resolution Imaging
Spectroradiometer (MODIS). We used the maximum
EVI values for the year.

From WorldClim database we initially used all
19 bioclimatic variables: BIO1 = Annual Mean
Temperature; BIO2 = Mean Diurnal Range (Mean
of monthly (max temp - min temp)); BIO3 =Isother-
mality (BIO2/BIO7) (x100); BIO4 = Temperature
Seasonality (standard deviation x100); BIO5 =
Max Temperature of Warmest Month; BIO6 = Min
Temperature of Coldest Month; BIO7 =Temperature
Annual Range (BIO5-BIO6); BIO§ = Mean Tem-
perature of Wettest Quarter; BIO9 = Mean Tempera-
ture of Driest Quarter; BIO10 = Mean Temperature
of Warmest Quarter; BIO11 = Mean Temperature
of Coldest Quarter; BIO12 = Annual Precipitation;
BIO13 = Precipitation of Wettest Month; BIO14 =
Precipitation of Driest Month; BIO15 = Precipitation
Seasonality (Coefficient of Variation); BIO16 = Pre-
cipitation of Wettest Quarter; BIO17 = Precipitation
of Driest Quarter; BIO18 = Precipitation of Warmest
Quarter; BIO19 = Precipitation of Coldest Quarter.

A hierarchical cluster analysis of the initial da-
taset using Ward’s method suggested six clusters
that roughly corresponded to the natural zoning of
the study area (Fig. 2). Ward’s clusterization is a
commonly used technique that produces compact
and robust clusters in multivariate data. It provides
a dendrogram structure that describes hierarchical,
i.e. tree-like structure and enables a practitioner to
visually assess the number of clusters. To obtain a
more valid estimation and avoid multicollinearity
among the predictors, we used exploratory data
analysis. Pearson correlation coefficient and principal
component analysis (PCA, Fig. 3) suggested reduc-
ing the the initial set of predictors to 11 variables
which were least correlated and hold more variance:
land cover type, EVI, altitude, and 8 of WorldClim
layers, namely BIOS (Max Temperature of Warm-
est Month), BIO6 (Min Temperature of Coldest
Month), BIO7 (Temperature Annual Range), BIO9
(Mean Temperature of Driest Quarter), BIO12 (An-
nual Precipitation), BIO13 (Precipitation of Wettest
Month), BIO14 (Precipitation of Driest Month),
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FIG. 1. Known localities of B. cylindrica and X. derbentina in the study area. Basemap: coastline, rivers — Natural Earth @
naturalearthdata.com; Terrain Tiles — @ registry.opendata.aws/terrain-tiles; ecoregions after Dinerstein E. et al. [2017].

PUC. 1. Toukn HaXx00K BUIOB Ha McclieyeMoii Tepputopun. bazoast kapra: Geperoas IuHus, pedHas ceTb — Natural Earth @
naturalearthdata.com; pensed — Terrain Tiles @ registry.opendata.aws/terrain-tiles; sxopernonst mo Dinerstein E. et al. [2017].

BIO19 (Precipitation of Coldest Quarter). The
BIO8 (Mean Temperature of Wettest Quarter) layer
had many values close to zero in the eastern part
of the study area, so we also excluded it from the
set of predictors. Since the studied species are xe-
rophilous and inhabit open steppe biotopes, we also
kept the vegetation index, land cover, and minimum
temperature of the coldest month. The vegetation
index and land cover type stress the importance of
anthropogenically transformed landscapes for the

introduction of alien terrestrial molluscs into the new
areas while the minimum temperature of the coldest
month represents a limiting factor for invertebrates
naturally living in a subtropical climate.

Species distribution modelling

The model exploited four different algorithms
and cross-validation by fivefold subsampling that
resulted in 20 implementations for each species. For
further work, implementations were selected that
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FIG. 2. Cluster analysis using Ward’s method: dendrogram and clusters on the mapColors highlight clusters 1 to 6.

PUC. 2. Pe3ynsrarsl KJIaCTEpPHOTO aHANN3a [0 METOAY YOpAa: AEHIporpamMMa M KiIacTepsl Ha Kapre. LlBeramMu BBIIENICHBI
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FIG. 3. Principal component analysis (PCA). The dimensionality reduction technique represents multivariate data on the 2D
plane thus showing their structure. Datapoint colors are the same as in Fig. 2.

PUC. 3. Pesynbrarsr ananusa riaBHbIX kKomoHeHT (PCA). MeTtonuka CHIKSHUS! Pa3MEPHOCTH NPECTABISICT MHOTOMEPHBIS
JTaHHBIEC HA IBYMEPHOH IUIOCKOCTH, TEM CAMBIM MOKa3bIBask HX CTPYKTypy. L{BeTa Todek JaHHBIX Takue xke, kKak Ha Puc. 2.
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Table 1. Model statistics.

Modelling algorithms: GLM — generalized linear model, RF — random forests, BRT — boosted regression trees, FDA — flexible

discriminant analysis.

Statistics indexes: AUC — area under the ROC-curve, COR — crude odds ratio, TSS — true skill statistic.

Tabmn. 1. CrarucTuueckue XapakTepUCTHKH MOJIEIICH.

Anropurmel: GLM — o6o6miennas nuHeiHas Mozens, RF — monens cirywaitnoro neca, BRT — ycunennsle perpeccHoHHbIe

nepeBbsi, FDA — ruOkuii TMCKpUMHHAHTHBINA aHAIN3.

Craructuyeckue nokasarenu: AUC — momans nog ROC-kpusoit, COR — otHomenune mancos, TSS — TSS-craructuka

Algorithms AUC COR TSS Deviance

glm 0.89 0.69 0.72 0.99

X derbentina rf 0.92 0.75 0.75 0.68
brt 0.89 0.67 0.69 0.96

fda 0.87 0.69 0.73 1.04

glm 0.97 0.83 0.89 0.59

rf 0.96 0.83 0.88 0.53

B. cylindrica

brt 0.95 0.78 0.83 0.84

fda 0.97 0.83 0.89 0.50

had the maximum values of performance indicators
(Table 1) and accordingly four models were chosen
for each species. Finally, we derived one ensemble
prediction for each species that took advantage of
all the trained models while reducing their bias. We
evaluated the suitability scores of habitat on a scale
from O to 1.

Data analysis and modelling were performed in
R version 3.6.3 [R Core Team 2020] using packages
sdm [Naimi, Aratjo 2016]. The complete script is
deposited on the GitHub repository (https://github.
com/FVortex/Snail-SDMs).

Results

The four models having the highest area under
ROC-curve values for each species were selected
(Fig. 4). Additional criteria were the highest thresh-
old-dependent statistics (e.g. TSS) and threshold-
independent statistics (e.g. AUC, COR) (Table 1).
Each of the four algorithms was implemented 5 times
using cross-validation by subsampling (Figs 5 and
6). The predictions obtained varied substantially. The
generalized linear model (glm) algorithm suggested a
larger suitable area for both species. Other algorithms
differed in the size of the zone with a high prob-
ability of habitat for X. derbentina in Anatolia. For
B. cylindrica, three of the algorithms (RF - random
forest, BRT - boosted regression trees, FDA - flexible
discriminant analysis) pointed to larger territory with
0.4-0.6 suitability scores of habitat. For each species,
we derived one ensemble prediction that combines
results of different models (GLM, RF, BRT, FDA)
and is likely to have produced a more reliable result
(Figs 7 and 8) [Hao et al., 2019; Araujo, New, 2007].

The estimated potential ranges of the two species

largely overlap. The potential range of X. derbentina
is wider, which agrees with its wider natural range.
However, in the case of the Caucasus and Anatolia,
our estimation for X. derbentina was biased because
of the lack of localities there. This caused the esti-
mated potential range to extend from only part of
the native range.

A significant part of the potential range of X.
derbentina extends beyond the eastern boundaries
of the current non-native range as far as Volgograd
(48.705°N, 44.495°E) and the Tambov region
(51.983°N, 42.2610°E). Thus, the southeastern
region of the East European Plain appears to be
potentially suitable for these two species. The poten-
tial range includes the southern part of the Central
Russian Upland but also the Kalach Upland as well
as the southern part of the Oka-Don Plain, namely
the Khopersko-Buzuluk Plain. Smaller areas with
a 0.45-0.6 suitability for X. derbentina are located
on the Volga Upland. The north-easternmost site
with a suitability > 0.5 for this species is Kamenka
(53.186°N, 44.047°E). In addition, the model showed
high suitability of some areas in the Middle and
Lower Danube lowlands, the Balkans, and eastern
Apennines for X. derbentina.

To sum up the results, our model suggests that the
entire steppe zone of Eastern Europe can potentially
be inhabited by X. derbentina.

The potential range of B. cylindrica is mainly
located within that of X. derbentina with only minor
differences. For example, the Crimean Mountains
represent a highly suitable region for B. cylindrica
while, for X. derbentina, the model suggested this
territory to be less suitable.

According to the models, the potential range of
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FIG. 4. Receiver operator curves (ROC) and area under curve (AUC) values for different models. A. Results for Xeropicta
derbentina. B. Results for Brephulopsis cylindrica. Red curve represents the model performance for a training set, pale blue
lines — for testing sets and separate models, thick blue line — overall performance among all models.

PUC. 4. ROC-kpussrie u mromas mox ROC-kpusoit (AUC) mist pa3HbIx Mozeneil. A. Pesynsrars! it Xeropicta derbentina. B.
Pesynbrarsl qns Brephulopsis cylindrica. KpacHas KpuBas HIUTIOCTPUPYET IMOKa3aTeId MO I o0ydaromiero Habopa,
0s1e1HO-TONTYyObIe JIMHUU — ]ISl TECTOBBIX HAOOPOB M OTAEIBHBIX MOJIENICH, TOJICTast CHHSS JIMHUSL — OOIIe OKa3aTeIn

BCEX MOJICIICH.
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FIG. 5. Xeropicta derbentina habitat suitability according to tested four model types. Column names indicate sample numbers.
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FIG. 6. Brephulopsis cylindrica habitat suitability according to tested four model types. Column names indicate sample numbers.

PUC. 6. ITpuroguocts MectooOuTanuiiaist Brephulopsis cylindrica coriacHo POTECTUPOBAHHBIM MOJEIISIM YEThIPEX THIIOB.

MMst KonTOHKH 0003HaYaeT HOMEP BBIOOPKH.

B. cylindrica is bounded in the east by the southern along the Dnieper valley. Notably, similarly to X.
part of the Volga Lowland and partly by the Kumo- derbentina, the areas of lesser suitability for B. cy-
Manych depression. In the north, the spread of B. lindrica are the Middle and Lower Danube lowlands,
cylindrica from the Crimean Peninsula is possible the Balkans, and the east side of the Apennines.
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PUC. 7. TlpuroaHocTs MecToobuTanuii st Xeropicta derbentina cormacHo aHcaMOIeBOi MOJIEITH.

50°N

45°N

40°N

20°E 30°E 40°E

FIG. 8. Brephulopsis cylindrica habitat suitability according to the ensemble model.

PUC. 8. TIpurognocts MectoobuTanuii uist Brephulopsis cylindrica cornacno ancam6i1eBoit MojieIu.
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Variables importance, models for X. derbentina
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Fig. 9. Relative importance of SDM variables for Xeropicta derbentina.

PUC. 9. OTHOCHTENBbHAS BAYKHOCTH MPETUKTOPOB ISl MOJETICH pacipocTpaneHus Xeropicta derbentina.

As for Anatolia, a few sites along the southern
coast of the Black Sea and in the mountains appeared
suitable for both B. cylindrica and X. derbentina. For
X. derbentina, potential habitats were predicted in
the East Pontic Mountains (Lazistan Range) as well
as between the Kure and Koroglu ranges, the main
part of the Pontic Mountains. High suitability for B.
cylindrica was evidenced in the Sakarya River valley
in northwestern Anatolia.

Rather surprisingly, several models pointed to
some parts of the eastern Baltic coast and certain
islands in the Baltic Sea, including Gotland island,
as potentially suitable for both species. However,
the ensemble prediction showed most of the East
European Plain northwest of the Dnieper and Don
valleys to be negligibly suitable for them.

Variable importance estimates were calculated
using variance inflation factor (VIF) which is the
ratio of the variance of estimating some parameter
in a model. They indicated the differences between
the contributions of the predictors (Figs 9 and 10)
to the SDM build. The climatic factors BIO 5 (Max
Temperature of Warmest Month), BIO6 (Min Tem-
perature of Coldest Month), BIO7 (Temperature
Annual Range) and BIO12 (Annual Precipitation)
were highly impactful to the models for both species.

The climatic parameters characterizing precipi-
tation were found to be more important in the case
of B. cylindrica. In addition to annual precipitation,
a significant contribution was for precipitation of

the driest month, which is limiting for xerophilous
species.

As can be seen from the figures, the vegetation
index and land cover type did not make such a
significant contribution to the forecast results but
also influenced the result, but this predictor is more
important for X. derbentina than for B. cylindrica.

Discussion

As expected, the predicted susceptible habitat
areas that are suitable for B. cylindrica and X. der-
bentina cover the natural ranges of the species. The
area with the highest suitability (especially for X.
derbentina) encircles the northern part of the Black
Sea and Azov Sea regions. The belt of suitable areas
begins from the Taman and Crimean Peninsulas and
extends to the western part of the Black Sea region
(43.243°N, 27.823°E, Varna, Bulgaria) and partly
to the eastern Balkans. Separate suitable habitats
(0.45-0.7 suitability scores) were identified for X.
derbentina in the Rhodope Mountains, on the Middle
and Lower Danube lowlands. For B. cylindrica, the
main part of the Balkans had habitat suitability <0.3.

Notably, the territory of the northern part of the
Black Sea region is inhabited not just by the studied
species but also by their close relatives X. krynickii
and B. bidens. However, there are very few records
of'these species beyond their native range. According
to Gural-Sverlova and Gural [2017], the distribution
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PUC. 10. OtHOCHTENBHAS BAKHOCTH MIPEAUKTOPOB IS MOZIENEH pacripocTpanenus Brephulopsis.cylindrica .

of X_ krynickii is confined to the sea coast that limits
the spread of this species to the north.

The SDM results were probably biased in part
because of the limited records available on GBIF and
iNaturalist. This kind of bias is typically caused by
having limited field surveys of a region [Lissovsky
etal.,2020]. In the case of X. derbentina, the records
densely cover the Crimean Peninsula and the north-
ern part of the Black Sea region while the eastern
and southern Black Sea region remains understudied
(see Fig. 1). Despite spatial thinning, the uneven
geographic coverage of data probably hampered the
prediction. This explains the predicted high suitabil-
ity for X. derbentina of the Azov region, the territory
of the Donetsk ridge, the Dnieper Lowland, and the
Dnieper Upland where most of the records occurred,
while the Armenian Highlands and the Kura-Aras
Lowland, where this species was also recorded, but
in small numbers, were noted as potentially suitable
areas only by a few of the individual models, but
not by the ensemble model. In the case of B. cylin-
drica, the uneven geographic coverage of the data
explains a gap in suitable areas from the southeast
of the Central Russian Upland (Belgorod Region,
Alekseevka) to the northeast of the Kumo-Manych
depression (Tikhoretsk and Salsk).

The belt of high suitability areas falls within a
steppe and forest-steppe zone of Eastern Europe
with feather grass-fescue and thyme vegetation. It
is a flat terrain, inhabited by xerophilous and xero-

mesophilic snail species. The terrestrial mollusc
fauna of the steppe has been described in detail for
Ukraine [Balashov, 2016; Balashov, Krivohizhaya,
2015; Balashov et al., 2013; Balashov et al., 2018a;
Balashov et al., 2018b; Gural-Sverlova, 2018]. The
most widespread native snail species of this region
are Chondrula tridens (Miiller, 1774), Helicopsis sp
and Pupilla sp. These species are also indigenous to
other parts of the predicted range of X. derbentina
and B. cylindrica, namely, the South of the Central
Russian Upland, South of the Oka-Don Plain, and
adjacent steppe territories to the north and east [Niko-
laev, 1973]. Interestingly, the supposedly highly
suitable territory for X. derbentina and B. cylindrica
is characterised by chalk outcrops. Calcium-rich
soils here may favour colonization of the biotopes
by new species of terrestrial molluscs [Jutickova et
al., 2008]. Similar biotopes and soils are also typi-
cal of the Volga Upland, where the steppe mollusc
communities are mainly composed of the same native
species [Stoiko et al., 2014].

Somewhat high suitability was predicted for the
Middle and Lower Danube lowlands (from 0.45 to
0.7). These are also open steppes and forest-steppes
(e.g. the Pannonian Steppe), where the native
malacofauna includes mostly the same xerophilous
species [Baba, 1989; Balashov et al., 2020]. In ad-
dition, these open steppe biotopes are inhabited by
certain Balkan species, for example, Xerolenta obvia
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(Menke, 1828), the range of which extends to the
Podolsk Upland [Balashov, 2016].

Higher suitability sites in the Balkans (Monte-
negro) are interesting because of the finding of a X.
derbentina population nearby in the last decade [De
Mattia, Pesi¢, 2014]. This reinforces the validity of
the SDM prediction.

The majority of the eastern Apennines coast had
lower predicted suitability for X. derbentina and B.
cylindrica. However, the area with estimated suit-
ability of 0.45-0.6 extends to the Gargano Peninsula,
and given close location of Gargano National Park
(Provincia di Foggia, Italy), this area requires further
attention. Currently, X. derbentina has been found in
northeastern Italy [De Mattia, 2007].

Three thermal factors, Max Temperature of
Warmest Month, Min Temperature of Coldest Month,
and their difference (Temperature Annual Range)
contributed the most to the models for both species.
In addition to the listed temperature factors, the An-
nual Precipitation also made a significant contribu-
tion to the forecasts.

High importance of the minimum temperature
of the colder months was somewhat expected for the
Black Sea species as it is related to the limiting factor
which restrains the spread of species to northern ter-
ritories. Biological invasions are strongly influenced
by climate change [Thomas, 2010; Hulme, 2017].
For example, the diversity of non-native species
of molluscs in European cities is related to January
temperature: in European cities in warmer regions the
diversity of non-native species was higher [Horsak
et al., 2016]. This once again supports the validity
of our models. Together with changing Temperature
Annual Range, the minimum temperature of the
colder months might explain the probability of the
rather unexpected predicted dispersal of both species
in the areas of the Baltic coast and on the island of
Gotland. Another group of climatic predictors related
to precipitation, notably Precipitation of Wettest
Month, appeared critical for X. derbentina.

Even though the exploratory analysis pointed to
landcover and EVI as least important for further anal-
ysis (Figs. 9 and 10) there is an agreement between
their spatial distribution and the SDM prediction.
Similar EVI values are observed in areas correspond-
ing to high suitability for both species. The vegetation
index describes the type of vegetation, which in turn
largely determines the terrestrial mollusc community
structure [Lososova et al., 2011]. Land Cover Type
as a covariate highlights croplands as highly suitable
regions. Anthropogenically transformed ecosystems
are well known for their high risk of biological in-
vasion; various agricultural ecosystems, including
croplands, are also amenable to colonisation by alien
snails, as is evidenced by the many snail and slug
species that are pests of crops [Guiller et al.,2012;
Thiengo et al., 2007; Thunnissen et al., 2021].

The next point is that habitats suitable for X.
derbentina and B. cylindrica are confined to densely
populated areas. First, certain features of the coloni-
zation process itself are important. The introduction
ofland snails is influenced by various anthropogenic
features such as roads and railways, and human
activities such as transport of horticultural and gen-
eral agricultural products [Cowie, Robinson, 2003;
Bergey et al., 2014]. This enables the introduction
of molluscs into urban and agricultural ecosystems.
Because of reduced biodiversity, weak competition
and interspecies interactions, these ecosystems are
vulnerable to successful expansion of invaders [San-
tana Marques et al., 2020]. This, for example, was
described in Ukrainian cities for alien land snails, in-
cluding X. derbentina and B. cylindrica [Son, 2010].
Second, these snail species inhabit steppe biotopes,
but in Europe most of the steppe landscapes have
been anthropogenically transformed. Remaining
areas of steppe vegetation are mainly near settle-
ments and their surroundings or agricultural land.
These changes in biotopes also apply to a part of
the natural range of species in the Black Sea region.
We assume that these points make these species pre-
adapted to the conditions in the new regions. This
pre-adaptation of alien species increases the success
of invasion [Facon et al., 2006].

High suitability of the steppe and forest-steppe
zone of Eastern Europe for alien xerophilous snails
represents a risk for native faunas. The negative
impact of B. cylindrica on the diversity of the steppe
ecosystem has already been shown by Balashov et
al. [2018a] in Podolski Tovtry National Nature Park
(western Ukraine). In this regard, the SDM approach
identifies areas where alien and native (including
endangered) species compete [ Vicente et al., 2011],
which is especially important for protected areas
[P&knicova, Berchova-Bimova, 2016]. Unfortu-
nately, because of the lack of data on native land
molluscs in areas of the Central Russian Upland and
the Oka-Don Plain, we cannot estimate how devas-
tating the impact of X. derbentina and B. cylindrica
on local ecosystems may have been. However, our
results highlight areas where such studies could be
conducted in the future.

To sum up, our SDM modelling suggests that X.
derbentina and B. cylindrica are likely to expand
their range. This requires a transport vector as a
means of spread. Given that the highly suitable
regions are mostly urbanised with well-developed
transport systems, their colonisation appears likely.
Our result confirmed that the steppe biotopes, espe-
cially croplands, in Eastern Europe are potentially
suitable for these xerophilous snails. The prediction
obtained using SDM provides a guide for manage-
ment of X. derbentina and B. cylindrica invasion in
highly susceptible areas.



Modelling of Brephulopsis cylindrica and Xeropicta derbentina distribution 133

Acknowledgements

We thank Dr Meri Arzumanyan for kindly providing
samples from Armenia and Dr Dmitry Palatov for kindly
sending samples from Georgia. We want to gratefully thank
the anonymous reviewer for valuable comments and sugges-
tions to improve the manuscript.

References

Adamova V.V,, Snegin E.A., P.A. Ukrainskiy. 2019.
Morphometric and genetic variability of the alien
land snail Xeropicta derbentina (Gastropoda,
Pulmonata, Hygromiidae) populations. Ruthenica,
Russian Malacological Journal, 29: 149—-160. [In
Russian]. DOI: 10.35885/ruthenica.2019.29(3).3

Adhikari S., Sharma H.P., Rimal B., Belant J.L., Katu-
wal H.B. 2020. Road as a major driver for potential
distribution of the invasive giant African land snail
in Nepal. Tropical Ecology, 61: 583-588. DOI:
10.1007/s42965-020-00115-4

Aiello-Lammens M.E., Boria R.A., Radosavljevic A.,
Vilela B., Anderson R.P. 2015. spThin: an R package
for spatial thinning of species occurrence records
for use in ecological niche models. Ecography, 38:
541-545. DOI: 10.1111/ecog.01132

Alexandre da Silva M.V., Nunes Souza J.V., Souza
J.R.B., Vieira L.M. 2019. Modelling species distri-
butions to predict areas at risk of invasion by the
exotic aquatic New Zealand mudsnail Potamopyr-
gus antipodarum (Gray 1843). Freshwater Biology,
64: 1504-1518. DOI: 10.1111/fwb.13323

Araujo M., New M. 2007. Ensemble forecasting of spe-
cies distributions. Trends in Ecology & Evolution,
22:42-47. DOI: 10.1016/j.tree.2006.09.010

Aubry S., Labaune C., Magnin F., Kiss L. 2005. Habitat
and integration within indigenous communities of
Xeropicta derbentina (Gastropoda: Hygromiidae)
a recently introduced land snail in south-eastern
France. Diversity and Distributions, 11: 539-547.
DOI: 10.1111/.1366-9516.2005.00189.x

Aubry S., Labaune C., Magnin F., Roche P., Kiss L.
2006. Active and passive dispersal of an invading
land snail in Mediterranean France. Journal of
Animal Ecology, 75: 802-813. DOI: 10.1111/5.1365-
2656.2006.01100.x

Baba, K. 1989. Zoogeographical conditions of snails
living on grass-associations of two Hungarian low-
land regions. Tiscia, 24: 59—-67.

Balashov 1.A., Baidashnikov A.A. 2012. Terrestrial
mollusks (Gastropoda) of the Vinnytsia oblast and
their biotopical preferences. Vestnik zoologii,
46(1):19-28. [In Russian].

Balashov I.A., Kramarenko S.S., Zhukov A.V., Shk-
lyaruk A.N., Baidashnikov A.A., Vasyliuk A.V.
2013. Contribution to the knowledge of terrestrial
molluscs in southeastern Ukraine. Malacologica
Bohemoslovaca, 12: 62—69.

Balashov I.A., Krivohizhaya M.V. 2015. Regularities
of the distribution of terrestrial molluscs along
the cretal steppe and adjacent phytocenosis of the
valley of the Oskol in the National Natural Park
“Dvurechansky” (Ukraine). Ekologiya, 4: 300-307.
[In Russian]. DOI: 10.7868/S0367059715040022

Balashov [.A. 2016. Stylommatophorans (Stylom-

matophora). Fauna of Ukraine. Vol. 29 Molluscs.
Is. 5. Kyiv, Naukova Dumka: 1-592. [In Russian].

Balashov I., Kramarenko S., Shyriaieva D., Vasyliuk
0.2018a. Invasion of a Crimean land snail Brephu-
lopsis cylindrica into protected relict steppic hill-
tops (tovtrs) in Western Ukraine: a threat to native
biodiversity? Journal of Conchology, 43: 59—69.

Balashov 1., Vasyliuk O., Shyriaieva D., Shvydka Z.,
Oskyrko O., Marushchak O., Stetsun H., Bezsmert-
na O., Babytskij A., Kostiushyn V. 2018b. Terrestrial
molluscs in the dry grasslands of the Dnipro Upland
(Central Ukraine): new records, rare species and
conservation potential. Vestnik Zoologii, 52: 3—12.
DOI: 10.2478/vz00-2018-0001

Balashov [.A., Neiber M. T., Hausdorf B. 2020. Phylog-
eny, species delimitation and population structure
of'the steppe-inhabiting land snail genus Helicopsis
in Eastern Europe. Zoological Journal of the Lin-
nean Society, 193(3): 1108-1125. DOI: 10.1093/
zoolinnean/zlaal56

Barbet-Massin M., Rome Q., Villemant C., Courchamp
F. 2018. Can species distribution models really pre-
dict the expansion of invasive species? PLoS ONE,
13:e0193085. DOI: 10.1371/journal.pone.0193085

Berezina N.A. 2007. Invasions of alien amphipods
(Amphipoda: Gammaridea) in aquatic ecosystems
of North-Western Russia: pathways and conse-
quences. Hydrobiologia, 590: 15-29.

Bergey E.A., Figueroa L.L., Mather C.M., Martin R.J.,
Ray E.J., Kurien J.T., Westrop D.R., Suriyawong P.
2014. Trading in snails: plant nurseries as transport
hubs for non-native species. Biological Invasions,
16: 1441-1451. DOI: 10.1007/s10530-013-0581-1

Bosso L., De Conno C., Russo D. 2017. Modelling
the Risk Posed by the Zebra Mussel Dreissena
polymorpha: Ttaly as a Case Study. Environmental
Management, 60: 304-313. DOI: 10.1007/s00267-
017-0882-8

Cord A.F., Klein D., Mora F., Dech S. 2014. Compar-
ing the suitability of classified land cover data and
remote sensing variables for modeling distribution
patterns of plants. Ecological Modelling, 272:
129-140. DOI: 10.1016/j.ecolmodel.2013.09.011

Cowie R.H., Robinson D.G. 2003. Pathways of intro-
duction of nonindigenous land and freshwater snails
and slugs. In: Ruiz G.M., Carlton J.T (Eds). Invasive
species: vectors and management strategies. Island
Press, Washington: 93—122.

Curry P.A., Yeung N.W., Hayes K.A., Cowie R.H. 2020.
The potential tropical island distribution of a tem-
perate invasive snail, Oxychilus alliarius, modeled
on its distribution in Hawaii. Biological Invasions,
22:307-327. DOI: 10.1007/s10530-019-02091-w

De Mattia W. 2007. Xeropicta derbentina (Krynicky,
1836) (Gastropoda, Hygromiidae) in Italy and along
the Croatian coast, with notes on its systematics and
nomenclature. Basteria, 71: 1-12.

De Mattia W., Pesi¢ V. 2014. Xeropicta (Gastropoda,
Hygromiidae) goes west: the first record of X
krynickii (Krynicki, 1833) for Montenegro, with a
description of its shell and genital morphology, and
an additional record of X. derbentina (Krynicki,
1836) for Italy. Ecologica Montenegrina, 1:
193-200.

Di Lellis M.A., Seifan M., Troschinski S., Mazzia C.,
Capowiez Y., Triebskorn R., Kéhler H.-R. 2012.



134 V.V. Adamova, M.A. Orlov, A.V. Sheludkov

Solar radiation stress in climbing snails: behavioural
and intrinsic features define the Hsp70 level in
natural populations of Xeropicta derbentina (Pul-
monata). Cell Stress and Chaperones, 17: 717-727.
DOI: 10.1007/s12192-012-0344-4

Dieterich A., Troschinski S., Schwarz S., Di Lellis
M.A., Henneberg A., Fischbach U., Ludwig M.,
Girtner U., Triebskorn R., Kohler H.-R. 2015.
Hsp70 and lipid peroxide levels following heat
stress in Xeropicta derbentina (Krynicki 1836)
(Gastropoda, Pulmonata) with regard to different
colour morphs. Cell Stress and Chaperones, 20:
159-168. DOI: 10.1007/s12192-014-0534-3

Dinerstein E., Olson D., Joshi A., et al. 2017. An
ecoregion-based approach to protecting half the
terrestrial realm. BioScience, 67: 534-545. DOI:
10.1093/biosci/bix014

Hao T., Elith J., Guillera-Arroita G., Lahoz-Monfort J.J.
2019. A review of evidence about use and perfor-
mance of species distribution modelling ensembles
like BIOMOD. Diversity and Distributions, 25:
839-852.

Facon B., Genton B., Shykoff J., Jarne P., Estoup A.,
David P. 2006. A general eco-evolutionary frame-
work for understanding bioinvasions. Trends in
Ecology & Evolution,21: 130-135. DOI: 10.1016/j.
tree.2005.10.012

Feilhauer H., He K.S., Rocchini D. 2012. Modeling
species distribution using niche-based proxies
derived from composite bioclimatic variables and
MODIS NDVI. Remote Sensing, 4: 2057-2075.
DOI: 10.3390/rs4072057

Gallardo B., Aldridge D.C. 2013. Priority setting for
invasive species management: risk assessment of
Ponto-Caspian invasive species into Great Britain.
Ecological applications, 23: 352-364.

Gallardo B., Bogan A E., Harun S., Jainih L., Lopes-
Lima M., Pizarro M., Rahim K.A., Sousa R., Virdis
S.G.P.,, Zieritz A. 2018. Current and future effects of
global change on a hotspot’s freshwater diversity.
Science of the Total Environment, 635: 750-760.
DOI: 10.1016/j.scitotenv.2018.04.056

Gallardo B., Castro-Diez P., Saldafia-Lopez A., Alonso
A. 2020. Integrating climate, water chemistry and
propagule pressure indicators into aquatic species
distribution models. Ecological Indicators, 112:
106060. DOI: 10.1016/j.ecolind.2019.106060

Gallien L., Miinkemiiller T., Albert C.H., Boulangeat I.,
Thuiller W. 2010. Predicting potential distributions
of invasive species: where to go from here?: Pre-
dicting potential distributions of invasive species.
Diversity and Distributions, 16: 331-342. DOI:
10.1111/5.1472-4642.2010.00652.x

Goldsmit J., Mckindsey C.W., Schlegel R.W., Stewart
D.B., Archambault P., Howland K.L. 2020. What
and where? Predicting invasion hotspots in the
Arctic marine realm. Global Change Biology, 26:
4752-4771. DOI: 10.1111/gcb.15159

Guiller A., Martin M.-C., Hiraux C., Madec L. 2012.
Tracing the invasion of the Mediterranean land snail
Cornu aspersum aspersum becoming an agricul-
tural and garden pest in areas recently introduced.
PLoS ONE, 7: ¢49674. DOI: 10.1371/journal.
pone.0049674

Gural-Sverlova N.V., Gural R.I. 2017. Expansion of
the ranges of land mollusks of the genus Xeropicta

(Gastropoda, Hygromiidae) in Ukraine. Russian
Journal of Biological Invasions, 8: 212-217. DOI:
10.1134/S2075111717030043

Gural-Sverlova N.V. 2018. Spatial distribution of land
molluscs fauna of the steppe zone of Ukraine.
Ruthenica, Russian Malacological Journal, 28(4):
131-138 [In Russian]. DOI: 10.35885/rutheni-
ca.2018.28(4).1

Gural-Sverlova N.V., Busel V.A., Gural R.1. 2018. Spe-
cies composition of land molluscs of Zaporozhye
region and anthropochory influence on it. Ruthenica,
Russian Malacological Journal, 28(3):101-112 [In
Russian].

Hohenadler M.A.A., Nachev M., Freese M., Pohlmann
J.D., Hanel R., Sures B. 2019. How Ponto-Caspian
invaders affect local parasite communities of native
fish. Parasitology Research, 118:2543-2555. DOLI:
10.1007/s00436-019-06399-3

Horsak M., Cejka T., Jufickova L., Wiese V., Horsakova
V., Lososova Z. 2016. Drivers of Central European
urban land snail faunas: the role of climate and
local species pool in the representation of native
and non-native species. Biological Invasions, 18:
3547-3560. DOI: 10.1007/s10530-016-1247-6

Hulme P.E. 2007. Biological invasions in Europe:
drivers, pressures, states, impacts and responses.
In Hester R.E., R.M. Harrison (Eds). Biodiversity
under threat. RSCPublishing, Cambridge: 56-80.

Hulme P.E. 2017. Climate change and biological inva-
sions: evidence, expectations, and response options:
Alien species and climate change in Great Britain.
Biological Reviews,92:1297-1313. DOI: 10.1111/
brv.12282

Jahodova S., Trybush S., Pysek P., Wade M., Karp A.
2007. Invasive species of Heracleum in Europe:
an insight into genetic relationships and invasion
history. Diversity and Distributions, 13: 99—114.

Journé V., Barnagaud J.-Y., Bernard C., Crochet P.-A.,
Morin X. 2020. Correlative climatic niche models
predict real and virtual species distributions equally
well. Ecology, 101: €02912.

Jutickova L., Horsék M., Cameron R., Hylander K.,
Mikovcova A., Hlava¢ J.C., Rohovec J. 2008.
Land snail distribution patterns within a site: The
role of different calcium sources. European Jour-
nal of Soil Biology, 44: 172—-179. DOI: 10.1016/j.
€js0bi.2007.07.001

Keller R.P., Geist J., Jeschke J.M., Kithn I. 2011. Inva-
sive species in Europe: ecology, status, and policy.
Environmental Sciences Europe, 23: 1-17. DOI:
10.1186/2190-4715-23-23

Kiss L., Labaune C., Magnin F., Aubry S. 2005.
Plasticity of the life cycle of Xeropicta derbentina
(Krynicki, 1836). a recently introduced snail in
Mediterranean France. Journal of Molluscan Stu-
dies, 71: 221-231. DOI: 10.1093/mollus/eyi030

Kovalenko K.V. 2019. The temporal dynamics of the
mollusca population abundance of the technosol in
Nikopol manganese ore basin. Biological Resources
and Nature Management, 11(1-2):51-58. DOI:
10.31548/b102019.01.006

Kramarenko S.S., Sverlova N.V. 2001. Terrestrial mala-
kofauna (Gastropoda, Pulmonata) of Mykolayiv
Region. Vestnik zoologii, 35(2): 7578 [In Russian].

Kramarenko S.S., Dovgal I.V. 2014. Spatial variation of
the land snail Brephulopsis cylindrica (Gastropoda,



Modelling of Brephulopsis cylindrica and Xeropicta derbentina distribution 135

Pulmonata, Enidae): a fractal approach. Vestnik Zo-
ologii, 48: 433-440. DOI: 10.2478/vz00-2014-0051

Kramarenko S.S. 2016. Patterns of spatio-temporal
variation in land snails: a multi-scale approach.
Folia Malacologica, 24: 111-177. DOI: 10.12657/
folmal.024.008

LeilJ.,ChenL.,LiH. 2017. Using ensemble forecasting
to examine how climate change promotes world-
wide invasion of the golden apple snail (Pomacea
canaliculata). Environmental Monitoring and
Assessment, 189: 404. DOI: 10.1007/s10661-017-
6124-y

Lissovsky A.A., Dudovb S.V., Obolenskayaa E.V.
2020. Advantages and limitations of application
of the species distribution modeling methods. 1. A
general approach. Zhurnal Obshchei Biologii, 87
(2): 123-134.DOI: 10.31857/50044459620020037

Lososova Z., Horsak M., Chytry M., Cejka T., Dani-
helka J., Fajmon K., Hajek O., Jufiékoyé L., Kin-
trova K., Lanikova D., Otypkova Z., Rehoiek V.,
Tichy L. 2011. Diversity of Central European urban
biota: effects of human-made habitat types on plants
and land snails: biodiversity of central European
cities. Journal of Biogeography, 38: 1152-1163.
DOI: 10.1111/j.1365-2699.2011.02475 x

Lowe S., Browne M., Boudjelas S., De Poorter M.
2000. 100 of the world's worst invasive alien spe-
cies: a selection from the global invasive species
database (Vol. 12). Invasive Species Specialist
Group, Auckland. 12 p.

Naimi B., Araujo M.B. 2016. sdm: a reproducible
and extensible R platform for species distribution
modelling. Ecography, 39:368-375. DOI: 10.1111/
ecog.01881

Nikolaev V.A. 1973. Terrestrial snails and slugs of the
Central Russian Upland. Dissertation, Moscow
State University. 311 p. [In Russian].

Péknicova J., Berchova-Bimova K. 2016. Applica-
tion of species distribution models for protected
areas threatened by invasive plants. Journal for
Nature Conservation, 34: 1-7. DOIL: 10.1016/j.
jnc.2016.08.004

Popov V.N., Kramarenko S.S. 2004. Dispersal of land
snails of the genus Xeropicta Monterosato, 1892
(Gastropoda; Pulmonata; Hygromiidae). Russian
Journal of Ecology, 35: 263-266. DOI: 10.1023/B:
RUSE.0000033797.51636.83

Quinn A., Gallardo B., Aldridge D.C. 2014. Quantifying
the ecological niche overlap between two interact-
ing invasive species: the zebra mussel (Dreissena
polymorpha) and the quagga mussel (Dreissena
rostriformis bugensis): the ecological niche of zebra
and quagga mussels. Aquatic Conservation: Marine
and Freshwater Ecosystems, 24: 324-337. DOI:
10.1002/aqc.2414

Rabchuk V.P., Zemoglyadchuk K.V. 2011. The first
finding of land snail Brephulopsis cylindrica (Gas-
tropoda, Pulmonata, Enidae) in the territory of
Belarus. Ruthenica, Russian Malacological Journal,
21(2): 95-96.

Reside A.E., Critchell K., Crayn D.M., Goosem M.,
Goosem S., Hoskin C.J., Sydes T., Vanderduys
E.P., Pressey R.L. 2019. Beyond the model: expert
knowledge improves predictions of species’ fates
under climate change. Ecological Applications, 29:
¢01824. DOI: 10.1002/eap.1824

Rodriguez-Rey M., Consuegra S., Borger L., Garcia
De Leaniz, C. 2019. Improving species distribu-
tion modelling of freshwater invasive species for
management applications. PloS ONE, 14: e0217896.
DOI: 10.1371/journal.pone.0217896

Santana Marques P., Resende Manna L., Frauendorf
C.T., Zandona E., Mazzoni R., El-Sabaawi R. 2020.
Urbanization can increase the invasive potential
of alien species. Journal of Animal Ecology, 89:
2345-2355. DOI: 10.1111/1365-2656.13293

Sherpa S., Renaud J., Guéguen M., Besnard G., Mouyon
L., Rey D., Després L. 2020. Landscape does mat-
ter: Disentangling founder effects from natural and
human-aided post-introduction dispersal during an
ongoing biological invasion. Journal of Animal
Ecology, 89: 2027-2042. DOI: 10.1111/1365-
2656.13284

Snegin E.A., Adamova V.V,, Sichev A.A. 2017. Mor-
pho-genetic variability of native and adventitious
populations of the Brephulopsis cylindrica (Gas-
tropoda, Pulmonata, Enidae). Ruthenica, Russian
Malacological Journal, 27: 119-132 [In Russian].

Stoiko T.G., Komarova E.V., Bezina O.V. 2014. Com-
munities of terrestrial mollusks on chalky slopes
in the forest-steppe zone (The Middle Volga River
Region). Izvestiya Samarskogo nauchnogo tsentra
Rossiyskoy akademii nauk, 16: 142-147. [In Rus-
sian].

Srivastava V. 2019. Species distribution models
(SDM): applications, benefits and challenges in
invasive species management. CAB Reviews, 14.
DOI:10.1079/PAVSNNR201914020.

Schileyko A.A. 1978. Terrestrial gastropods of the
superfamily Helicoidea. Fauna SSSR, Molluski.
3(6). Leningrad, Nauka Publishing House: 1-384
[In Russian].

Son M.O. 2010. Alien mollusks within the territory
of Ukraine: Sources and directions of invasions.
Russian Journal of Biological Invasions, 1: 37-44.
DOI: 10.1134/S207511171001008X

Thiengo S.C., Faraco F.A., Salgado N.C., Cowie R.H.,
Fernandez M. A. 2007. Rapid spread of an invasive
snail in South America: the giant African snail,
Achatina fulica, in Brasil. Biological Invasions, 9:
693-702. DOI: 10.1007/s10530-006-9069-6

Thomas C.D. 2010. Climate, climate change and
range boundaries. Diversity and Distributions, 16:
488-495.

Thunnissen N.W., Collas F.P.L., Leuven R.S.E.-W.
2021. Rapid functional response tests for assess-
ing impacts of alien snails on food crops. Eco-
logical Indicators, 121: 107138. DOI: 10.1016/j.
ecolind.2020.107138

Troschinski S., Di Lellis M.A., Sereda S., Hauffe T.,
Wilke T., Triebskorn R., Kéhler, H.-R. 2014. Intra-
specific variation in cellular and biochemical heat
response strategies of Mediterranean Xeropicta
derbentina [Pulmonata, Hygromiidae]. PLoS ONE,
9: e86613. DOI: 10.1371/journal.pone.0086613

Uden D.R., Allen C.R., Angeler D.G., Corral L., Fricke
K.A. 2015. Adaptive invasive species distribution
models: a framework for modeling incipient inva-
sions. Biological Invasions, 17: 2831-2850.

Van Regteren Altena, C.O. 1960. On the occurrence of a
species of Xeropicta in France. Basteria, 24: 21-26.

Vicente J., Randin C.F., Gongalves J., Metzger M.J.,



136 V.V. Adamova, M.A. Orlov, A.V. Sheludkov

Lomba A., Honrado J., Guisan A. 2011. Where
will conflicts between alien and rare species occur
after climate and land-use change? A test with a
novel combined modelling approach. Biological
Invasions, 13: 1209-1227. DOI: 10.1007/s10530-
011-9952-7

Vitchalkovskaya N.V. 2008. Distribution and intra-
specific variability of the Crimean endemic snail
Brephulopsis cylindrica (Gastropoda, Pulmonata,
Buliminidae) behind the native area of distribution.
Vestnik zoologii, 42(3): 229-235 [In Russian].

Wagner V., Chytry M., Jiménez-Alfaro B., et al. 2017.
Alien plant invasions in European woodlands.
Diversity and Distributions, 23: 969-981. DOI:
10.1111/ddi.12592

Ward J.M., Ricciardi A. 2007. Impacts of Dreissena in-
vasions on benthic macroinvertebrate communities:
a meta-analysis. Diversity and Distributions, 13:
155-165.DOI: 10.1111/5.1472-4642.2007.00336.x

Wen L., Saintilan N., Yang X., Hunter S., Mawer
D. 2015. MODIS NDVI based metrics improve
habitat suitability modelling in fragmented patchy
floodplains. Remote Sensing Applications: Soci-
ety and Environment, 1: 85-97. DOI: 10.1016/j.
rsase.2015.08.001

Wilson J.W., Sexton J.O., Todd Jobe R., Haddad N.M.
2013. The relative contribution of terrain, land
cover, and vegetation structure indices to species
distribution models. Biological Conservation, 164:
170-176. DOI: 10.1016/j.biocon.2013.04.021

Zemanova M.A., Broennimann O., Guisan A., Knop E.,
Heckel G. 2018. Slimy invasion: Climatic niche and
current and future biogeography of Arion slug in-
vaders. Diversity and Distributions, 24: 1627-1640.
DOI: 10.1111/ddi.12789

Zhang Z., Capinha C., Weterings R., Mclay C.L., Xi
D.,Li H., YuL.2019. Ensemble forecasting of the
global potential distribution of the invasive Chinese
mitten crab, Eriocheir sinensis. Hydrobiologia, 826:
367-377. DOI: 10.1007/s10750-018-3749-y

Zhukov O.V., Kovalenko D.V., Kramarenko S.S.,
Kramarenko A.S. 2019. Analysis of the spatial
distribution of the ecological niche of the land snail
Brephulopsis cylindrica (Stylommatophora, Enidae)
in technosols. Biosystems Diversity, 27: 62—68.
DOI: /10.15421/011910




