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Abstract
Predicting the impacts of global climate change on the current and future distribution of alien or endangered species is
an essential subject in macroecological studies. Although several investigations have been devoted to animal and plant
species, few have addressed terrestrial gastropods. We employed spatial distribution modelling to construct European
and global potential distribution ranges of two land snails (Cernuella virgata and Hygromia cinctella) using current
and future climate scenarios. Both species have been continuously spreading northward from the Mediterranean region,
also being introduced to a few areas outside Europe. We found that under the current climate scenario, most presently
occupied areas in Europe are also at high probability of future occurrence of these species. However, under four future
climatic conditions, these snails will undergo contrasting scenarios. C. virgata will have a large potential gain, likely
due to rising temperatures and its weak fluctuations. In this species, global warming increases in potential area size,
accompanied by its morphological and physiological adaptations to arid conditions and the ability to passively dis-
perse, are likely to facilitate invasion into new regions of the world. In contrast, there is no significant change in the
geographical distribution of colonisation-prone areas for H. cinctella. Our results demonstrate that wetter climatic
conditions in the driest season and greater temperature variability will be key limiting factors of its distribution in
the future. An understanding of colonisation patterns can help to better manage these invaders and also to formulate
policies for their control.
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Introduction

The world is experiencing a period of climate change, which is
an important driving force on natural systems (Parmesan and
Yohe 2003). Nowadays, significant range shifts toward the
poles or toward higher altitudes have been documented for
many organisms (Parmesan and Yohe 2003; Root et al.
2003; Lenoir et al. 2008). A large part of these changes may
be attributed to increased global temperatures. In Europe, ther-
mophilous terrestrial species with Atlantic or Mediterranean
distributions are intensively spreading northwards (Roques
et al. 2009; Peltanová et al. 2012a, b). Some of these species
are highly invasive and cause damage to the environment,
economy, or human health. In particular, species invasions
have contributed to the extinction of native species (Clavero
and García-Berthou 2005), and the alteration of fire regime,
nutrient cycling, and hydrology in native ecosystems (Mack
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et al. 2000). Additionally, they can cause economic losses
(Wise et al. 2012), reduce agricultural yield (Follak and Essl
2013), introduce pathogens (Sugui et al. 2012), and result in
genetic pollution (Zhan et al. 2012). In this context, a detailed
understanding of the effect of climate change on non-native/
exotic/alien species is very important.

Species distribution modelling is a valuable approach for
understanding the relationship between the presence of a spe-
cies and climatic conditions (Gormley et al. 2011). This ap-
proach allows for the determination of the relationship be-
tween the presence of a target species and the climatic features
of the locations they inhabit. The potential geographic distri-
bution of any given species can be obtained by applying the
relationship to a wider geographic range. By applying the
relationship to different climate scenarios, the projected po-
tential invasion area of a species can be modelled (Xu et al.
2013). Although an increasing number of such studies have
been devoted to animal and plant species, only few have ad-
dressed terrestrial gastropods (Weaver et al. 2006; Hatteland
et al. 2013; Beltramino et al. 2015; Sarma et al. 2015; Sen
et al. 2016).

In the present study, two helicoid land snails, namely
Cernuella virgata (Da Costa, 1778) and Hygromia cinctella
(Draparnaud, 1801), were chosen to investigate the effect of
climate change on species colonisation. These originally
Mediterranean species were selected because of their wide-
spreading ranges northward in many European countries. At
present, C. virgata has been known from the UK (first record
1778), France (1849), Italy (1870), the Netherlands (1874),
Spain (1880), Portugal (1880), Croatia (1932), Romania
(1941), Bulgaria (1975), Germany (1992), Austria (2003),
and Italy, Serbia, Greece, Turkey, Ukraine, Russia, Morocco,
and Tunisia (Falkner 1990; Lahmar et al. 1990; Gerber 1994;
Fischer and Duda 2004; Neubert 2011; Irikov and Gerdzhikov
2013). It has also been introduced to the USA and Australia
(Baker 1988, 2002; Michalak 2010). Recently, Chinese ports
have intercepted snails in barley, rapeseed, and other consign-
ments from abroad (MOA, AQSIQ 2012).

H. cinctella occurs in France (first record 1801), Spain
(1846), France (Corsica, 1855), Italy (1870), Montenegro
(1887), Croatia (1932), Hungary (1938), the UK (1950),
Austria (1978), Switzerland (1980), Belgium (1994),
Germany (1995), and the Netherlands (1995) (Clessin 1887;
Páll-Gergely 2011; Neucker van and Scheers 2014). It has also
newly arrived in the Czech Republic (2010), Bulgaria (2014)
(Říhová and Juřičková 2011; Dedov et al. 2015), and New
Zealand (Walton 2017).

Although these two snails live as synanthropes at roadsides
and in disturbed environments, they prefer different habitats.
C. virgata lives in dry habitats, in sandy dunes and on calcar-
eous substrate, on and under herbal plants, frequently in coast-
al regions, whereas H. cinctella inhabits open areas, among
low shrubs and herbs, often at small water currents or in river

valleys (Welter-Schultes 2012). Additionally, due to the re-
markable adaptability of C. virgata, it tolerates cultivation
field habitats and has become an invasive species and a seri-
ous agricultural pest in some parts of Europe, Australia, the
USA, Japan, and Chile (Godan 1983; Baker 2002; Barker
2004; Cowie et al. 2009; Stojnić et al. 2013). Therefore, it
became one of the most important quarantined terrestrial mol-
luscs in America and China (USDA 2008; MOA, AQSIQ
2012). Besides being a potential threat to cultivated plants,
such as beans, cereal, various fruits, and vegetables, as well
as ornamental plants, it also acts as an intermediate host to
several parasites that affect humans and domestic animals
(López et al. 1998; Georgiev et al. 2003; Butcher and Grove
2006).

In this study, we first predicted the potential distributions of
C. virgata and H. cinctella under current climatic conditions.
Then, we modelled the potential distributions of these two
species under future climatic conditions (four scenarios) by
the year 2070. Correlation between climate change and the
invasionmechanism of these two species was studied by com-
paring different potential distributions under different climatic
conditions to identify bioclimatic factors that contribute to the
colonisations of C. virgata and H. cinctella.

Materials and methods

Distribution data

For C. virgata and H. cinctella, a total of 305 and 192 records,
respectively, were collected from the literature, personal observa-
tions, museum collections, and online data. These records were
converted into a MS Excel format with specimen location, lati-
tude, longitude, and data source (Online Resource 1).

Environmental data and spatial distribution
modelling

To develop spatial models, 19 bioclimatic variables from the
CHELSAversion 1.1 database (Karger et al. 2016) were used.
Additionally, 18 potentially relevant soil characters were ob-
tained from Global Soil Information Based on Automated
Mapping (Hengl et al. 2014; www.soilgrids.org), with a 250-
m2 resolution and upscaled to match the resolution and extent
of the bioclimatic variables (30 arc seconds). If different levels
were available, only level 0 cm (topsoil) and 5 cm were se-
lected, since snails lay their eggs no deeper than 3–4 cm into
the ground.

To select an appropriate modelling extent for each species,
we followed the procedure proposed by Sobel (2014). Around
each locality, we drew circular buffers with the following di-
ameters: 0.025°, 0.05°, 0.2°, 0.5°, 0.75°, 1°, 1.5°, 2°, 3°, 4°,
5°, and 8°. In the next step, these buffers were used to crop all
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available variables, which were then used as an input for spa-
tial distribution modelling. We used the maximum entropy
method implemented in Maxent version 3.4.1 (Phillips et al.
2019). The maximum number of iterations was set at 104 and
the convergence threshold was set at 10−5. For each run, 20%
of the data were used and set aside as test points. The “random
seed” option, which provides a random test partition and back-
ground subset for each run, was used. The run was performed
as a bootstrap with 103 replicates and the output was set to
cloglog. Cloglog is a complementary log-log transformation
used to produce an estimate of occurrence probability, and it is
stated as the most appropriate for Maxent (Phillips et al.
2017). It is easy to conceptualise since the estimated probabil-
ity of presence lies between 0 and 1, and it potentially gives
higher values to areas that are depicted as relatively highly
suitable by other available transformations (logistic, raw, cu-
mulative). To convert continuous grids with a cloglog scale to
binary grids, we used equal training sensitivity and specificity
thresholds. As a result, we obtained 12 models for each spe-
cies, which were then evaluated using a local minimum in the
predicted size of the potential distribution, omission error, and
AUC (area under the curve). Omission error was calculated as
a proportion between false negatives (known occurrences
treated as unsuitable) and true positives (all occurrences).
After choosing the best performing buffer, it was used for
subsequent analyses.

To reduce co-linearity and select the most important biocli-
matic variables, the dataset was reduced using the R package
“MaxentVariableSelection” (Jueterbock et al. 2016) by apply-
ing the following criteria: correlation threshold was set at 0.7,
contribution threshold at 1, and beta-multiplier was tested in
the range of 1 to 5 using 0.25 steps. Beta-multiplier defines
how closely the model is fitted to the given presence records.
Smaller values result in a more localised prediction and po-
tential overfitting while larger values result in a more spread-
out and generalised distribution. When optimal values were
selected, we ran Maxent using selected settings and cropped
variables. Since these snails are of global importance, results
were then extrapolated for the whole world. Finally, to ac-
count for the possible spread of snails, we estimated their
future distribution using climate projections obtained from
Coupled Model Intercomparison Project Phase 5 (CMIPP5).
Four “representative concentration pathways” (RCPs: RCP26,
RCP45, RCP60, RCP85), which differ in predicted CO2 con-
centrations (IPCC 2013), were analysed. We only considered
the models covering all four representative concentration
pathways for the year 2070 (average for 2061–2080). These
models were obtained from www.worldclim.org. To reduce
the bias caused by the selection of only one specific model,
theywere averaged and the ensemblemap for each variable, in
particular RCP, was computed (Konowalik et al. 2017;
Konowalik and Kolanowska 2018). It is a simplification that
catches the general trend specific for a given RCP scenario

while reducing the extremes and uncertainties of particular
models. To calculate area, maps were reprojected from
WGS84 (EPSG: 4326) to Lambert azimuthal equal area
(EPSG: 102017). GIS operations were done in QGis
(Quantum GIS Development Team 2016) and R (R
Developement Core Team 2017) using packages “raster”
(Hijmans 2016), and “rgdal” (Bivand et al. 2016).

Results

Bioclimatic factors contributing to the distribution
of C. virgata and H. cinctella

In the case of C. virgata, the radius of the optimal buffer size
was 3°, which is around 342 × 103 km2. This selection is based
on the local minimum, decreased omission error and a rela-
tively high AUC (Fig. 1). It reflects quite well an average
distance between known European localities used for model-
ling (ca. 305 km); thus, it may be considered an appropriate
accessible area (M, Barve et al. 2011) for this species. In the
case of H. cinctella, the best results were reached with buffer
8°, which had the lowest omission error and the highest AUC
(Fig. 1). Optionally, there was a local minimum at 4°, but the
8° buffer offered a more conservative threshold when possible
area and omission error were taken into account. This buffer
size, which is around 2.5 × 106 km2, roughly encompasses all
of Europe, so higher values were not tested.

According to the “MaxentVariableSelection”, the lowest
AICc (Akaike information criteria with correction for small
sample size) for C. virgata was obtained with beta-multiplier
2.0 and the following set of variables (percentage in parenthe-
ses denotes variable contribution): mean diurnal range
(38.7%), soil pH (22.7%), isothermality (10.1%), temperature
seasonality (10.1%), mean temperature of coldest quarter
(7.7%), sand content (5.0%), precipitation of driest month
(3.0%), cation exchange capacity of soil (1.4%), precipitation
seasonality (1.3%). The values were ordered according to their
contribution shown in the parentheses. The AUC reached
0.89, indicating a good performance of the model. For H.
cinctella, the lowest AICc was obtained with beta-multiplier
4.25 and the following set of variables (percentage in paren-
theses denotes variable contribution): precipitation of driest
quarter (41.8%), temperature seasonality (28.8%), soil organic
carbon content (19.8%), sand content (9.6%). In this case, the
AUC reached 0.80, indicating a fair performance of the
model.

Potential distribution and range shifts of C. virgata

Predictive maps for C. virgata under current climatic
conditions successfully identified areas with a high
probability of occurrence (Figs. 2a and 3a). In Europe,
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the most suitable regions were located mainly along the
Mediterranean coastlines of eastern Spain, France, Italy,
western parts of Croatia, and the Greek islands on the
Aegean Sea. The Balearic Islands, Corsica, and Sardinia
were also highly suitable areas for this invasive snail.
Additionally, the coasts of Sicily and Cyprus, as well as
the Cap Bon peninsula in Tunisia, had high probabilities
of suitable places for C. virgata colonisation. Other
favourable areas included the Bulgarian, Turkish, and
Crimean coastlines along the Black Sea. In Western
Europe, regions projected to be highly suitable for C.
virgata were located along the Atlantic coast of France,
extending to Belgium, the Netherlands, and Denmark
(including islands on the Baltic Sea). In almost all these
areas, present populations have already been established.
Outside Europe (Fig. 3a), there are also some potential
regions that have a high risk of invasion under the
current climate scenario. They comprise, among others,
the western Gulf Coastal Plain and southeast Florida in
the USA, the coast of the Argentine Sea along
Provincia de Buenos Aires and Provincia de Río
Negro in Argentina, the Galápagos Islands, and the
coastal part of northeast Thailand, southeast China and
Taiwan, reaching southern Japan.

Model predictions under different RCP scenarios were var-
iable in their range shift projections (Fig. 4). Future model
projections revealed possible changes in the potential distri-
bution of C. virgata. Under the four RCP emission scenarios,
the ensemble model projected rises in suitability in a propor-
tion of 3–9% (Table 1) of most European regions, excluding
only the northernmost and easternmost parts, as well as the
Alps, the Carpathians, and some smaller areas in central
Europe (Fig. 2b–e). Some probability shifts were also identi-
fied all over the world (Fig. 3b–e). For example, many areas in

Australia, South America, and Asia became susceptible under
the RCP26 and RCP85 scenarios. Regions currently unsuit-
able for C. virgata invasion, but projected to become suitable
by 2070 (34–54%), were northward and southward shifts in
the area of climatic preference for this snail.

Potential distribution and range shifts of H. cinctella

The presence samples and potential distribution of H.
cinctella under current climatic conditions are shown in
Fig. 5a for Europe and in Fig. 6a for the global projection.
The potential and actual distributions are generally similar
in Europe and include Great Britain, France, Belgium, the
Netherlands, Germany, Italy, and Croatia. A high probabil-
ity of colonisation exists in areas where the actual and
potential distributions are different, covering the Turkish,
Georgian, and Crimean coastlines along the Black Sea.
Interestingly, there are also some current records that cover
regions potentially not suitable for this species. These in-
clude the Swiss Alps, Hungary, and Bulgaria (Fig. 5a).
Furthermore, a very high potential for colonisation exists
in several parts of other continents, like Australia, Asia,
both Americas, and Oceania. Highly suitable environs for
this snail also include some areas in Africa and South and
Central America (Fig. 6a). The area predicted to be suitable
for H. cinctella reaches around 5.2 million km2.

There were no significant differences between the areas
of suitability between present, RCP26, RCP45, RCP60, and
RCP85 scenarios in Europe (Pearson’s correlation coeffi-
cient: r = 0.97–0.98). However, there was an increase of
0.4% in the area with suitability under RCP26, but a de-
crease of 1.5% under RCP45, 1.7% under RCP60, and
3.2% under RCP85 (Fig. 5b–e and Table 1). Concerning
the global projection, similarly, there were no significant

C. virgata H. cinctella
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Fig. 1 Graph used to select an appropriate extent for spatial distribution
modelling. The x-axis contains the 12 tested buffer sizes drawn around
observed occurrences. The graphs present the AUC (area under the curve)
(a), predicted area (b), and omission error (c). In the case of the AUC,
values increase with larger buffers, while the reverse situation is present in
omission error (it is partially artificial because more areas are predicted to

be suitable, which includes more populations, but the model becomes less
specific), so predicted area is used as the main criterion where local
minimum is expected to give the most appropriate results (Sobel 2014).
In the case of H. cinctella, the 8° buffer diameter was selected, and in the
case of C. virgata, the 3° diameter was chosen
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differences between the areas of suitability between the
present and the four future scenarios (Pearson’s correlation
coefficient: r = 0.96–0.97). Regions with consistently very

favourable environments for H. cinctella were located
mainly in the southeastern states of the USA, large parts
of southeast South America, Southeast Asia, and southeast

Fig. 2 Potential distribution ofC. virgata under a current and four climate
change RCP (representative concentration pathway) scenarios: b RCP26,
c RCP45, d RCP60, and e RCP85 for Europe. Points indicate the

observed occurrences. Blue to red colours indicate unsuitable to highly
suitable areas. Meridians and parallels are spaced by 10°. Maps are
projected using ETRS 89 (EPSG: 3035)
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Australia including New Zealand. Other fairly suitable re-
gions included southern coast of Africa, eastern
Madagascar, some parts of Central and South America,
and the Pacific Island regions (Fig. 6b–e). The global
change of the suitable areas generally increased and varied
from 8 to 10% (Table 1).

Discussion

Organismsmayrespondtoclimatechangebyadaptingtochanging
environmentalconditions, shifting theirniche,expandingtonewer
areas or, in the worst case scenario, becoming extinct if unable to
adapttothechangingenvironment(Holt1990).InEurope,overthe
last decades, an increasing number of species have shifted their
range northwards from the Mediterranean (Hickling et al. 2005;
Parmesan2006;Rabitsch2008;Roquesetal.2009;Peltanováetal.
2012a, b). The process of colonisation is visible since the glacial

retreat from Central Europe ca. 12,000 years ago, but in recent
decades, it has accelerated greatly. Global warming is supposed
to be an important driving force behind distributional shifts.
However, climate change is not the sole ultimate factor governing
or driving range expansions (Gaston 2003). Additional forces,
such as habitat change, unintentional human-induced transporta-
tion by vehicles and with goods, intentional release for biological
control,andnaturaldispersal,arealsoresponsibleforthesuccessful
establishment ofmany species in new areas (Rabitsch 2008).

In predicting species’ distributions in relation to climate
change, spatial distributionmodels can behelpful. In this study,
wepredicted thepotential distributionof twohelicoid landsnail
species (Cernuella virgata andHygromia cinctella) under cur-
rent and future climatic conditions. We found that, compared
with the relatively suitable current climatic conditions, these
two species will undergo contrasting future scenarios: a large
potential gain forC. virgata vs. a relatively stable potential area
forH. cinctella (Fig. 4).

Fig. 3 Global projection of the potential distribution ofC. virgata under a
current and four climate change RCP (representative concentration
pathway) scenarios: b RCP26, c RCP45, d RCP60, and e RCP85.

Points indicate the observed occurrences. Blue to red colours indicate
unsuitable to highly suitable areas. Meridians and parallels are spaced
by 10°. Maps are projected using WGS 84 (EPSG: 4326)
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Table 1 Suitable space shown as a percent of the continents’ and
world’s surface area for current climatic conditions and projections onto
four climate change RCP (representative concentration pathway)

scenarios. Change refers to the difference between current and projected
areas (*under RCP85 scenario 13 km2 of Antarctica becomes suitable for
C. virgata)

Continent Current (%) RCP26 (%) Change (%) RCP45 (%) Change (%) RCP60 (%) Change (%) RCP85 (%) Change (%)

C. virgata

Asia 0.4 4.7 4.3 0.9 0.5 1.9 1.5 3.7 3.3

North America 0.7 3.6 2.9 1.1 0.3 2.0 1.3 3.3 2.6

Europe 7.1 16.2 9.1 9.8 2.7 15.0 8.0 14.6 7.6

Africa 0.2 2.9 2.8 0.4 0.2 0.9 0.7 2.6 2.4

South America 1.6 14.2 12.6 4.1 2.5 9.0 7.4 11.9 10.2

Oceania 10.1 31.6 21.5 16.8 6.7 23.3 13.2 31.2 21.1

Australia 1.2 43.0 41.8 7.0 5.7 23.0 21.7 34.2 33.0

Antarctica 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0* 0.0*

Global 1.1 7.8 94.9 2.1 18.7 4.5 53.8 6.5 80.1

H. cinctella

Asia 1.8 1.9 0.1 1.9 0.1 1.7 − 0.1 1.7 − 0.1

North America 4.2 3.8 − 0.4 3.6 − 0.6 2.9 − 1.3 2.7 − 1.5

Europe 11.6 12.0 0.4 10.0 − 1.5 9.9 − 1.7 8.4 − 3.2

Africa 0.1 0.1 0.0 0.1 0.0 0.0 − 0.1 0.0 − 0.1

South America 8.4 7.9 − 0.5 8.6 0.3 7.7 − 0.7 7.7 − 0.6

Oceania 27.8 38.0 10.2 39.9 12.1 39.7 11.9 41.8 14.0

Australia 8.1 8.3 0.2 8.1 0.0 8.0 − 0.2 8.2 0.1

Antarctica 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Global 3.5 3.5 9.9 3.5 10.3 3.1 7.9 3.0 8.6

C. virgata H. cinctella
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Fig. 5 Potential distribution of H. cinctella under a current and four
climate change RCP (representative concentration pathway) scenario: b
RCP26, cRCP45, dRCP60, and e RCP85 for Europe. Points indicate the

observed occurrences. Blue to red colours indicate unsuitable to highly
suitable areas. Meridians and parallels are spaced by 10°. Maps are
projected using ETRS 89 (EPSG: 3035)
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Current spreading pattern and future distribution
probability of C. virgata and H. cinctella

The actual and potential distribution under current climatic
conditions showed that C. virgata is frequent in the coastal
regions of Europe and several areas of other continents (the
coastal part of northeast mainland Southeast Asia, the west-
ern Gulf Coastal Plain and southeast Florida, the coast of
the Argentine Sea along Provincia de Buenos Aires and
Provincia de Río Negro in Argentina, and the Galápagos
Islands), where occurrence of this species may be expected
(Figs. 2a and 3a). However, under future climatic condi-
tions, its potential distribution range increased considerably
and included many areas in Europe (except for its northern
and eastern ranges), as well as few areas in Australia,
South America, and Asia (Figs. 2b–e and 3b–e). This

species has the potential to be widely distributed because
of its ability to endure long periods of warmth, dryness,
fasting, and light (Schall 2006). Its morphological adapta-
tions, such as white-coloured shells to reflect light and a
moderate size of shell aperture to reduce loss of body
fluids, are accompanied by physiological adaptations
(Dittbrenner et al. 2009). Compared with the similar species
Theba pisana, C. virgata has shown a significantly higher
tolerance to overheating, which results from its greater ca-
pability to activate calcium cells in the digestive gland.
Also, a greater susceptibility to overheating has been de-
tected in adults than in juveniles, which is associated with
high energy losses during reproduction. These features may
enable C. virgata to be active during long periods of ex-
tremely warm and dry weather (Stojnić et al. 2013). This
further suggests that global warming resulting from climate

Fig. 6 Global projection of potential distribution of H. cinctella under a
current and four climate change RCP (representative concentration
pathway) scenarios: b RCP26, c RCP45, d RCP60, and e RCP85.

Points indicate the observed occurrences. Blue to red colours indicate
unsuitable to highly suitable areas. Meridians and parallels are spaced
by 10°. Maps are projected using WGS 84 (EPSG: 4326)
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change is likely to facilitate invasion of C. virgata into new
regions of the world. Comprehensive analyses based on 72
terrestrial, freshwater, and marine invasive species sug-
gested that the global occurrence of a wide range of in-
vaders is primarily limited by climate. Temperature toler-
ance was the most important factor and explained on aver-
age 42% of species distributions (Gallardo et al. 2015).

Likewise, our study revealed that temperature-related vari-
ables mainly determine the distribution of C. virgata to ca.
57%. This indicates that higher temperatures, isothermality, and
temperature seasonality were associated with an increased likeli-
hood of the climate being suitable for this snail. Regions with
extreme cold and heat were less vulnerable to invasion under
current and future climate scenarios. However, temperature alone
is insufficient for species distribution modelling, particularly
when considering climate change and the associated variations
in temperature rise at various regions. C. virgata is known to
inhabit arid parts of coastal Europe with sandy and limy soils.
We proved that soil pH was the second most important variable
for distribution of this snail. Synanthropic populations live at
roadsides and along railways and arable lands. Although the
snails can stay on harvested land for a long time, they are affected
by soil cultivation, upturn, and calcium deficiency and by total
lack of plant cover during hot periods (Pomeroy 1968).
Moreover, its reproduction seems to be triggered by rainfall
and egg laying depends on soil moisture content (Baker 1996;
Carne-Cavagnaro et al. 2006).

In contrast to C. virgata, the effects of future climate on the
predicted range of H. cinctella were only slightly discernible
(Figs. 4, 5b–e, and 6b–e). Under future scenarios, some invad-
ed or potentially suitable areas were projected to contract as
they would no longer encompass suitable climatic conditions.
This may be due to changes in precipitation and temperature
(precipitation of driest quarter and temperature seasonality
explained 71% of the distribution), which were revealed to
be the major factors mostly contributing to the distribution
of H. cinctella. These findings show that, in the case of this
snail, climate change is a key limiting factor to its distribution;
thus, this species is not expected to expand much.

In the case of terrestrial gastropods, likewise in other organ-
isms lacking the ability to overcome physical migration bar-
riers, the influence of direct or indirect human-induced spread
should also be taken into consideration when interpreting the
capacity or extent of invasive species to shift their range in
response to climate change. Transport constitutes more than
90% of the unintentional introductions of alien invertebrate
species (Roques et al. 2009). There are many reports of C.
virgata unintentionally incorporated into shipments of plant
materials in international trading, and exported grain shipments
have been rejected due to snail contamination (Michalak 2010;
Mienis and Vaisman 2010; MOA, AQSIQ 2012). Over a peri-
od of 25 years, this snail was discovered in 455 shipments of
crops belonging to 21 plant genera originating from 16

countries (Stojnić et al. 2013). Similarly, the human introduc-
tion of H. cinctella seems to be the most important method of
spreading by ship, car, or train transport with plants, soil, or
building material (Comfort 1950; Preece 2005; Beckmann and
Kobialka 2008; Říhová and Juřičková 2011). It may also ac-
tively expand its range along watercourses and railroad tracks.
Its spread along rivers was suggested in Germany (Wimmer
2006; Beckmann and Kobialka 2008), and a natural expansion
range ofH. cinctellawas believed to take place from the Rhône
valley to the north of France (Defossez and Maurin 1995).
Moreover,H. cinctella eggs are resistant to strongly fluctuating
humidity, which could be an indication of the particular robust-
ness of this developmental stage and could facilitate its rapid
spread (Wimmer 2006) in the form of eggs in soil or plants, as it
was supposed to be particularly prone to dispersal by horticul-
tural activity (Preece 2005).

Generally, the probability of an invasion grows with the in-
tensity of habitat use by humans, which corresponds to the most
industrialised regions of Europe, North America, Southeast Asia,
and South America (Gallardo et al. 2015). These regions largely
coincide with the global hotspots of invasive species richness
reported in other studies (Leprieur et al. 2008; Béllard et al.
2013). Our findings also support these conclusions. Under cur-
rent climatic conditions, we identified regions favouring the oc-
currence of H. cinctella in its native region of the Mediterranean
and generally Southern Europe, as well as in Western Europe,
where introduced populations already exist. Moreover, areas
along the Turkish, Georgian, and Crimean coastlines along the
Black Sea appeared to be highly vulnerable to potential coloni-
sation. Although they exhibit suitable climatic conditions for H.
cinctella, they are not adjacent to established populations.
Globally, some regions in southeastern Australia, Asia, and both
Americas were also identified as very prone to being colonised
under current and future climatic conditions (Fig. 6).

No or only a moderate probability of H. cinctella occur-
rence was predicted for some areas, such as the Swiss Alps,
Hungary, and Bulgaria, where populations of this species were
previously established. Interestingly, populations from these
regions were only recently recorded (Preece 2005; Weddle
2009; Dedov et al. 2015). Although there is some interest in
H. cinctella as a snail of warm climates, and therefore a pos-
sible indicator of climate change, more studies would be re-
quired to establish the viability of the species in newly invaded
areas, especially to ascertain whether it can overwinter
(Weddle 2009). Although it appears vulnerable to frost
(Davies 2010), well-established, strong colonies have been
observed despite cold winters in Hungary, sometimes with
temperatures falling down to − 25 °C (Wagner 1940), and it
has survived both summer and winter conditions in
Well ington, New Zealand (Walton 2017). In the
Czech Republic, H. cinctella also survived the cold winter.
However, in spring, a number of empty shells (many with
remnants of a snail body) were found. Some living individuals
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were hiding under planks and bricks, with only a few of them
freely crawling (Říhová and Juřičková 2011). The further fate
of this population remains unknown. Additionally, in
Switzerland, H. cinctella was recently recorded to reach sites
of much higher altitudes (1020–1400 m a.s.l.) than in almost
any other parts of Europe (Dedov et al. 2015).

To be or not to be an invasive species

It is expected that invasive alien species acting synergistically
with climate change might have a much larger impact on the
local ecosystem than either species acting alone (Masters and
Norgrove 2010). It is well documented that C. virgata consti-
tutes a serious problem in southern Australia, as it causes
significant economic damage on cereals due to very high pop-
ulation densities; yields are reduced, harvest machinery be-
comes clogged, and grain becomes polluted. On artificial pas-
tures, cattle are repelled from grazing plants with contaminat-
ed slimy deposits (Baker 1996, 2002; Leonard et al. 2003).
There do not seem to be many records of this species being a
pest outside of Australia; this may be because the populations
are controlled by natural enemies (Molet 2014). Long-term
monitoring studies in Australia (Baker 2008) aimed to discern
relationships between weather and the population dynamics of
the snails, and to identify temporal variability in snail abun-
dance as a background to the possible introduction of natural
enemies from Europe for biological control. Introductions of
natural enemies forC. virgata have, however, not yet occurred
(Baker 2012).

Considering the fast growth and reproductive habit of
C. virgata, its broad ecological tolerance, and its high adaptabil-
ity, as well as facilitated passive dispersal, it is likely that, with
climate change, currently isolated areas of infestation in some
regions of the world (e.g., South America with the Galápagos
Islands, parts of Southeast Asia and North America) may further
expand. Therefore, areas that have high biological diversity
should be a focus in order to prevent the introduction of this snail.
Effective regulatory strategies focused on limiting human-
facilitated propagation and the movement of this species, as well
as close monitoring and preventive approaches, are crucial and
have been developed and implemented in some countries. For
example, C. virgata is on quarantine lists in the USA, Canada,
and China (Cowie et al. 2009; MOA, AQSIQ 2012), and ship-
ments contaminated with this species have also been rejected by
other countries (Mienis and Vaisman 2010; White-McLean
2011). Therefore, given the presented spatial distribution model
data, accompanied by morphological and physiological adapta-
tions of C. virgata to arid conditions and its ability to passive
dispersal, we may assume that the species constitutes a very high
risk to potentially invade many areas where it is now absent.

Besides regions that were very prone to colonisation by H.
cinctella, some fairly suitable areas were detected, which in-
cluded southern Africa, eastern Madagascar, and some parts

of Central and South America, as well as in Oceania. Out of all
these areas, the species was just recently introduced to New
Zealand (Walton 2017). Adventive species often exhibit a lag-
time prior to expanding their range or becoming a pest
(Simberloff and Gibbons 2004; Didham et al. 2007). In New
Zealand, several related species with similar ecologies, also of
European origin, such as Candidula intersecta and
Cochlicella barbara, have become abundant and widespread
since their introduction in the late 1800s and in 1983, respec-
tively (Barker 1999). Should H. cinctella become established
and eradication efforts not be implemented or fail, the species
may well spread to gardens and scrubland through much of
New Zealand. While it is impossible to predict any negative
effects, it seems likely that it will prove to be neither a crop
pest nor a significant threat to native snails or other fauna
(Walton 2017), especially given the species’ preference for
synanthropic, disturbed, or cultivated habitats (Preece 2005;
Mienis 2010; Říhová and Juřičková 2011; Neucker van and
Scheers 2014; Dedov et al. 2015). However, likewise other
gastropod species from more southerly European regions
(e.g., C. virgata, A. vulgaris, M. cartusiana, H. lucorum)
may benefit from the ruderalisation of open areas and replace
sensitive species (Peltanová et al. 2012b). Although only dam-
age to garden plants was reported (Mienis 2010), it is un-
known whether the presence of H. cinctella has adverse ef-
fects on the indigenous fauna and flora in Europe. There is no
published literature or observations in the natural range of the
species to be a pest to crops; nevertheless, confamilial species
are significant crop pests in Australia and further afield (Baker
2002).
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