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Arion vulgaris and Arion rufus are two cryptic slug species whose ranges overlap in vast ar-
eas of Europe. In Poland, A. rufus is native; it reaches the eastern border of its range near
Wroctaw, while the invasive A. vulgaris was previously not recorded in this area. The study
aimed to map the distribution of both species in the city of Wroclaw and determine the
size and abundance of their populations. Twenty-six sites were surveyed in 2019-2020. They
represented three types of habitats: natural, semi-natural and anthropogenic. Because the
investigated species are externally indistinguishable, their identification was based on the
genital organs. Among 280 analysed specimens, 72% were identified as A. vulgaris, 23% as A.
rufus and 5% were classified as hybrids. The hybrids and A. vulgaris were most abundant in
semi-natural (83%) and anthropogenic habitats (95%), while A. rufus most often occurred in
natural habitats (51%). Arion vulgaris occupied most of the sites (88.5%), and in 50%, it was
collected alone. Arion rufus occurred in 46% of the sites (in 11.5% alone), and the hybrids were
noted in 27%. In Wroctaw A. vulgaris dominates in most sites, and its populations are much
more abundant than those of A. rufus where the two species co-occur. This finding indicates
that A. vulgaris, with its better adaptive skills and competitive abilities, may negatively im-
pact the native species and, consequently, the latter’s displacement. Although the recorded
frequency of hybridisation was very low (5%), it may also have an effect on the local extinc-
tion of A. rufus. Interspecific hybridisation is assumed to foster invasions, and climate change
may further exacerbate displacement; therefore, they should continue to be monitored.
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INTRODUCTION

Competition between species with overlapping ecological niches is gener-
ally driven by the limited availability of resources such as food, space or shel-
ter (Pranka 1981, ConNELL 1983, FErRGUSON et al. 2013, ZWERSCHKE ef al. 2018).
Competition for shared resources or interference between species increases
with functional similarity and may lead to a displacement of the native species.
It can cause a possible loss of related functional traits, which are considered
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relevant to the response of organisms to the environment and/or their effects
on the ecosystem (ELTon 1958, DipHAM ef al. 2005, WARDLE ef al. 2011, Dick et
al. 2017). Competitive displacement (exclusion) often appears in the context of
biological invasions and human-induced habitat modifications, both of which
may threaten biodiversity (e.g. Macxk et al. 2000). Within the rapidly expand-
ing knowledge of species invasions, urban ecosystems seem to remain under-
explored concerning the distribution, ecology and impact of non-native and
invasive species (Francis & Crapwick 2015). Small habitat patches in cities
are essential for various organisms, including those with poor dispersal abili-
ties, that do not require large areas to maintain viable populations (McKINNEY
2008). Such places can act as local hotspots for both native and alien species.
Terrestrial gastropods are animals of low mobility. Some of them have
managed to become established due to human introductions in European cit-
ies (e.g. BEckmanN & Kosrarka 2008, Ritnova & Juri¢kovA 2011, Depov et al.
2015) or are even listed among invasive species (www.invasive.org). Arion vul-
garis Moquin-Tandon, 1855, commonly known as the Spanish slug, is ranked
among the hundred most invasive species in Europe (DAISIE 2009). Arion
vulgaris and the native A. rufus (Linnaeus, 1758) are externally indistinguish-
able as adults and juveniles (RowsoN et al. 2014b). Their identification is only
possible based on the structure of the reproductive system, mating behaviour
or molecular data (QuiNTEIRO et al. 2005, BARR et al. 2009, Karuski et al. 2011).
Their taxonomy is problematic because data on the invasive species referred
to Arion lusitanicus Mabille, 1868, which in fact, is an endemic species origi-
nating from Portugal. The invasive species spreading throughout Europe that
commonly occur in an increasing number of countries is A. vulgaris (ZEMA-
Nova et al. 2016, Zajac et al. 2017). Arion ater (Linnaeus, 1758), occurring in
Great Britain, Scandinavia, Iceland and northern Germany, is classified as a
distinct species (ANDERsON 2005, Rowson et al. 20144, b). Some researchers
claim it is conspecific with A. rufus, but it is usually considered a separate
subspecies. This question has been extensively reviewed by Reisk et al. (2020),
who, based on a thorough morphological investigation and COI mtDNA, rec-
ognise three subspecies i.e. A. ater ater (Linnaeus, 1758), A. ater rufus (Lin-
naeus, 1758) and A. ater ruber (Garsault, 1764). Here, we consistently use the
name Arion rufus (Linnaeus, 1758), probably corresponding to A. ater ruber in
this area (RE1sk et al. 2020). Monitoring the distribution of A. vulgaris is espe-
cially problematic when A. ater, A. rufus and A. vulgaris co-occur in the same
habitat. Moreover, it is difficult to distinguish A. vulgaris from other closely
related, large congeners found in some parts of Europe, i.e. A. magnus Torres
Minguez, 1923, A. flagellus Collinge, 1893 and A. lusitanicus. The first reliable
record of A. vulgaris in Poland dates from 1993 (environs of Rzeszéw; pod-
karpackie voivodeship, SE Poland) (Kozrowski 2007). Though 1987 was men-
tioned as the probable date of its first appearance, there was no confirmed
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identification (StTworzEwicz & Kozrowskr 2014). In 2001-2007 the slug spread
rapidly in the south (voivodeships: matopolskie, slaskie, podkarpackie) and
other regions of the country (voivodeships: 16dzkie, mazowieckie, pomorskie,
warminsko-mazurskie and wielkopolskie) (Kozrowskr 2008). Its occurrence
in the western part of dolnoslaskie voivodeship (= Lower Silesia) was also not-
ed (Dreners ef al. 2013, HurcuinsoN & Reise 2015, Reisk et al. 2020, HutcHin-
soN et al. 2021), but there were no data from Wroctaw, the largest city of this
region, where A. rufus is native; its natural eastern border of distribution runs
near Wroctaw (Wikrtor 2004, Kozrowski 2012).

This study aimed to characterise the populations of the two cryptic spe-
cies co-occurring in three types of habitats (natural, semi-natural and anthro-
pogenic) in the urban area of Wroclaw. A detailed comparison of the distribu-
tion and abundance of the native Arion rufus and the invasive Arion vulgaris
was intended to determine the actual occurrence of both species.

MATERIAL AND METHODS

The study was carried out in Wroctaw in 2019-2020. The city is situated on the Odra
River in the Sudetes foreland (SW Poland). The slugs were collected from 26 sampling sites
in different parts of the city (Fig. 1). The habitat type (natural, semi-natural and anthropo-
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Fig. 1. Location of sampling sites in Wroctaw (see Table 1) and map of administrative divi-
sion of Poland. Symbols indicate the type of habitat. Colours indicate species and hybrids
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genic) was recorded for each site. Forests (six sites) were classified as natural due to the
insignificant level of their transformation (Fig. 2). Seven sites were regarded as semi-nat-
ural because of the relatively low level of anthropogenic transformation, the proximity of
natural watercourses and the rich vegetation cover (Fig. 3). The remaining — anthropogenic
sites showed signs of heavy human impact (Fig. 4). Table 1 shows detailed characteristics
of the sites.

Table 1. Characteristics of sampling sites, collection data and identified Arion species. Abbrevia-
tions: HT = habitat type, nat = natural, sna = semi-natural, ant = anthropogenic.

No Site HT Geographical Collection Collector Species
coordinates date
forest Las onaraar s E. Kuznik-  A. vulgaris -1
1. Mokrzariski nat 51°09'38”N, 16°51'36”E  06.09.2020 Kowalska A, rufits — 13
o, forestlasPil- o0 5100850'N 16°5736"E 052017 M. Prockéw  A. rufiis -4
czycki
forest Las Oso- 0N 17 o207 ()" i
3. 1 nat 51°09'16”N 16°59°00”"E  01.08.2019  A. Wosinek  A. rufus -3
bowicki
forest Las Oso- OO I E. Kuznik-
4. bowicki nat  51°09'28”N 16°58'54”E  06.09.2020 Kowalska A. rufus —13
, . A. vulgaris —27
5. forestLas nat  51°09'59"N 16°57°01"E  06.09.2020 L KuZnik- 4 s o
Redzinski Kowalska .
hybrids - 2
, . A. vulgaris — 14
6. forestlas i 51o0534/N17°0910°E 08.092020 D Kusnike b 4
Strachocinski Kowalska g
hybrids -1
Maslice, Os- oA A oz E. Kuznik- .

7. trédzka street sna 51°09'13”"N 16°56'11”E  15.07.2020 Kowalska A. vulgaris — 10
8. Park Zachodni  sna 51°08'06”N 16°58'04”E  15.07.2019  A. Wosinek  A. vulgaris —1
Biskupin, wat N 1o SR E. Kuznik- .

9. [flood bank] sna 51°0549”N 17°06'39”E  08.09.2020 Kowalska A. vulgaris —13

Park O S E.Kuznik-  A.vulgaris —15
10. Biskupiriski sna 51°05'51”N 17°05'58”E  08.09.2020 Kowalska  A. rufus - 2
. , . A. vulgaris -9
11, slandWyspa o 5100558"N 17°0726"E 08.09.2020 L KuZnik- el 9
Opatowicka Kowalska hvbri
ybrids — 1
12. Park Wschodni  sna 51°05'09”N 17°04'40”E ~ 14.07.2019  A. Wosinek  A. vulgaris —9
rove Lasek A. vulgaris — 8
13. & . sna 51°0525"N 16°58'02”E  21.08.2019  A. Wosinek  A. rufus -3
Oporowski hvbri
ybrids -1
Maslice, oo A A o nar E. Kuznik- .
14. Pélnocna street A% 51°09'44"N 16°56'09”E  08.2019 Kowalska A. vulgaris —2
Pawlowice - 01 oA E. Kuznik- .
15. Arboretum ant 51°1013”N 17°07°08”E  31.07.2019 Kowalska A. vulgaris — 6
16. Zgorzelisko ant 51°07'48”"N 17°07'54”E  08.2019 J. Majk A. vulgaris - 8
17.  Wilczyce ant  51°0718’N 17°09217E 082019 M- Mazurkie- o oic 5
wicz-Kania
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Table 1 (continued)

No Site HT Geographical Collection Collector  Species
coordinates date
18. Botanic Garden ant 51°0701"N 17°0243"E 07082019 M. Prockow ‘- 08aris =22
A. rufus -1
Biskupin, Kozu- eI AN oL A1 E. Kuznik- .
19. chowska street ant  51°05'54”N 17°0541”E 09.2019 Kowalska A. vulgaris — 4
A. vulgaris —14
20. Swojczyce ant  51°06’'37”N 17°07°27”E  15.07.2020 J. Makol A. rufus -3
hybrids -1
21. Huby ant 51°05°01”N 17°01'57”E  13.07.2019  A. Wosinek  A. vulgaris -3
2, Park ant 51°04’41”N 17°00'517E  13.07.2019  A.Wosinek  A. vulgaris — 6
Potudniowy
23. Wojszyce ant 51°04'15”N 17°02'22”E  25.09.2019  A. Wosinek  A. vulgaris — 4
24. Gaj ant 51°04'16”"N 17°02°40”E  03.07.2019  A. Wosinek  A. vulgaris —2
Park A. vulgaris — 6
25. o ant 51°0517”N 16°58'48”"E  07.08.2019  A. Wosinek  A. rufus -1
Grabiszynski b
ybrids - 5
Cemetery e omarma . A. vulgaris —12
26. Grabiszyriski ant 51°05'11”"N 16°58'21”E  07.08.2019  A. Wosinek hybrids - 3

Figs 2-4. Sampled habitat types: 2 = natural habitat in forest Las Pilczycki (locality no 2);
3 = semi-natural habitat with watercourse, the Dolna Otawa in Park Wschodni (locality no
12); 4 = anthropogenic habitat in Maslice, PéInocna street (locality no 14)
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The slugs were sampled by searching potential places of their occurrence, such as
shrubs, shaded spots, fallen tree trunks, stone walls or moss-covered slabs. The presence
of leaf litter and herbaceous plants, which are food for the slugs, was considered. Atmos-

Fig. 5. Distal parts of the genitalia of Arion rufus: (a) upper atrium, (b) atrium opened to

reveal the C-shaped ligula; Arion vulgaris: (c) long dilated part of oviduct, (d) distal oviduct

opened to reveal the elongate, symmetric ligula; hybrid: (e) copulatory organ, (f) copula-

tory organ opened to reveal the ligula with an appearance of an oval plate. Abbreviations:

co — copulatory organ, do — dilated oviduct, ep — epiphallus, li - ligula, ua — upper atrium.
Scale bar 5 mm
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pheric conditions were essential in order to make successful collections. The survey was
carried out in the morning or after heavy showers. Only big specimens (ca. 10-15 cm long)
were collected in order to minimise the risk of collecting juvenile slugs.

The slugs were drowned in boiled (deoxygenated) water at around 40 °C tempera-
ture. After approximately 8 h the specimens were rinsed with running water to remove
the mucus. Afterwards, they were preserved in 70% alcohol. During dissection, the shape
and size of atrium and oviduct were assessed, and then the oviduct was cut lengthwise to
expose the ligula. A long dilated part of the oviduct with an elongate, symmetrical ligula
was regarded as diagnostic for A. vulgaris. When a large and roughly C-shaped ligula was
situated in a round upper atrium, the specimen was identified as A. rufus (Rowson et al.
2014b, HattELAND et al. 2015). In some cases the atrium and oviduct resembled those of
A. vulgaris, but the oviduct was distended in its middle part, and the ligula was not sym-
metrical, but formed other shapes (Fig. 5). In general, all specimens which did not fit into
the pure species were determined as potential hybrids, similar to other studies (Reisk et
al. 2020, HutcHinsoN et al. 2021). It was difficult to decide whether the ligula-bearing part
should be called atrium or oviduct for the intermediate forms. Therefore, we used the term
“copulatory organ”. The total number of specimens studied was 280.

To compare the distributional data from our survey with those collected earlier, we
used locality data of specimens deposited in the collections of the Museum of Natural His-
tory, Wroctaw. They are as follows:

- Wroctaw-Lesnica, 9.07.1974, leg. E. Pawtowska, 6 ex. dissected;

- Ksiaz, 10-11.07.1974, leg. E. Pawtowska, 4 ex. dissected;

- Ofawa, no precise date, 5 ex. dissected;

- Wawdz Myséliborski near Jawor, 29.07.1978, leg. B. Pokryszko, 1 ex. dissected;

- Lwéwek Slqski, 4.10.1980, leg. B. Pokryszko, 2 ex. dissected;

- Janowice Wielkie, 26.05.1981, leg. B. Pokryszko, 1 ex. dissected;

— Trzebnica, 28.07.1988, leg. K. Bulman, M. Ciarka, 1 ex. dissected;

— Wilczyn near Trzebnica, 23.07.1988, leg. K. Bulman, M. Ciarka, 1 ex. dissected;
- Jazwiny near Trzebnica, 5.07.1990, leg. K. Bulman, J. Pomorski, 1 ex. dissected;
- Krosnice, 29.06.1990, leg. K. Bulman, J. Pomorski, 1 ex. dissected.

RESULTS

The distributional data of Arion specimens, stored in the museum collec-
tion, are scarce in both Wroctaw and its vicinity. In all ten localities sampled
in the years 1974-1990 only A. rufus was then present (23 specimens). One of
them, Les$nica is located within the boundaries of Wroctaw, and the remain-
ing ones 30-120 km in different directions from it. In contrast, our current re-
sults showed that both species, i.e. A. vulgaris and A. rufus as well as potential
hybrids, occur in Wroctaw. The greatest number of specimens were classified
as A. vulgaris (72%), followed by A. rufus (23%) and hybrids (5%) (Fig. 6). In
most sites, i.e. in 23 (88.5%), A. vulgaris dominated. Arion rufus occurred in 12
sites (46%), while the hybrids were recorded in seven sites (27%). Arion rufus
co-occurred with A. vulgaris in three sites (11.5%), both species and the hy-
brids were recorded in six (23%), and in one (4%) A. vulgaris co-occurred with
the hybrids. In three sites (11.5%), A. rufus occurred alone, whereas A. vulgaris
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alone was found in 13 sites (50%). It should be noted that some sites were very
lightly sampled (Fig. 6). Therefore, these data are bound to underestimate the
proportion of sites in which the species coexist.

Geographically the hybrids co-occurred with one or both species mainly
in the south-western and south-eastern parts of Wroctaw, in all types of habi-
tats (Fig. 1). Both species, without hybrids, were found at three sites of differ-
ent habitats and distribution. The forests, i.e. Las Osobowicki (16 specimens)
and Las Pilczycki (4 specimens), located in the north-western part of the city,
were the only places where only A. rufus was recorded. These forests are the
most natural habitats in the studied area. In the remaining sites (50%), both
semi-natural and anthropogenic (e.g. gardens, cemeteries, parks), only A. vul-
garis was present.

DISCUSSION

Competition is one of the essential forces of natural selection and a driver
of dispersal, the process that allows species for permanent or temporary coex-
istence. Competition is particularly strong between closely related species with
similar requirements and shares common niche spaces. Consequently, this ei-
ther leads to the extinction of the weaker competitor or to a genotypic or phe-
notypic shift towards a different niche (Kress 2009). In a vast part of Europe,

W A. vulgaris A. rufus % hybrids
natural anthropogenic

T N 1 2 3 4 5 6 SN 7 8 9 10 11 12 13 A 14 15 16 17 18 19 20 21 22 23 24 25 26

Fig. 6. Number and proportion of A. vulgaris, A. rufus and hybrids found in sites studied

in Wroctaw. Sites are divided according to habitat type: natural (N), semi-natural (SN) and

anthropogenic (A), total (T). Numbers on horizontal axis refer to sampling sites detailed
in Table 1
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the ranges of A. rufus and A. vulgaris currently overlap (WELTER-ScHULTES 2012).
Our results show that the species are common in Wroctaw, but they occur in
unequal proportions. Arion vulgaris dominates in most places, although it was
not recorded there several years ago (Wikror 2004, Kozrowski 2012). Both spe-
cies are expanding their ranges to the east (Kozrowski 2012), but A. vulgaris has
spread faster, and in Wroclaw, it dominates over the native A. rufus, which is
definitely less frequent and forms much smaller populations. This is also the
case in other nearby urban areas (HutcrinsoN & Rerse 2015, Lupwic ef al. 2015).
Arion rufus was earlier recorded in only one locality, in the Wojszyce settlement,
located in the southern part of Wroctaw (KosiXska 1979). Now the invasive A.
vulgaris was found there (locality no 23) and in the surrounding area (Fig. 1). Al-
though limited, the museum data show that before 1990 only A. rufus occurred
in the vicinity of Wroclaw and was probably more common in the city itself
than the literature indicates (KosiNska 1979). Unlike other studies, our results
do not provide direct evidence that the invasive A. vulgaris contributed to local
extinctions of the native A. rufus (WINTER 1989, RUETscHI ef al. 2012, DREIJERS
et al. 2013, ZEmanova et al. 2017), or A. ater in northern Europe (HAGNELL et
al. 2004, RortH et al. 2012, HattELAND et al. 2015). However, we showed that its
populations are larger and more abundant, which allows A. vulgaris to outcom-
pete the native A. rufus by greater survivorship and better ability to use new
resources (Ryser et al. 2011, Karres ef al. 2012, BLaATTMANN et al. 2013).
Introgression and hybridisation are the factors that influence invasive-
ness and expansion patterns (RHYMER & SIMBERLOFF 1996). Despite the me-
chanical and behavioural reproductive isolating mechanisms, A. vulgaris and
A. rufus can crossbreed both in the laboratory (Roth et al. 2012, DREIJERS et al.
2013) and in the wild (ALLcaler 2015, ZEmaNova et al. 2017). Some studies
suggest that, in the field, successful interspecific mating in terms of spermato-
phore transfer probably occurs only at very low frequencies (ALLGAIER 2015).
In captivity also, merely 16% of all copulations compared to intraspecific pairs
were successful (DRe1JERs ef al. 2013). However, this would not prevent genet-
ic admixture, suggesting recurrent hybridisation beyond the first generation
(Zemanova et al. 2017). Very detailed genetic studies using microsatellites also
confirmed many cases of hybridisation (Hurcuinson et al. 2021), although
only ca. 4% of the population had anatomies identified as hybrids (REe1sE et
al. 2020). Our results based on anatomical identification revealed a small pro-
portion of hybrids (5%), which partly may be due to poor sampling on a few
sites; however, genetic data indicate that hybridisation is not rare (HATTELAND
et al. 2015, ZEmanova et al. 2017). It is suspected to be one of the mechanisms
underlying the regional decline of the native species (ZEmaNoOva et al. 2017).
Some studies show differences in habitat preferences between A. vulgaris
and A. rufus, pointing out that A. rufus is associated with woodlands, while
A. vulgaris mainly occurs in anthropogenic areas (RiepeL & Wiktor 1974,
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WikTor 2004, ALLGAIER 2015, Zajac et al. 2017). Similar relationships were
observed in Wroctaw, i.e. A. rufus is primarily confined to natural habitats,
whereas A. vulgaris is present in urbanised, sometimes much transformed
places. Likewise, A. ater and A. vulgaris and their hybrids were observed to
differ in their habitat preferences. Arion ater, native in Norway, occupies natu-
ral or semi-natural habitats (e.g. heathlands, forests), the invasive A. vulgaris
prefers strongly transformed habitats, and the hybrids occur in gardens and
parks (HATTELAND et al. 2015). Arion vulgaris is more prone to explore new
areas and is better at handling anthropogenic transformation (ZEmaNova et
al. 2017). However, our study shows that it easily penetrates semi-natural and
natural habitats, where it dominates over the coexisting native A. rufus. In the
mid-19th century, this slug was recorded in gardens and forests in our area
(Silesia) (Scror1z 1843) and then generally in Poland; it was thought to avoid
developed environments (RiepeL & WiIkToR 1974). At present, it also inhab-
its anthropogenic environments such as ditches, roadsides, cemeteries, parks
and rubbish dumps, as well as agrocenoses (Kozrowskr 2012). Arion vulgaris
tirst appeared in SE Poland in the 1990s, and since then, it has spread rapidly
in other regions of the country (Kozrowskr 2008). However, it is not known
when exactly it reached Wroctaw. It might be brought along with human ac-
tivities; thus, it first penetrated anthropogenic environments of the city (allot-
ments, gardens, parks, etc.), and over time it could successively occupy semi-
natural and natural habitats. This may have happened in the last two or three
decades. It can be assumed that in anthropogenic environments A. vulgaris,
as a species that can tolerate dryer habitats, can displace A. rufus, which more
often inhabits places in the vicinity of watercourses and water bodies, riparian
forests. Populations of A. rufus are numerous and stable in such habitats, and
if A. vulgaris reaches those areas, it becomes a co-occurring species, and in-
terspecific hybridisation could also take place. Climate change promotes the
risk of biological invasions. Periods of multi-day heat and drought recently
observed in our region during summer, and early autumn may significantly
affect the survival of both species. However, the tolerance of A. vulgaris to
survive in low temperatures and droughts (SLotsso et al. 20114, b) ultimately
gives it an advantage over A. rufus. Considering this and the great reproduc-
tive potential, non-selective diet and the ability to self-fertilise (HAGNELL et al.
2006, Kozrowsk1 & Kozrowskr 2011), the invasive species poses a threat to the
local biodiversity. Despite a possible shrinkage of the suitable areas for the
genus Arion in the future, new ones will also appear, such as Iceland, northern
Scandinavia or equatorial regions (ZEmaNovA et al. 2018).
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