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ABSTRACT: The terrestrial slug Arion vulgaris Moquin-Tandon (= A. lusitanicus auct. non Mabille) is an
important agricultural pest that has invaded much of Europe. Previous work has demonstrated hybridisation
with A. ater (Linnzeus) s.1. We describe the genital anatomy of morphological intermediates found in eastern
Saxony (Germany), comparing them with the parent species. We recommend a standard method of genital
dissection and consider a set of five genital characters. The intermediates demonstrate the homology of
the ligula-bearing organs of the two species; the ancestral position of the ligula in the dilated part of the
oviduct has moved to the upper atrium in A. ater s.l. Furthermore we differentiate three morphotypes of
A. ater s.I. in eastern Saxony, associated with different mitochondrial DNA sequences. One is A. ater ater,
previously unrecognised from this part of Germany and the Czech Republic. The two other morphotypes
correspond to the predominantly British and the Continental subspecies previously recognised on genetic
and morphological grounds. We designate as the lectotype of Limax rufus Linnseus, 1758 a non-surviving
specimen from Almondbury, England, described by Lister; thus the predominantly British subspecies
becomes A. ater rufus. The appropriate name for the Continental form is A. ater ruber (Garsault, 1764).

KEY WORD: Arion ater ruber, Arion lusitanicus, Arion rufus, Spanish slug, Pulmonata, Arionidae, COI, hybrid,
lectotype, ligula, Martin Lister, pest slug

INTRODUCTION

The group of large slugs of the genus Arion has
been a notoriously difficult taxonomic puzzle (e.g.
NOBLE 1992, NOBLE & JONES 1996, QUINTEIRO et al.
2005, ROWSON et al. 2014a): even for the compara-
tively well-studied area of Central and North-West
Europe different opinions persist about the number
and nomenclature of species or subspecies. The sit-
uation gets more complex when considering slugs
from South-West Europe, the group’s region of high-
est diversity. There are several reasons for the confu-
sion. (1) External morphology (mainly body colour),
on which early original descriptions were based, is

only locally reliable for the distinction of taxa within
the group and may fail even to distinguish them from
other groups of Arion. (2) Type specimens or well-
defined type localities are not available to settle at
least the nomenclatural disagreements. (3) The inter-
and intrapopulation diversity in genital morphology
seems rather large, making taxonomic interpretation
of morphological differences difficult. This might
partly be related to the next two issues, (4) ongoing
human-mediated introductions across Europe and
(5) potential interbreeding between some or all taxa
at contact zones of various ages.
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TAXONOMIC BACKGROUND

The first large Arion species to be described were
the Northern European A. ater s.s. and the more
Central and Western European A. rufus (e.g. QUICK
1947, CHEVALLIER 1972, 1981). Originally described
as, respectively, the “black” and the “red” slug by
LINNAEUS (1758), they were considered as one spe-
cies (A. empiricorum: e.g. FERUSSAC 1819-1851,
SIMROTH 1885; A. rufus: e.g. MOQUIN-TANDON 1855;
A. ater s.l.: e.g. FLEMING 1822, TAYLOR 1902-1907,
PILSBRY 1948) when body colour was recognised as
not taxonomically relevant but were separated as
species again when genital and behavioural differen-
ces were recognised (POLLONERA 1890, GERHARDT
1940, QUICK 1947, BOETTGER 1949a). However, the
recognition of morphological intermediates at sites
of sympatry in the British Isles, interpreted as indica-
tions of interbreeding, led British authors to change
the status from species to subspecies (e.g. CAIN
& WILLIAMSON 1958, QUICK 1960, EVANS 1986,
NOBLE 1992) or forms (KERNEY 1999). Most recent-
ly, ANDERSON (2005) and ROWSON et al. (2014a, b)
returned to considering them as separate species.
Continental authors, on the other hand, have tended
consistently to consider the two taxa as separate spe-
cies (e.g. JAECKEL 1962, ZILCH 1962, WIKTOR 1973,
CHEVALLIER 1974), but there was uncertainty about
whether A. ater s.s. really occurs in Central Europe
or whether such records were based just on black
individuals of A. rufus (GERHARDT 1940, BOETTGER
1949a, b).

The name A. empiricorum was introduced by
FERUSSAC (1819: 60) for the same group of big
Arion; he included Linneeus’s black and red slugs as
two colour morphs amongst others from the whole
of Europe. The name has then been applied to all
European large Arion outside the Iberian Peninsula
(partly excluding whitish individuals) (e.g. SIMROTH
1885, HESSE 1926, CHEVALLIER 1972), to A. ater s.s.
and A. rufus together (e.g. EHRMANN 1933), to all
A. rufus-like slugs (e.g. POLLONERA 1890, GERHARDT
1940), to a form of A. rufus occurring on the British
Isles and continental Europe (COLLINGE 1897a, b),
and to Continental A. rufus alone (ANDERSON 2005,
ROWSON et al. 2014a). However, QUICK (1947),
BOETTGER (1949b), and VAN REGTEREN ALTENA
(1963) stressed that the name A. rufus has priority
over A. empiricorum. Even if we consider A. ater s.s. as
distinct, there is still the question whether A. rufus
in Central and Western Europe consists of a single
species or of two or more distinct taxa; the latter has
been indicated by morphological (COLLINGE 1897a,
b, CHEVALLIER 1972, 1974) and genetic (ROWSON et
al. 2014a) studies.

The other large Arion occurring in Central Europe
is A. vulgaris Moquin-Tandon, 1855. This common

pest slug has also been called A. lusitanicus or, af-
ter it turned out not to be identical with the true A.
lusitanicus Mabille, 1868 from Portugal (CASTILLEJO
1998, QUINTEIRO et al. 2005), A. lusitanicus auct. non
Mabille, 1868. The name A. vulgaris was originally in-
tended for a colour morph of an “A. rufus” common-
ly found in France, and the type locality is no more
precise than “France”. However, the name has been
increasingly used for the pest slug, and BALASHOV
(2018) and KADOLSKY et al. (2018) have now ap-
plied to the ICZN to make A. vulgaris the valid name,
which is why we will use it here. Arion vulgaris was
included with A. rufus and A. ater s.s. in CHEVALIER’S
(1972) A. empiricorum group and COLLINGE’s (1897b)
A. ater group.

THE INVASION OF ARION VULGARIS

Arion vulgaris, now widespread in synanthropic
habitats of Central and Western Europe, started to
attract attention as a significant pest 50-60 years ago.
PFENNINGER et al. (2014) postulated that the slug is
native to Central Europe, but another genetic study
based on more extensive sampling and additional
microsatellite DNA markers (ZEMANOVA et al. 2016)
has convincingly indicated an origin somewhere in
Western France. A number of studies have examined
its spread northwards and eastwards across Europe,
its biology, its effect on the native flora and fauna,
and the reasons for its success (e.g. VON PROSCHWITZ
1996, 1997, GRIMM 2001, AGUIAR & WINK 2005,
KOztOWwSsKI 2007, KNOP & REUSSER 2012, SLOTSBO
etal. 2011a, b, 2012, KAPPES et al. 2012, JENSEN et al.
2013, ZEMANOVA et al. 2017). Considered as one of
the 100 worst invasive pest species (RABITSCH 2006),
it continues to spread, currently expanding its range
northwards in Scandinavia and eastwards in Eastern
Europe (HATTELAND et al. 2013, PAPUREANU et al.
2014, and references therein). There is now also a
genetically confirmed record from North America
(ZEMANOVA et al. 2018). Wherever it appeared, pop-
ulations reached very high densities within a few
years and cause considerable damage to horticul-
tural and agricultural crops (e.g. CHEVALLIER 1972,
REISCHUTZ 1984, VON PROSCHWITZ 1996, 1997,
FISCHER & REISCHUTZ 1998, DVORAK & HORSAK
2003, KOZEOWSKI 2007, KOZEOWSKI & KOZEOWSKI
2011), although Britain might be an exception
(DAVIES 1987).

Arion vulgaris has been reported to cause local ex-
tinction of the native A. rufus (REISCHUTZ & SEIDL
1982, DE WINTER 1989, KAPPES & KOBIALKA 2009,
RUETSCHI et al. 2012, DREJERS et al. 2013) or, in
Northern Europe, A. ater s.s. (VON PROSCHWITZ
1996, 1997, ROTH et al. 2012, HATTELAND et al. 2015,
HAGNELL et al. 2004). Possible reasons for this su-
periority of the invasive species are higher survival
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(RYSER et al. 2011) and a better ability to exploit
new resources (KAPPES et al. 2012, BLATTMANN et
al. 2013). Very probably the disappearance of the na-
tive species is related also to hybridisation (RHYMER
& SIMBERLOFF 1996). Matings of A. vulgaris with A.
rufus or with supposed A. rufus X ater hybrids have
been observed (ROTH et al. 2012, DREIJERS et al.
2013, ALLGAIER 2014), and HATTELAND et al. (2015)
reported from an invaded Norwegian population of
A. ater s.s. a few wild collected individuals that were
morphologically classified as one species but had
COI and/or ITS sequences typical of the other. The
strongest evidence comes from transect studies in
the Swiss mountains (ZEMANOVA et al. 2018) using
microsatellites and mitochondrial DNA; the results
indicate that hybridisation at the contact zones, in-
cluding backcrosses in both directions, was not un-
common.

Another strand of evidence is morphologi-
cal intermediates in populations of A. ater s.s. or
A. rufus where A. vulgaris has invaded (FALKNER
1981, HAGNELL et al. 2004, ENGELKE et al. 2011,
ZEMANOVA et al. 2018). However, further details
about those supposed hybrids are sparse. They are
crudely described as intermediate, untypical, or high-
ly variable, but a detailed, systematic description of
their genital morphology has been lacking. The risk
is that everything untypical might be considered as
a potential hybrid. Confounding the issue is the in-
terbreeding of A. rufus and A. ater s.s. where these
co-occur (CAIN & WILLIAMSON 1958, NOBLE 1992,
ROTH et al. 2012, HATTELAND et al. 2015). The orig-
inal scope of this study was to report intermediates
from a study area in eastern Germany where A. vul-
garis was invading and to describe their genital mor-
phology thoroughly.

Arion vulgaris was found in the town of Gérlitz in
1994, its first known occurrence in eastern Saxony,

MATERIAL AND METHODS
SPECIMENS

For the search for morphological intermediates
between A. ater s.1. and A. vulgaris, we have screened
c. 3,500 individuals collected in Goérlitz and its neigh-
bourhood. All of the 2,055 specimens collected at the
monitoring sites were investigated anatomically. The
others were from 529 samples collected sporadical-
ly between 1966 and 2014 but with a particular fo-
cus on the immigration of A. vulgaris since 1994. Of
these, at least one individual per sample, but usually
several, were dissected.

To give an overview, we found 77 specimens inter-
mediate between A. ater s.l. and A. vulgaris amongst
the slugs from the monitoring sites and a similar

Germany (REISE et al. 1996). We have followed its
subsequent spread in the area, with some monitor-
ing sites sampled repeatedly; details will be pub-
lished elsewhere. Shortly after the arrival of A. vul-
garis, morphological intermediates were found for
the first time at many localities in Gorlitz and its
surroundings. Simultaneously, the established syn-
anthropic populations of A. rufus decreased and have
now largely disappeared.

Besides individuals that appeared to be truly
intermediate morphotypes, many individuals had
some intermediate characters but tended towards
one or the other of the supposed parental species. To
separate these from the parental species, we had to
define more precisely the morphology of “pure” A.
rufus and A. vulgaris. For A. rufus, we used material
collected before the arrival of A. vulgaris. Initially we
had difficulties defining the typical morphology of A.
rufus because it was so variable. As a consequence,
we have broadened the study to include a descrip-
tion of the variability of A. rufus in the study area,
utilising additional morphological characters and
partial-COI mtDNA sequences. We think that we
can identify three different morphotypes of “A. ru-
fus”, which we find also in samples from elsewhere in
Europe, and which correlate with genetic differences.
We will conclude that one of these morphotypes cor-
responds to A. ater s.s., occurring well to the south
of the assumed range, and that the two other mor-
photypes of A. rufus occurring in the region should
be considered as subspecies. Thus this study has a
broad significance for the taxonomy of A. ater s.l. In
what follows, we will use “A. ater s.1.” to refer to A.
ater s.s. and the two morphotypes of A. rufus. At the
end of the Discussion we resolve the nomenclatural
issues more formally.

number amongst the other slugs from the neigh-
bourhood of Gorlitz. All intermediate slugs from the
monitoring sites and a selection of 51 other interme-
diates were classified into three different morpholog-
ical classes (see Results).

For reference specimens of A. ater s.l. and A. vul-
garis we selected populations around Gorlitz so as
to minimise the risk of recent hybridisation. This
was straightforward for A. ater s.. because we
could use populations from sites where A. vulgaris
had not yet arrived at the time of collection. These
were specimens in the collection of the Senckenberg
Museum of Natural History Gorlitz (SMNG) collect-
ed in Gorlitz and surroundings between 1966 and
1996 (locally up to 1998; c. 150 specimens) as well
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as slugs from the Polish sister town Zgorzelec and
from the village of Pisarzowice in Poland, 16 km
east of Zgorzelec, collected 1994-2013 (c. 340 spec-
imens). Reference specimens of A. vulgaris were tak-
en from a well established population at the Nikolai
cemetery in Gorlitz between 2010 and 2012 (c. 300
specimens). At this site, the invasive species had oc-
curred at least since 2000, and A. ater s.l. had not
been found after 2004 despite repeated collections
(DREIERS et al. 2013).

We considered as morphological intermediates
those individuals that did not fit into the range of
intraspecific variability of the pure reference popula-
tions. Such morphological intermediates turned up
at several sites in and around Gérlitz, always within
the first years after A. vulgaris had arrived at a site
where A. ater s.l. occurred. Here, we have studied in
greatest detail the intermediates found at the mon-
itoring area called “Rutschung P”, but the general
pattern is the same elsewhere around Gorlitz.

The site Rutschung P, monitored between 1994
and 2014, is an old landslide at the margin of a
brown-coal opencast mine outside of the town of
Gorlitz. The area, originally the eastern margin of
the village Jauernick-Buschbach and comprising
gardens, a road and a small patch of woodland, slid
down into the mining hole between 1980 and 1990
(MUDER et al. 2002) and was since largely left undis-
turbed. Except for the patch of woodland and some
single fruit trees which continued growing, the area
was initially mainly open land, but woodland devel-
oped during the period of study. Open soil, grass, or
tall forbs remained only on rather dry patches and
steep slopes. In the first years of the study, A. ater
s.l., then the only representative of large Arion on
the study area, was limited to the patch of old wood-
land. The first A. vulgaris turned up in 1997 at the
margin above the area, and a mass occurrence on
the adjacent meadows and fields about 1 km west
of the study site was discovered in 1998. In 1999,
A. vulgaris was already widespread on the open and
half-open habitats of the study area. Morphological
intermediates were found since 1999. Individuals
anatomically identifiable as pure A. ater s.l. were no
longer found after 2005.

As we only realised the existence of distinct mor-
photypes within A. ater s.l. in the course of the study,
a selection of 58 specimens (43% of these from the
monitoring sites, mainly Rutschung P) of A. ater s.l.
were reinvestigated. These were compared with spec-
imens of A. rufus from France, Great Britain, Sweden,
and eastern Poland and with specimens of A. ater s.s.
from Sweden, Great Britain, the Faroe Islands, and
Lithuania (Table 1).

Slugs collected since about 2000 were killed in
carbonised water and fixed in 70% ethanol (see
REISE 2013). Slugs of earlier collections were either

drowned in water or killed in diluted (c. 30%) etha-
nol. All specimens are stored in 70% methylated eth-
anol in the collection of the Senckenberg Museum of
Natural History Gorlitz.

THE DISTAL GENITALIA AND THEIR
ANATOMICAL INVESTIGATION

For anatomical investigations, we used an
Olympus SZX2-ZB10 binocular microscope. The
slugs were dissected following a standard proce-
dure (REISE 2013). They were cut open along the
left foot fringe. The dorsal body wall was then lifted
up, turned over to the right side, and pinned down.
This procedure slightly pulls out the distal genita-
lia (see REISE 2013: fig. 2, ROWSON et al. 2014b).
Descriptions of relative positions of genital parts re-
fer to animals opened in this way. The distal genitalia
were cut out from the rest of the body only if used for
illustrations. By “distal” we mean nearer the genital
pore in the retracted genitalia.

In Arion species, the genital atrium is usually di-
vided into a glandular distal part (lower or anterior
atrium) and a usually bigger and muscular proximal
part (upper or posterior atrium) where the epiphal-
lus, the duct of the bursa copulatrix and the oviduct
insert (e.g. Fig. 1). No penis is present (SIMROTH
1885, NOBLE 1992, but SCHILEYKO 2007 uses a dif-
ferent terminology) or, under some interpretations,
it is dramatically reduced (BACKELJAU & VAN BEECK
1986). In some species of Arion, there is a big, cy-
lindrical, muscular part between the atrium and the
true oviduct (Fig. 2), called “distal oviduct”, “dilat-
ed part of the oviduct” (e.g. VAN REGTEREN ALTENA
1956, NOBLE 1992, CASTILLEJO 1997, HATTELAND et
al. 2015), “proximal part of the oviduct” (RISCH &
BACKELJAU 1989), or something similar. We use “di-
lated oviduct” in this article. This part, like the atri-
um, is everted during mating.

The large Arion species have a characteristic
structure, the ligula, attached to the inner wall of
the dilated oviduct if this is present (as in A. vulgaris)
or, otherwise, to the inner wall of the upper atrium
(in A. ater s.l.). This complex structure reveals its
shape best when everted during copulation, whereas
at rest it is folded up in partly inconsistent ways to
fit inside the atrium or dilated oviduct. Particularly
in species in which the ligula is very large, it may
be difficult to understand its configuration. This has
hampered both the description of the morpholog-
ical variability and the distinction of the variation
in fundamental structure from the superficial differ-
ences partly caused by inconsistent folding. In this
context it was helpful to distinguish what we term
the “base” and the “flange” of the ligula. The base
(called “floor” in NOBLE 1992) is the longish, rough-
ly oval part of the ligula that lines the inner wall of
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upper
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atrium
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epiphallus and
bursa duct

Figs 1-3. Schematic sketches of the genitalia of: 1 — Arion
ater s.1., 2 — A. vulgaris (dashed lines in 1 and 2 indicate
the cuts recommended), 3 — the opened upper atrium of
A. ater s.l. viewed from the inside, with the dorsal side
of the atrium in Fig. 1 reflected over to the right: the cut
edge is indicated with a double line

the atrium or oviduct. Attached by its edge around
this base is a flap of tissue, the flange (called “wall”
in NOBLE 1992). In places this flange is much broad-
er, and sometimes also thicker, than in others, with
this pattern varying between morphotypes, although
also within. The position of the opening of the true
(thin) oviduct into the ligula-bearing atrium or di-
lated oviduct varies but is always within the ligula.
The general appearance of the ligula varies consid-
erably, not only between individuals of the same or
different morphotypes but also depending on where
the atrium was cut open and the resulting viewpoint.
It can be particularly confusing if the ligula or oth-
er important structures have been damaged, so this
should be avoided. We recommend to open these
genital organs as follows.

For A. vulgaris-like individuals (i.e. those with a
dilated oviduct), first make a longitudinal cut along
almost the whole length of the dilated oviduct, start-
ing just beside the (intact) distal oviduct retractor.
The cut should not continue quite up to the insertion
of the thin oviduct to avoid cutting the ligula curving
around its entrance. Next, open the atrium with a cut
roughly perpendicular to the first, starting at the in-
sertion of the dilated oviduct and ending distal to the
insertion of epiphallus and bursa-duct (Fig. 2). The
dilated oviduct and the atrium can then be opened.

For specimens without a dilated oviduct, we rec-
ommend an initial cut along the margin between up-
per and lower atrium for about half the circumfer-
ence of the atrium (this may demand detaching the
atrium retractor from the body wall) and a second
cut along the atrium side opposite to the insertion

of epiphallus and bursa-duct. This second cut should
start from the first cut and run roughly perpendicular
to it, towards the oviduct insertion. It should end at
the ligula insertion on the atrium wall inside (Figs
1, 3). This point cannot be missed as the ligula there
projects a big flange into the atrium. Depending on
the extent of the ligula base, this cut may reach up
close to the apical end of the atrium (near the ovi-
duct insertion) or may stop already half way up (see:
Results Figs 5-7, 11-13, 16-18; the slugs depicted in
Figs 25-39 have been dissected in this way).

An alternative cut is possible (and the atrium
consequently opened wider) on the opposite side of
the atrium, just behind the atrium retractor and very
close to the epiphallus insertion (this demands de-
taching the retractor first). The disadvantages of this
are that the flange on this side is much smaller and
may possibly go unnoticed and be cut, and that the
position of the ligula relative to the epiphallus and
bursa-duct openings is then less obvious.

The ligula attaches to the inside of the atrium wall,
but it is helpful to visualise this region of attachment
as seen from the outside. Accordingly we inserted
fine pins (small insect pins cut in half) through the
atrium wall along the line where the flange attach-
es to the base. To better visualise and generalise
three-dimensional genital structures, we also created
models with coloured plasticine.

Most of the c. 3,500 dissected specimens were
studied repeatedly, some five or more times. One of
us, A-KS, examined every individual from the mon-
itoring sites. Many specimens, including all critical
specimens, were investigated by both A-KS and HR,
usually repeatedly.

DNA SEQUENCING

For some specimens we sequenced the standard
bar-coding region of the mitochondrial COI gene
(655 base pairs). DNA extraction from foot muscle
tissue, amplification, and purification followed the
methods described by HUTCHINSON et al. (submit-
ted). When the standard FOLMER et al. (1994) prim-
ers failed to amplify the full sequence, other primers
were often successful in amplifying sections approxi-
mately two-thirds of this length (HUTCHINSON et al.,
submitted). The sequencing, in both directions, was
carried out by the Laborzentrum BIK-F (Frankfurt/
Main, Germany). Any sequence not found more than
once was compared against the most similar se-
quences, and the electropherograms rechecked man-
ually at the sites where the sequences differed.

Of the specimens from Gorlitz and its neighbour-
hood investigated morphologically, 83 specimens
yielded partial-COI sequences. These were not an
unbiased sample because we were more likely to se-
quence specimens of intermediate or untypical mor-
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Genital morphologies of Arion ater, Arion vulgaris and intermediates

phology. We added to our genetic analysis 24 A. ater
s.l. with identical or similar partial-COI sequences
from elsewhere in Europe from individuals available
for morphological examination (Table 1).

The sequences were grouped into a minimum set
of distinct haplotypes, each represented by the most
complete of the matching sequences. (Some incom-
plete sequences fit more than one of these haplo-
types). We calculated by how many base pairs the
haplotypes differed from each other, and these data

RESULTS: GENETICS

Of the 107 COI sequences obtained, 56 were full
length (655 bp), with another 11 individuals >600
bp and only 11 individuals <400 bp. They could be
represented by 41 distinct haplotypes, of which 31
were found in the Gorlitz region. Of the 41 haplo-
types, 28 included full-length sequences, another 4
included sequences >600 bp, and all included se-
quences of >445 bp.

were input into TCS (CLEMENT et al. 2000) so as to
construct a gene network using the principle of sta-
tistical parsimony. The connection limit was set at
13 (2%) corresponding to a probability of statistical
parsimony of 0.94 (function .TempletonProb() in R
package “pegas”: PARADIS et al. 2018).

A subset (22) of the individuals whose COI was
sequenced also had part of their 16S RNA gene se-
quenced. The methodology was similar as for COI,
using primers 16Sar and 16Sbr (SIMON et al. 1994).

The program TCS constructed four unconnected
gene networks of haplotypes (Fig. 4). Within any
one network, no haplotype differed from another by
more than 13 bp (2%), whereas the minimum differ-
ence between haplotypes in different networks was
33 bp (between haplotypes of only 453 bp; the min-
imum percentage difference was 5%: Table 2). Each
network consisted of 20 to 32 individuals fitting 5 to
14 distinct haplotypes.

vu 13
30
3
14 23 33
28
8 27 fr
2 32
4 \ ;
31
— 29
39 20
1
0
26
ar 37
10
40
38 9
25 16
12
22 6
1 ’
N # 19
36
5 15
21 br
35

Fig. 4. Partial-COI haplotype networks of large Arion. Each straight-line segment implies a single-base mutation between
observed or inferred haplotypes (at the vertices). The same applies to the curved line, which should be imagined to
bridge over the lines it crosses. Numbers refer to the individual haplotypes listed in Table 1. Grey disks indicate hap-
lotypes found in the neighbourhood of Gorlitz, with the area proportional to the number of individuals (total num-
ber sequenced = 83); ambiguous sequences were split amongst compatible haplotypes proportional to the number
of unambiguous Gorlitz individuals. Sequences found in the reference populations beyond Gérlitz are indicated in
black with the area of disk or annulus proportional to the number of individuals (ambiguous sequences excluded).
Networks were calculated by the program TCS using a connection limit of 13 steps, yielding four unconnected net-
works, corresponding to the four haplogroups vu, fr, ar and br
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Table 2. Percentage differences between most similar mem-
bers of different haplogroups based on partial-COI se-
quences. Maximum length was 655 bp, (so then 5% =
33 bp); haplotypes for which <500 bp were sequenced
were ignored

Haplogroup
fr br ar vu
fr - 5.0 6.9 7.8
br 5.0 - 6.8 7.7
ar 6.9 6.8 - 6.7
vu 7.8 7.7 6.7 -

One of these networks (including 24 slugs from
the vicinity of Gorlitz) corresponds to A. vulgaris:
the sequences include those that PFENNINGER et al.
(2014) and ZEMANOVA et al. (2016) treated as this
species, and all local individuals that were scored
as morphologically A. vulgaris had sequences with-
in this network. Note that, if there is introgression
between A. vulgaris and A. ater s.1., we do not neces-
sarily expect a perfect correspondence between mor-
phology and the mitochondrial sequence. We report
the details of this correspondence below, although
we have sequenced only a minority of the individ-
uals examined morphologically. We describe slugs
with a partial-COI sequence within this network as
part of the vu haplogroup, regardless of their mor-
phology.

To understand the significance of the other three
gene networks, we searched Genbank and sequences
from our own collection for identical and similar se-
quences from elsewhere in Europe. One network (in-

RESULTS: MORPHOLOGY

In this section we will describe first three mor-
photypes of A. ater s.l. and then A. vulgaris, empha-
sising morphological structures distinguishing these
taxa. Finally, we will describe the morphological in-
termediates between A. ater s.1. and A. vulgaris found
in the field.

We consider the following set of characters that
distinguish A. ater s.l. from A. vulgaris: (1) the rela-
tive size and shape of the atrium and the dilated part
of the free oviduct, (2) the positions of the openings
of epiphallus and bursa-duct into the upper atrium,
(3) the position, size and shape of the ligula, (4) the
presence or absence of a fold structure, the posterior
lip (ALLGAIER 2014), protruding from the opening
of epiphallus and bursa-duct, and (5) the relative
size of tubercles covering the inner wall of the dis-
tal epiphallus (just proximal to the opening into the
atrium). For each morphotype, we will consider this
same set of characters in the order above.

cluding 25 slugs from the Gorlitz area) grouped with
individuals from the British Isles and Scandinavia
that had been identified morphologically as A. ater s.s.
(e.g. ROWSON et al. 2014a, ZEMANOVA et al. 2018);
we call this the ar haplogroup. Another network
(including 21 slugs from the Gorlitz area) grouped
with individuals widely distributed in France, the
Low Countries, and Scandinavia, occurring also in
Switzerland, western Germany, Poland, one site in
Spain, and North America, but with a conspicuous
dearth of examples from the British Isles; we call this
the fr haplogroup (“French rufus”). The last network
(including 13 slugs from the Gorlitz area) grouped
with individuals mostly from Britain but also from
three sites in France, two distant sites in Germany,
and from Iceland; we call this the br haplogroup
(“British rufus”).

ROWSON et al. (2014a) observed that A. rufus se-
quences of another mitochondrial gene, 16S RNA,
showed a similar pattern of divergence between the
British Isles and the Continent. At only one British
site did they find the Continental form, which they
tentatively referred to as A. cf. empiricorum, whereas
the British form (to which they restricted the name
A. rufus) was found at 19 sites in the British Isles.
We have sequenced the 16S gene of 10 individuals
with partial-COI sequences of the fr haplogroup and
4 individuals of the br COI haplogroup (see Table 1).
As expected, the 16S sequences of these two hap-
logroups were similar to those from ROWSON et al.’s
(2014a) A. cf. empiricorum and A. rufus respectively.

GENERAL MORPHOLOGY OF A. ATER S.L.

We were surprised that slugs from the neighbour-
hood of Gérlitz identified morphologically as A. ater
s.l. had four different sorts of COI sequence: besides
two morphological A. rufus with a COI sequence typ-
ical of A. vulgaris, also the ar, fr, and br haplogroups.
This stimulated us to examine whether the three A.
ater s.1. haplogroups differed morphologically. Indeed,
we think that we can distinguish such morphotypes.
We refer to these using capital letters AR, BR, and FR
corresponding to the COI haplogroups ar, br, and fr.
However, as with A. vulgaris, any correspondence is
liable to be disrupted by hybridisation and introgres-
sion. Therefore we investigated the morphology of
slugs from the heartlands of where these haplogroups
occurred elsewhere in Europe and then examined
whether the same differences in morphotype could
be recognised in material from the neighbourhood
of Gorlitz. In our study area, we did find all three A.
ater s.]. morphotypes. But we also found individuals
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morphotype FR

oviduct epiphallus

Hretractor
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morphotype AR

oviduct
opening

24

dilated
oviduct

retractor
muscle

2 7posterior lip

A. vulgaris

Figs 5-24. Variability of the ligula within and between morphotypes of A. ater s.l. (5-10 — FR; 11-15 BR; 16-21 — AR)
and A. vulgaris (22-24). Figures on the left show schematic views of the atrium, indicating the intra-morphotype
range of configurations of the ligula base on the inside of the atrium: each variant configuration is distinguished by
a different pattern of hatching or spotting. The ridge on the inside of the atrium is indicated with a dashed line and
the site of attachment of the retractor muscle with horizontal hatching. Figures on the right show the range of shapes
of the flattened-out ligula (viewed from the inside), distinguishing the base (attached to the atrium or oviduct wall)
from the surrounding free-hanging flange. In the FR and BR morphotypes of A. ater s.l. a spongy funnel-shaped area
of the ligula is shown; at the tip of the funnel is the oviduct opening, but this is often difficult to discern. In the AR
morphotype the opening of the oviduct is usually instead surrounded by a circular swelling, and the opening is more
apparent (Figs 19-21). Abbreviations: ovo - oviduct opening, 1brf - ligula base, right flank, 1blf - ligula base, left flank
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with intermediate characters between all forms, par-
ticularly often between forms AR and FR, suggesting
common interbreeding. Despite this morphological
variation, all these forms are clearly distinguishable
from A. vulgaris, or were so until the latter arrived
and started to hybridise.

(1) Atrium and dilated
oviduct
(Figs 5-7, 11-13, 16-18, 25, 26, 30, 33, 35, 37)

The upper (proximal) atrium is very large, mus-
cular, and more or less spherical, thus making it the
most prominent structure of the distal genital tract.
It often displays a prominent lateral bulge beside the
epiphallus insertion. A strong retractor muscle an-
chored on the body wall attaches along the distal half
to two-thirds of the atrium, close to the epiphallus
insertion. The free oviduct is narrow and thin walled
and opens into the proximal end of the upper atrium,
though usually not exactly apically.

2) Insertion of ducts
(Figs 1, 7, 13, 18, 25, 26, 30, 33, 35, 37)

With the slug opened as recommended, the com-
mon insertion of epiphallus and bursa-duct is on the
back of the atrium (facing the right body wall) and
thus, unlike in A. vulgaris, not visible. To reveal the
insertions, the atrium and oviduct retractors must be
detached, and the atrium turned over (as in Figs 25,
30, 33, 35, 37). An exception is some young speci-
mens, in which the insertions of epiphallus and bur-
sa-duct may be partly visible on the posterior side
of the atrium. In the natural position, the epiphallus
insertion is anterior to that of the bursa-duct. An im-
aginary line connecting the insertions of bursa-duct,
epiphallus, and oviduct forms a triangle with the
side connecting bursa-duct and epiphallus very short.
The length of the other two sides differs between
morphotypes.

(3 Ligula
(Figs 5-21, 28, 32, 34, 36, 39)

The ligula of an adult specimen lies in the upper
atrium and is very large, filling the entire interior
and dominating the view when the atrium is opened
(Figs 27, 31). The way the ligula folds up to fit into
the limited space varies between and within morpho-
types.

The central part of the ligula base lies at the prox-
imal end of the upper atrium, around where the
oviduct inserts onto the outside of the atrium. The
base is extended into two lobes, each of which, to-
gether with the attached flange, we will call a “flank”.
The two flanks reach down along opposite sides of
the atrium wall, like a saddle, flanking both sides of
the common opening of epiphallus and bursa-duct
(Figs 5-21). In the intact atrium, the bases of the two

flanks thus roughly face each other, but in the atrium
opened up from the side they may appear to follow a
C-shape (Figs 3, 28, 34, 36), which is how some au-
thors describe the ligula of A. rufus (e.g. NOBLE 1992,
HATTELAND et al. 2015).

Imagine looking downwards at the closed atrium,
with the oviduct pointing upwards (this would re-
quire detaching the oviduct retractor) and the inser-
tions of epiphallus and bursa-duct pointing horizon-
tally away from the viewer (Figs 6, 12, 17). Then, if
the atrium were transparent one could observe one
flank extending to the right of the oviduct (subse-
quently called “right flank”) and the other one to the
left (“left flank”). The length and width of each flank
of the ligula base vary considerably between the mor-
photypes of A. ater s.l. Also varying is the breadth
of the ligula base on the side opposite to the inser-
tions of epiphallus and bursa-duct (Figs 5-7, 11-13,
16-18).

In many specimens, the base of the tip of the left
flank is considerably thickened, pedestal-like, and the
atrium wall around this tip is often distorted, form-
ing a prominent side bulge visible from outside the
atrium. CHEVALLIER (1972) called slugs with such a
bulge “form A of A. rufus rufus”.

The width of the ligula flange (attached around
the margin of the base and projecting into the inner
atrium) varies considerably around its circumference.
It is always very narrow, sometimes hardly visible,
along the side towards the epiphallus/bursa-duct
opening. The flange is always considerably wider
on the opposite side and usually bigger on the right
flank, gradually diminishing towards the left flank
(Figs 8-10, 14, 15, 19-21). There is considerable var-
iation between, and partly within, the morphotypes.

The position of the oviduct opening within the
ligula varies. It is either more or less directly under-
neath the insertion of the oviduct onto the outside
of the atrium or somewhere on the right flank and
then connected through a tunnel of variable length
running within the ligula base. In the latter case, the
opening is most often at the margin of the base.

(4) Posterior
associated
(Figs 7, 13, 18, 34)

The posterior lip is a structure named by ALLGAIER
(2014) that we find only in A. vulgaris and its hybrids.
It occurs inside the proximal atrium, just short of the
entrance of the bursa-duct, and continues as a ridge
in both directions, towards the lower atrium and as
far as the edge of the ligula base (Figs 22, 23, 41).
Only the ridge is present in A. ater s.1. The width and
prominence of the ridge vary between the morpho-
types. It may pass the distal margin of the openings
of epiphallus and bursa-duct and then enlarge some-
what to form a knob (Figs 3, 7), but it never forms

lip and
ridge
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a structure like the posterior lip of A. vulgaris (de-
scribed below).

(5) Epiphallus
(Fig. 29)

The inner wall of the distal epiphallus is covered
with many small tubercles. They are smaller than
in A. vulgaris, most often pointed, and arranged in c.
6-12 (usually 9-11) longitudinal rows. However, the
arrangement of the tubercles into rows is much less
regular than in A. vulgaris. We found no difference
between morphotypes within A. ater s.1.

MORPHOTYPE FR
(Figs 5-10, 25-32)

In the area of Gorlitz, this morphotype was main-
ly and commonly found at synanthropic sites and
could be orange, brown, or black. It disappeared
from synanthropic sites after the invasion by A. vul-
garis (REISE et al., unpublished observations). Our
study material consists of slugs collected before the
invasion and of slugs collected more recently from
synanthropic sites in SW Poland. It was morpholog-
ically and genetically classified with individuals from
Roussillon and Dijon, France, and genetically with
Continental specimens called A. cf. empiricorum by
ROWSON et al. (2014a).

(1) Atrium and oviduct

The lower atrium is usually small but sometimes
up to half the size of the upper atrium, rarely even
the same size.

2) Insertion of ducts

Epiphallus and bursa-duct insert onto the distal
part of the upper atrium, so usually rather far from
the oviduct (e.g. Fig. 7), but there were rare excep-
tions in specimens from around Gorlitz.

(3 Ligula

Both flanks of the ligula base are well developed
(Figs 5-10). The base at least of the right flank al-
most always extends to the level of the bursa-duct
opening (Fig. 7); the left flank is as long or a little
shorter (Fig. 5). The width of the base varies consid-
erably (Figs 5-10). The flange in most individuals is
considerably wider on the right flank, forming a big
flap, and the widest part extends from the tip of the
right ligula base (Figs 9, 10), gradually diminishing
from there towards the left flank. However, occasion-
ally the flange is as wide on the left flank as on the
right flank.

In one particularly prominent form found in two
populations in and near Gorlitz the ligula base is ex-
tremely narrow and long (Fig. 10), stretching from
the distal end of the upper atrium, via the oviduct

opening, to the distal end of the opposite atrium wall.
The flange of such a ligula is almost evenly narrow
along its full length. Compared to the usual big flap
formed by the flange of the right flank, this ligula
gives a much less bulky impression when the upper
atrium is opened.

A canal-like groove flanked by a double fold leads
from the oviduct opening towards the outer mar-
gin of the flange; usually the folds first run parallel
close together and then diverge like a funnel (Figs
8-10). Within the funnel the flange often shows a
spongy texture. The funnel can be wide or narrow,
and sometimes hard to recognise. CASTILLEJO et al.
(2019) illustrated the groove in both retracted and
everted genitalia and highlighted it as a character dis-
tinguishing A. rufus from A. ater s.s.

(4) Posterior
associated

lip and
ridge

The ridge running from the base of the ligula’s
right flank is not prominent. It turns towards the
distal margin of epiphallus and bursa-duct opening,
where it may thicken to form a small knob. From
there, the thin ridge continues distally (Fig. 7).

MORPHOTYPE BR
(Figs 11-15, 33-36)

In and near Gorlitz, this morphotype was mainly
found at synanthropic sites and could be brown or
black. It disappeared after the arrival of A. vulgaris.
Type BR groups morphologically and genetically with
slugs commonly found in England (Table 1).

(1) Atrium and dilated
oviduct

The upper atrium is externally as in FR. The lower
atrium tends to be small but may be up to the size of
the upper atrium (Fig. 35).

2) Insertion of ducts

Epiphallus and bursa-duct insert most often dis-
tally, far from the oviduct insertion. But occasionally
(also in reference populations) they may be shifted
up to halfway towards the oviduct insertion.

(3 Ligula

The base of the right flank of the ligula is usually
much shorter than in most specimens of morphotype
FR, usually ending at a level close to the upper mar-
gin of the epiphallus opening (Fig. 13). The widest
part of the flange is shifted from the end of the right
flank towards the centre of the ligula (Figs 14, 15).
This means that there is no big flap covering the
ridge.

The funnel structure is similar to that in the
FR morphotype but tends to open wider. The par-
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allel-sided groove leading from the oviduct towards
the funnel is typically much shorter than in FR and
may be absent. Hence CASTILLEJO et al.’s (2019) use
of the groove to distinguish A. rufus from A. ater s.s.
is not reliable with morphotype BR.

(4) Posterior
associated

lip and
ridge

The ridge starting at the tip of the right base is
much wider and more prominent than in morpho-
type FR. It runs straight towards the lower atrium,
not getting particularly close to the epiphallus and
bursa-duct openings (Figs 13, 34).

27

atrium

.

lower
atrium

26

retractor
muscle

MORPHOTYPE AR
(Figs 16-21, 37-39)

This morphotype was found in and near the
town of Gorlitz and in hills further south along
the northern Czech border. These individuals were
black or dark brown. It was most common in nat-
ural woodland. As A. vulgaris has been slow to in-
vade larger complexes of natural woodland in SE
Saxony, form AR can still be found there. At syn-
anthropic sites before the invasion of A. vulgaris,
haplogroup ar occurred, with one exception, only
in morphological intermediates between AR and
FR or between AR and BR. Our morphotype AR
genetically and morphologically largely matches A.
ater s.s. from northern Europe, including material

28 "

frap of teft 12
left flank

<

Figs 25-32. Genital anatomy of two individuals of A. ater s.l., morphotype FR: 25-29 — SMNG p20100, Pisarzowice, near
Luban, PL (leg. 2014); 30-32 — SMNG p17128T1, Zgorzelec, PL (leg. 2010). 25, 30 — genitalia oriented as when the
slug is first opened (although in 30 the atrium had already been opened but then folded back); 26 — the back side
of the same genitalia as in 25; 27, 31 - the folded-up ligula on first opening the atrium; 28, 32 - the atrium pinned
out; 29 - tubercles inside distal part of epiphallus. Ligulas are shaded olive, and the funnel turquoise. Abbreviations:
bd - bursa-duct, ep — epiphallus, la - lower atrium, ua - upper atrium, fIf — flap of left flank, frf - flap of right flank,

ov — oviduct
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Figs 33-36. Genital anatomy of two individuals of A. ater s.I., morphotype BR: 33, 34 - SMNG p9431T2, Bogstrasse,
Gorlitz, DE (leg. 2001); 35, 36 — SMNG p23305, New Alresford, Hampshire, UK (leg. 2015). 33, 35 — genitalia ori-
ented as when the slug is first opened, although these atria had already been opened but then folded back. Ligulas are
shaded olive, and the funnel turquoise. Abbreviations: bd — bursa-duct, ep — epiphallus, la — lower atrium, ua — upper
atrium, fIf - flap of left flank, frf — flap of right flank, ov — oviduct

Figs 37-39. Genital anatomy of A. ater s.1. morphotype AR (SMNG p18714, Glashiitte, Erzgebirge, DE, leg. 2014): 37-39
— progressive stages of opening the atrium to reveal the ligula (37 — the atrium has been folded back together to indi-
cate the intact form). The ligula is shaded olive, and the ring around the opening to the oviduct is shaded turquoise.
The base of the right flank of the ligula is virtually absent. Abbreviations: bd — bursa-duct, ep — epiphallus, la — lower
atrium, ua — upper atrium, flf - flap of left flank, frf — flap of right flank, If - left flank of ligula, ovo - opening of ovi-
duct, ov — oviduct
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from localities in Scotland, Lithuania, Sweden, and
the Faroe Islands.

The characters distinguishing form AR from
forms FR and BR are mainly in the shape of the ligula
but also in the relative size of upper and lower atri-
um and in the insertion of epiphallus and bursa-duct.

(1) Atrium and oviduct

The lower atrium tends to be larger than in mor-
photypes FR and BR (Figs 18, 37), and the upper
atrium to be somewhat smaller. However, most slugs
from our local German populations, and also our
reference specimens from Scotland, had a big, mus-
cular upper atrium comparable to morphotypes FR
and BR. The lower atrium was never small in our
Scandinavian, British, and Faroe Island reference
specimens, but in specimens from Lithuania it was
as small as in the other morphotypes. In the German
populations the lower atrium was considerably more
variable, spanning the full range of these reference
populations.

2) Insertion of ducts

The insertions of epiphallus and bursa-duct on
the upper atrium are usually considerably more prox-
imal, closer to the oviduct insertion (Figs 16, 18, 37).
However, we also found individuals with these two
insertions as in morphotypes FR and BR.

3 Ligula

The ligula base is smaller than in the other
morphs, extending considerably less far distally, so
that the whole ligula appears as a more compact
structure fixed only on the apical atrium wall (the
area where the oviduct inserts) (Figs 16-21). The
base of the right flank is short or even virtually ab-
sent. If present, it may run as far as the epiphallus
opening, but only if this lies particularly close to the
oviduct. The base of the left flank is always present,
but rather short; this is presumably the basis for
NOBLE’s (1992) description of the ligula as “pointed
at the distal end”. The flange is always considerably
wider on the right flank and middle part than on the
left flank. As the ligula base is so short, the flange is
accordingly smaller, thus forming the bowl-shaped
(rather than C-shaped) ligula described as typical of
A. a. ater by NOBLE (1992); but it may also be much
thicker and then be not as convoluted as otherwise or
as in the other morphotypes (also in specimens from
reference populations).

The opening of the oviduct is typically surrounded
by a thickened ring structure, rather than the funnel
structure of the FR and BR morphotypes (Figs 19,
21, 39). However, this seems not always to be the
case in Central European populations of morphotype
AR, possibly reflecting a history of introgression with
morphotype FR or BR. In some reference populations

the ring structure lies within a wide funnel reminis-
cent of morphotype BR. But we have not observed the
parallel-sided groove leading from the oviduct open-
ing; CASTILLEJO et al. (2019) used its absence as a
character distinguishing A. ater s.s. from A. rufus.

(4) Posterior
associated

lip and
ridge

The ridge is similar to that of morphotype BR but
less prominent (Figs 18, 39).

ARION VULGARIS
(Figs 2, 22-24, 40-42)

(1) Atrium and dilated
oviduct
(Figs 2, 40)

The upper, muscular atrium is smaller and
not nearly as swollen and muscular as in A. ater
s.l. Instead, the distal genitalia are dominated by a
strong dilated oviduct. The thin oviduct connecting
proximally to this muscular part is similar to that in
A. ater s.]. (though usually shorter). Instead of the
strong atrium retractor of A. rufus, a strong retractor
inserts onto the distal part of the dilated oviduct.

2) Insertion of ducts
(Figs 23, 40)

Epiphallus and bursa-duct enter the upper atrium
proximally, inserting onto a lateral bulge of the atrium
just beside the insertion of the dilated oviduct. In a
specimen opened as described above, these insertions
are thus visible, posterior to the oviduct insertion,
without having to detach any genital retractor mus-
cle (although in mature specimens, the bursa and/or
the spermoviduct may have to be pushed aside). In
contrast to the triangular arrangement in A. rufus, the
insertions of oviduct, epiphallus, and bursa-duct lie
roughly along a straight line (in that order).

(3) Ligula
(Figs 2, 22-24, 41)

The ligula is in the dilated oviduct. If the slug
has been opened as described above, and no genital
retractor cut, before we open the oviduct the ligu-
la base is on the wall of the oviduct lying upwards,
away from the body wall. A cut along the oviduct in
line with the retractor muscle allows one to turn over
the ligula (Figs 2, 41), which should then be fully
visible and undamaged.

The ligula is not bent and folded up as in A. ater
s.l. but extended along the length of one side of the
dilated oviduct; in comparison with A. ater s.l., one
flank of the base is missing. The insertion of the thin
oviduct is at the proximal end of the ligula base. The
ligula takes the shape of a long boat with the ligula
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base corresponding to the bottom of the boat, the
flange its sides. and the bow pointing towards the
atrium (DAVIES 1987). Our illustrations (Figs 24, 41)
show the distal end of the oviduct orientated down-
wards (Figs 24, 41), so we will refer to the flange on
the left side of the boat as the right flange (we imply
no homology with the left and right flank in A. ater
s.l.). The width of the flange is asymmetric, though
much less so than in A. ater s.1., and it is also general-
ly narrower and varies less between specimens. The
right flange is thicker and stronger than the left but
forms only a bulge rather than the prominent flap
in A. ater s.I. At the proximal end (the stern of the
boat), the flange running closely around the opening
of the thin oviduct is very narrow. The opening of
the thin oviduct is directly underneath its insertion:
there is no tunnel running through the ligula base.
The most prominent ligula structure is the bow of
the boat, where both longitudinal folds meet distally
and project as a thick tongue into the atrium (Fig.
41); this tongue is attached only within the dilated
oviduct. In a few individuals, a small single or double
fold extends along the base, reminiscent of the two
folds flanking the funnel-like structure on the right
flank of the ligula in typical FR and BR.

(4) Posterior
associated
(Figs 22, 23, 41)

A ridge, generally less prominent in A. vulgaris
than in A. ater s.l., leads to the opening of the bur-
sa-duct, where it expands and forms a loop. This
creates the spoon-shaped structure that ALLGAIER
(2014) referred to as the posterior lip. The other end
of the spoon continues as a small longitudinal fold
towards the lower atrium.

lip and
ridge

(5) Epiphallus
(Fig. 42)

The inner wall of the distal epiphallus contains
longitudinal rows of big tubercles which are usually
arranged in 5-6 well-ordered rows. Sometimes there
are only 2 or 3 rows of big tubercles, and in this case
there may be a few additional rows of smaller tuber-
cles.

MORPHOLOGICAL INTERMEDIATES BETWEEN
A. VULGARIS AND A. ATER S.L.

The genital morphology of intermediates varied
extremely much, with a continuum of characters be-

tongue-like
structure

posterior lip

Figs 40-42. Genital anatomy of A. vulgaris (SMNG p17650, Rutschung P, Gorlitz, DE, leg. 2005): 40 — the dissected gen-
italia closed back together to indicate the intact form; 41 — the atrium and distal oviduct opened to reveal the ligula
(shaded olive: the left flank of the ligula is absent, and its flap is too small to show here); 42 — tubercles inside distal
part of epiphallus. Abbreviations: bd — bursa-duct, ep — epiphallus, la — lower atrium, ua — upper atrium, frf - flap of
right flank, rf - right flank of ligula, ov — oviduct, rt — retractor muscle
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A. ater s.l.

46

oviduct

posterior lip

A. vulgaris

Figs 43-47. Plasticine models of the distal genitals of A. ater s.l. (43), A. vulgaris (47) and morphological intermediates

MA (44), MM (45), and MV (46)

tween A. ater s.l. and A. vulgaris (Figs 48-58). We di-
vided the intermediates into three categories: those
with genitalia recognisably closer to either A. ater s.1.
(MA: Figs 48-50) or A. vulgaris (MV: Figs 57, 58) and
those intermediates in which we could not decide
which parent species was closer (MM: Figs 51-56).
However, the classification is partly subjective be-
cause of the continuity of the variation, especially
with atrium/oviduct and ligula shape. It was par-
ticularly difficult to draw a line between MV inter-
mediates and A. vulgaris because the latter is quite
variable with respect to width and length of the di-
lated oviduct. For this reason, we took a conserva-
tive approach and classified doubtful specimens as
A. vulgaris. Slugs classified as MV had to show char-
acters never seen in our pure A. vulgaris reference
population.

For the intermediate forms, it was difficult to de-
cide whether the ligula-bearing part should be called
atrium or oviduct. In MA- and MM-intermediates we
will term it “upper atrium”, reflecting the morpho-
logical similarity with the configuration of A. ater s.l.
We term it “dilated oviduct” in MV-intermediates, as
in A. vulgaris.

MA - A. ATER S.L.-LIKE INTERMEDIATES
(Figs 48-50)

MA-intermediates look like A. ater s.l. at first
glance, particularly regarding the size and the shape
of atrium and oviduct, but at least one of the other
characters (usually posterior lip and/or epiphallus
tubercles) are indicative of A. vulgaris.

(1), 2) Atrium and dilated
oviduct, insertion of ducts

In an anatomical investigation considering only
external features of the distal genital organs, MA
forms would usually have been assigned to A. ater
s.l. They share the spherical shape of the upper atri-
um, the retractor inserting on its side, the thin ovi-
duct inserting at its proximal end, and the common
insertion of epiphallus and bursa-duct on the distal
part of the upper atrium on the side facing the body
wall (Fig. 48). The only external indication, not pres-
ent in most individuals, is a shift of the insertions
of epiphallus and bursa-duct towards the A. vulgar-
is-typical configuration; that is the epiphallus inserts
proximal to, rather than beside, the bursa-duct and
thus roughly on a straight line between bursa-duct
and oviduct.
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Figs 48-50. Genital anatomy of a morphological intermediate between A. ater s.l. and A. vulgaris but closer to A. ater
s.l. (classified as MA; SMNG p18901, Rutschung B, Gorlitz, DE, leg. 2013): 49, 50 - the atrium is shown opened to
reveal the ligula (shaded olive). The distal part of the epiphallus has been opened to reveal the tubercles. This is one
of the less typical specimens with the oviduct opening on the left flank of the ligula. Abbreviations: bd — bursa-duct,
ep — epiphallus, la - lower atrium, ua — upper atrium, If — left flank of ligula, rf — right flank of ligula, ovo — opening of
oviduct, ov — oviduct, pl — posterior lip, rt — retractor muscle

3) Ligula

In most MA-intermediates, the general appear-
ance of the ligula is like that of A. ater s.1., a big right-
flank base with a large flange and a big or small to
very small left-flank base with a big or small flange.
In such A. ater s.1.-like ligulas, the opening of the ovi-
duct is usually just under the insertion of the oviduct.
Often, but not always, there is the double fold on the
ligula base typical of morphotypes FR and BR.

However, a few MA-intermediates (found only
in the Rutschung P area) differ in the shape of the
ligula: the flange is generally shorter and stronger
than in A. ater s.l. so that it is not folded up within
the atrium. This gives the ligula an appearance of an
oval plate (Fig. 50). The base of its left flank is ex-
tremely short, but the appended flange is thick and
long. Most distinctive is a shift of the entrance of the
oviduct towards this left flank: the opening is at the
margin of the base or even close to the tip of the
flange and with a tunnel running from there to the

oviduct. This configuration of the oviduct entrance is
different from A. vulgaris, in which the oviduct opens
underneath the oviduct insertion onto the atrium,
and different from A. ater s.l., in which it either is
like in A. vulgaris or runs through a tunnel into the
right flank; but it may also be found in some MM-
intermediates. Also distinctive in these individuals
is that the ligula base of the right flank does not run
closely alongside the opening of epiphallus and bur-
sa but lies some distance away. The oviduct opening
is surrounded by a thickened ring structure reminis-
cent of AR, which might indicate that in these cases
the parental A. ater s.l. is form AR.

(4) Posterior
associated

lip and
ridge
Some slugs have a posterior lip like A. vulgaris (Figs
49, 50), but it may be somewhat untypical. Many oth-
ers have a simple ridge like in A. ater s.1. or a knob-like
thickening, and a few have something intermediate.
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(5) Epiphallus

Most MA-intermediates have an epiphallus with
only big tubercles, typical of A. vulgaris, or they have
big tubercles with a patch of small tubercles. Only
rarely is the configuration like in A. ater s.1.

MM-INTERMEDIATES
(Figs 51-56)

(1), 2) Atrium and dilated
oviduct, insertion of ducts
(Figs 51, 54)

The general external appearance of the distal gen-
italia is something between A. ater s.1. and A. vulgar-
is. The upper atrium may be just prolonged; then it
looks like an unusually stretched atrium of A. ater
s.l. or an unusually compressed, short, and very wide
oviduct of A. vulgaris (Fig. 54). Alternatively, a spher-
ical upper atrium is proximally prolonged with a sim-
ilarly muscular but slightly narrower part (Fig. 51).

The insertions of epiphallus and bursa-duct are
displaced from the back side of the atrium (typ-
ical of A. ater s.l.) towards the right side (as in A.
vulgaris, though they may still be slightly hidden).
Furthermore, there may be a slight bulging of the
distal right side of the atrium causing the insertions
of the epiphallus and bursa-duct to twist more par-
allel to the oviduct (i.e. more like in A. vulgaris). The
retractor inserts, as in A. ater s.l., onto roughly the
distal half of the atrium (although, if the atrium
would be considered as a compressed dilated oviduct,
the insertion would be at the position typical of A.
vulgaris). Sometimes, there are many muscle fibres
stretching over the full length of the atrium, as in
some A. ater s.1. but never in A. vulgaris.

(3 Ligula
(Figs 52, 53, 55, 56)

The ligula stretches the entire length of the
prolonged atrium. Since the base of the right flank
reaches distally as far down as the openings of
epiphallus and bursa-duct (as in some forms of A.
ater s.1.), this flank is similarly prolonged as the atri-
um. It is wider than in A. vulgaris. The base of the left
flank is almost fully reduced, as in A. vulgaris, but a
curtain-like flange hangs into the atrium. The open-
ing of the oviduct may be on the tip of this flange
or in the base, close to the oviduct insertion on the
outside of the atrium. The flange of the right flank
may be narrow and stout, as in A. vulgaris, or quite
broad and strongly folded. Some individuals have a
small single or double fold stretching along the base
of the ligula, reminiscent of the folds flanking the
funnel-like structure on the right flank of the ligula
in FR and BR.

(4) Posterior
(Figs 52, 55)

lip

Most often there is a posterior lip as in A. vulgaris,
but it is sometimes absent or of untypical shape. A
few have something intermediate between a posteri-
or lip and the knob present in some A. ater s.1.

(5) Epiphallus

The inner structure of the epiphallus is most of-
ten a mix of rows of small tubercles and rows of big
ones, but sometimes there are only big tubercles and
rarely only small tubercles.

MYV - VULGARIS-LIKE INTERMEDIATES
(Figs 57, 58)

(1), 2) Atrium and dilated
oviduct, insertion of ducts
(Fig. 57)

The dilated oviduct of MV intermediates looks
like a particularly stout (short and wide) A. vulgaris
oviduct. A strong retractor inserts on the distal half
of the dilated oviduct. Epiphallus and bursa-duct in-
sert on the proximal end of the lateral bulge of the
atrium (as in A. vulgaris).

(3) Ligula
(Fig. 58)

The ligula has the general boat-like appearance
of A. vulgaris, but it is wider, and the flange on the
right side may be more flap-like (i.e. broader in ex-
tent and thinner in thickness) and is then slightly
folded, roughly halfway along its length. Its distal
end reaching into the atrium has the typical tongue-
like appearance of A. vulgaris. At the proximal end,
the ligula often does not end by just curving around
the oviduct opening (as in A. vulgaris) but extends a
little way further distally (Fig. 58); that is, the left
flank of the ligula is not completely reduced as in A.
vulgaris. The flange on this left flank is enlarged, to a
varying extent, giving the impression of a small cur-
tain covering the opening of the thin oviduct. This
opening may be directly under the insertion (as in
A. vulgaris) or run through a short tunnel into the
big (right) flank of the ligula (as is common in A.
ater s.1.). In some individuals, a small single or dou-
ble (rarely triple) fold stretches along the base of the
ligula (Fig. 58), reminiscent of the folds flanking the
funnel-like structure on the right flank of the ligula
in FR and BR.

(4) Posterior lip

The posterior lip is almost always present (Fig.
58) and only rarely of a shape intermediate between
a posterior lip and knob or otherwise untypical.
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Figs 51-56. Genital anatomy of two morphological intermediates between A. ater s.l. and A. vulgaris, classified as MM:
51-53 - SMNG p17855, Rutschung B Gorlitz, DE (leg. 2008), 54-56 — SMNG p18912, Rutschung P (leg. 2013). The
lower four photographs show the atrium opened to expose the ligula (shaded olive). Abbreviations: bd — bursa-duct,
ep — epiphallus, la — lower atrium, ua — upper atrium, fIf — flap of left flank, frf — flap of right flank, If - left flank of
ligula, rf - right flank of ligula, ovo — opening of oviduct, ov — oviduct, pl - posterior lip, rt — retractor muscle
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Figs 57-58. Genital anatomy of a morphological intermediate between A. ater s.I. and A. vulgaris but closer to the lat-
ter (classified as MV; SMNG p18873, Rutschung B, Gérlitz, DE, leg. 2014): 57 — the dissected genitalia closed back
together to indicate the intact form; 58 — the atrium and distal oviduct opened to expose the ligula (shaded olive).
Abbreviations: bd — bursa-duct, do - distal oviduct, ep — epiphallus, la - lower atrium, ua — upper atrium, rf — right
flank of ligula, fIf — flap of the left flank, frf - flap of right flank, If - left flank of ligula, rf - right flank of ligula, ov —
oviduct, rt — retractor muscle

(5) Epiphallus

The internal structure of the epiphallus always
contains the large tubercles typical of A. vulgaris,

sometimes in combination with a field of small tu-
bercles.

RESULTS: PERCENTAGES OF INTERMEDIATE MORPHOTYPES IN THE
POPULATIONS AND AGREEMENT WITH GENETICS

Amongst the 2,055 specimens from the monitor-
ing sites, we found 77 (3.7%) individuals that were
morphologically intermediate between A. ater s.1. and
A. vulgaris. If we also include the other material from
the neighbourhood of Gorlitz (another 1,915 speci-
mens), the percentage remains 3.7%. However, these
values must slightly misrepresent the percentage of
intermediates, as it also includes years before A. vul-
garis arrived and after A. ater s.l. disappeared. If in-
cluding only those years when A. vulgaris was found
to co-occur with A. ater s.l. or with morphological
intermediates, the percentage rises slightly to 4.3%.
The 77 intermediates from the monitoring sites were
classified as 27% MA morphotype, 18% MM mor-
photype, and 55% MV morphotype, so a majority
were morphologically closer to A. vulgaris.

Table 3 shows that morphological intermediates
included all three A. ater s.l.-haplogroups, but a ma-
jority (67%) had a vu haplotype, including 67% of
the MA-intermediates, which were morphologically
close to A. ater s.l. Seven of the eight morphologi-

Table 3. Agreement between morphology and partial-COI
haplogroups in putative hybrids (MA, MM, MV) and
parental forms

Morphotype fr bl;laplograc:’up v Total
A. ater s.1. 19 10 22 2 (4%) 53
MA 1 2 1 8 (67%) 12
MM 1 1 1 3 (50%) 6
MV 0 0 1 5 (83%) 6
A. vulgaris 0 0 0 7 (100%) 7
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Table 4. Agreement between morphology of A. ater s.1. and partial-COI haplogroups in specimens from the study area and,

below, from reference populations

Morphotype 2 br Haplogroup - o Total
FR 12 (67%) 0 4 (22%) 2 (11%) 18
BR 2 (15%) 9 (69%) 2 (15%) 0 13
AR 0 0 9 (100%) 0 9
Uncertain 5 (38%) 1 (8%) 7 (54%) 0 13
Reference FR 9 (100%) 0 0 0 9
Reference BR 0 7 (100%) 0 0 7
Reference AR 0 0 8 (100%) 0 8

cal intermediates that were found to have A. ater s.l.
haplotypes had been classified either as MM or MA,
and only one as MV. Amongst those slugs morpho-
logically classified as pure A. ater s.l., two (4%) had
a vu haplotype; these exceptions were from urban
sites where A. vulgaris co-occurred with A. ater s.l.
No slugs classified morphologically as A. vulgaris had
haplotypes associated with A. ater s.1., but only seven
had been sequenced.

By design, the A. ater s.l. individuals from the ref-
erence populations were of the expected haplogroups.

DISCUSSION

In a large proportion of the animal and plant king-
doms taxonomy relies on morphological differences
in reproductive organs. Potential reasons include
the morphological complexity of genitalia, their fast
rate of evolution, stabilising selection against geni-
talia too aberrant to allow copulation, and possibly
a selective advantage to being unable to mate with
related species. The distal genitalia in Arion are in-
deed quite complex, but experiments demonstrate
that even morphotypes as different as A. ater s.l.
and A. vulgaris can exchange sperm (DREUERS et al.
2013). This tolerance might be associated with the
high intraspecific morphological variation, because
tolerance both weakens the stabilising selection and
may have allowed introgression events. Nevertheless,
our expanded character set was sufficient to identi-
fy morphological differences between three races of
A. ater s.1., which tend to differ also in genetics and
geographical distribution. Furthermore it was possi-
ble to quantify the morphological intergradation be-
tween A. ater s.l. and A. vulgaris as a result of recent
hybridisation.

A particularly informative character was the ligula.
We initially found it difficult to work out its three-di-
mensional structure in A. ater s.l. as the general im-
pression when opening the atrium is influenced by
the way the ligula flange is folded up inside (which
may be partly a matter of chance), by the side from

Arion ater s.l. from Gorlitz that we identified morpho-
logically as one of the three morphotypes also usually
were of the expected haplogroup, but there were a
reasonable number of exceptions (10, i.e. 25%) for
the FR and BR morphotypes (Table 4). Note that this
disappointing error rate is liable to have been inflat-
ed by our tendency to select the difficult cases (mor-
phologically) for sequencing. Thirteen (25%) out of
53 genotyped A. ater s.l. from the neighbourhood
of Gorlitz had characters intermediate between the
morphotypes, so we scored them as possible hybrids.

which the atrium has been opened, and by wheth-
er the ligula has been damaged in this process. It is
also difficult to depict and describe such complex
three-dimensional structures (see e.g. QUICK 1947,
CHEVALLIER 1974, NOBLE 1992, HATTELAND et al.
2015). One key conceptual advance was distinguish-
ing ligula base and flange, which helped to isolate
the more fundamental and consistent morphological
differences.

MORPHOLOGICAL INTERMEDIATES AS
HYBRIDS OF A. VULGARIS WITH A. ATER S.L.

Our morphological data provide strong evidence
that the invasive A. vulgaris hybridised with A. ater
s.l. The latter had already been collected in natural
and synanthropic habitats in Gorlitz and surround-
ings decades before A. vulgaris appeared, and the
invader’s arrival and spread in the area were closely
monitored (REISE et al. unpublished data). Nowhere
did we find morphological intermediates before the
arrival of A. vulgaris.

Our results are in line with observations that A.
ater s.1. and A. vulgaris try to mate with each other
and sometimes transfer spermatophores reciprocally,
both in the laboratory (ROTH et al. 2012, DREIJERS
et al. 2013) and in the field (ALLGAIER 2014, REISE
& DREJERS unpublished observations). Genetic
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analyses of three Swiss populations also proved that
hybridisation occurs frequently (ZEMANOVA et al.
2017).

Morphological intermediates between A. vulgaris
and A. ater s.l. have been reported before (FALKNER
1981, ENGELKE et al. 2011, HATTELAND et al. 2015,
ZEMANOVA et al. 2017), but our study provides the
first thorough description of their diversity, placing
them along a continuum between the parental species.
One use of our enriched character set is to recognise
potential hybrids that would previously have passed
as one of the parental species. Secondly, our classifi-
cation of intermediate forms allows us to distinguish
hybrids from the other sorts of untypical specimens
(maybe other species or accidents of development).
As an example, CHEVALLIER (1972: figs 6, 7) depicted
two “untypical” specimens of A. vulgaris and A. rufus
from a site in the Hautes-Alps (SW France) of which
at least one now looks to us like a hybrid between A.
vulgaris and A. ater s.1. Indeed CHEVALLIER considered
this option (1972: 12). Thirdly, our full set of char-
acters allows a finer classification of morphological
intermediates. One may question the particular de-
lineation into named morphs, but it is clear that MA
morphs share more characters with A. ater s.l. and
MV morphs more with A. vulgaris. It would be de-
sirable to calibrate our morphological classification
against a fine-scale measure of genetic admixture,
for instance using the microsatellites developed by
ZEMANOVA et al. (2015, 2017). In the meantime we
treat their rough correspondence as a useful working
hypothesis.

We feel quite confident about distinguishing in-
termediates from A. ater s.1. but less so about distin-
guishing them from A. vulgaris. This might reflect the
lack of a true standard A. vulgaris, as its area of origin
is still unresolved. The standard we used was also
an invader population. Considering that A. vulgaris
seems to have mated with native A. ater s.l. reason-
ably often in our study area (and in the Swiss Alps:
ZEMANOVA et al. 2017), one may presume that it has
done so repeatedly along its invasion route. If such
crosses lead to fertile hybrids, models predict that an
invading species will have undergone considerable
introgression by genes of the native species (CURRAT
et al. 2008). A long history of hybridisations with a
succession of local populations of A. ater s.l. might
also explain the occasional appearance in A. vulgaris
of characters reminiscent of A. ater s.1., in particular a
small single or double fold on the ligula base and, in
the epiphallus, small tubercles sometimes co-occur-
ring with the typical large tubercles.

The continuum of characters between A. ater s.l.
and A. vulgaris suggests backcrossing in both direc-
tions. In the hybrids most like A. ater s.1., the two A.
vulgaris characters that persist (epiphallus tubercles
and posterior lip) are often not both present, sug-

gesting that both might be absent in other hybrid in-
dividuals. Since hybrids similar to one parental spe-
cies can be recognised morphologically only if they
have at least one character of the other species, mor-
phological evidence is liable to underestimate the
degree of introgression in natural populations. Thus
it was no surprise to find two individuals with the
morphotype of pure A. ater s.l. but a partial-COI se-
quence of A. vulgaris (Table 3). Similarly, ZEMANOVA
et al. (2017) reported occasional discordance in both
directions between mitochondrial and multiple auto-
somal markers, also implying backcrosses over mul-
tiple generations.

The posterior lip, which around Goérlitz is diag-
nostic of A. vulgaris, occurs in a population of A. ater
s.l. near Tiibingen, 500 km to the west of Gorlitz
(ALLGAIER 2014). ALLGAIER (2014) reports that in
Tiibingen the habitats of A. ater s.l. and A. vulgaris
are distinct, and intermediates have not been found,
but we wonder whether the posterior lip in A. ater
s.l. is an indication of former introgression events.
Arion vulgaris had turned up in that area in 1971
(SCHMID 1972), 22-41 years before the studies by
ALLGAIER (2014). However, it remains to be investi-
gated whether our set of five characters successfully
classifies A. ater s.l., A. vulgaris, and intermediates in
other populations.

HOMOLOGY OF UPPER ATRIUM AND DILATED
OVIDUCT

Our study shows a continuum of the distal geni-
tal characters from A. ater s.l. to A. vulgaris via their
morphological intermediates. This suggests that the
ligula-bearing, proximal part of the upper atrium of
A. ater s.1. is homologous to the muscular, dilated ovi-
duct of A. vulgaris. Consequently, the upper atrium
of A. vulgaris would be homologous with only the
more distally positioned part of the upper atrium
of A. ater s.l., that which includes the insertions of
epiphallus and bursa-duct. Most species of Arion that
have a ligula have it in the oviduct (e.g. A. hortensis,
A. subfuscus, A. flagellus, A. franciscoloi: WIKTOR 1973,
DAVIES 1987, BOATO et al. 1983), and this is also
true of the closely related Ariunculus (HUTCHINSON &
REISE 2015), so we presume that the arrangement in
A. ater s.l. is the derived state.

A smooth transition is also apparent in the ligula.
The left flank of the ligula in A. ater s.l. is missing
in A. vulgaris, but the intermediates exhibit a contin-
uum. The right flank of the ligula of A. ater s.l. (in
A. ater s.s. largely absent) forms almost the entire
ligula of A. vulgaris: its terminal flange, particularly
prominent in FR, corresponds to the tongue-like pro-
jection of A. vulgaris, which reaches with its tip into
the atrium. The oviduct tunnel running through the
base and sometimes even the flange of the ligula in



¥4

Genital morphologies of Arion ater, Arion vulgaris and intermediates 25

A. ater s.l. is reduced in the intermediates and com-
pletely missing in A. vulgaris, in which the opening
lies directly beneath the external insertion of the thin
oviduct.

Less clear is how to interpret the small single or
double fold sometimes to be observed on the base of
the ligula of A. vulgaris. It is very reminiscent of the
folds usually flanking the funnel-like surface of the
ligula flange in FR and BR from the oviduct opening
to the outer margin and may thus reflect introgres-
sion from A. ater s.1. However, we decided not to con-
sider it as a character indicative of A. ater s.l. because
too many otherwise typical A. vulgaris, including
some in our reference population, had this character.

The homology is also indicated functionally: both
ligula-bearing parts (the atrium in A. ater s.1. and the
dilated oviduct in A. vulgaris) are everted at copula-
tion, once the mating partners have coupled via the
epiphallus—pedunculus complex, which is everted
first (DREIERS et al. 2013, ALLGAIER 2014). The de-
tails of their positioning and use differ between the
species (DREJERS et al. 2013) but also within A. rufus
(CHEVALLIER 1974).

Traditionally, the ligula-bearing duct of A. vul-
garis has been considered as part of the free oviduct
(e.g. COLLINGE 1897a, CHEVALLIER 1974, LIKHAREV
& WIKTOR 1980, NOBLE 1992, CASTILLEJO 1998,
ROWSON et al. 2014a, b). However, QUICK (1952,
1960) recognised the homology with the atrium and
pointed out that the situation was comparable in
some other slug species: “It is shown that the dilated
part of the lower part of the ‘oviduct’ in lusitanicus,
subfuscus and hortensis contain a structure homolo-
gous with the ligula of ater and rufus, and which func-
tions similarly in coitus, and it is suggested that this
duct is really an extension of the atrium and is not
the oviduct.” (QUICK 1952: 99). Also DAVIES (pers.
comm. 2002) wrote in notes from 1998 that, “In A.
vulgaris etc. it [the ligula] is more or less contained
in an extension of the atrium which should not be
regarded as a widening of the oviduct proper.” Arion
distinctus exhibits a dimorphism in which one morph
has an eversible distal part of the oviduct containing
a ligula whereas in the other morph this part is miss-
ing, and a considerably reduced ligula lies in the atri-
um. The retractor muscle inserts onto the eversible
part of the oviduct in the morph where this is pres-
ent, but onto the atrium in the other morph, leading
DE WINTER (1984) to propose that the eversible part
is an extension of the upper atrium.

These authors seem to be proposing that the ho-
mology between the ligula-bearing structures in A.
ater s.I. and A. vulgaris argues for naming this part of
the oviduct in A. vulgaris as atrium. We disagree be-
cause, if we consider other groups of Arion and the re-
lated Ariunculus, the ancestral condition is most likely
that the ligula lies in the oviduct. So, if anything, the

homology is a reason to rename the ligula-bearing
part of the atrium of A. ater s.1. We do not think this
worthwhile. Nevertheless the ligula-bearing part of
the oviduct in A. vulgaris and certain other Arion spe-
cies deserves a special term such as “dilated oviduct”
because it serves different functions to the rest of the
free oviduct: (1) it everts during mating whereas the
more proximal part does not; (2) after mating, the
received spermatophore reaches the dilated oviduct
(besides the atrium and bursa-duct) but never the
more proximal part (DREJERS at al. 2013). In A. ater
s.l. the spermatophore remains in the atrium and
bursa-duct (DREIJERS at al. 2013).

MORPHOTYPES OF ARION ATER S.L.

In our study area around Gorlitz, we found three
haplogroups of A. ater s.l. with subtly distinct geni-
tal morphologies, Their genetics and morphologies
agree very well with populations elsewhere: form FR
from Central and SE France (we deliberately avoided
material from SW France), form BR from numerous
populations in Britain, and form AR from northern
Europe. We considered also separating the FR morph
with the narrow ligula (Fig. 10) but refrained from
doing so, because: (1) the basic morphological char-
acters as well as the COI sequences group it with the
typical form FR, and (2) we have not come across
this morph beyond the surroundings of Gorlitz.

For the morphological distinction of these three
haplotypes, the ligula is the most important charac-
ter. During our morphological study, it became ap-
parent that three aspects strongly determined the
general impression an investigator gets when look-
ing at the ligula: (1) the way the atrium is opened
and thus the direction of view, (2) length and width
of the ligula base, and (3) the shape and strength of
the ligula flange. The base in morphotype AR is small,
and, if the flange is relatively thin (often but not al-
ways the case), this results in a bowl-like appearance.
The “pointed distal end” of the ligula mentioned by
NOBLE (1992) is the left flank, which is present in
all three morphotypes but may sometimes appear
more prominent in AR because the rest of the base is
small. If the ligula is more glandular and thus thicker,
the general appearance is more similar to FR and BR.
The base in morphotypes FR and BR extends also on
the right flank (usually less in BR), so that the gen-
eral impression when opening the atrium from the
side, roughly opposite to the insertions of epiphallus
and bursa-duct, is a C-like bent structure. However,
the extension of the flanks and the shape and size of
the flange vary considerably and influence the way it
folds up in the atrium. The clearest characters differ-
entiating FR from BR are the shape of the ligula and
the size of the ridge running on the inner atrium wall
from the ligula base distally: The flange of the ligula
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in FR is largest at the tip of its right flank, and the
ridge is small, while in BR the flange is largest more
towards the middle, and the ridge is much bigger.

Form AR

We named the AR form according to its morpho-
logical and genetic agreement with the northern A.
ater s.s., but the distal genitalia do not always agree
with previous descriptions based on sizes of upper
and lower atrium (e.g. QUICK 1960, KERNEY et al.
1983). The upper atrium may be as big as in the oth-
er morphotypes, and the lower atrium was often not
as large as is typical. However, the latter was mainly
the case with some slugs from our study area, and
one may wonder whether this is due to introgression
with other morphotypes. EVANS (1986) had also no-
ticed that the distal genitalia of A. ater s.s. were more
variable than had been recognised; he proposed that
some of this morphological variability may be caused
by gene flow from diverse local populations of A. ru-
fus. In the British Isles and Scandinavia, hybridisation
between A. rufus and A. ater s.s. has been inferred
(CAIN & WILLIAMSON 1958, EVANS 1986, NOBLE
1992, HATTELAND et al. 2015), and our results im-
ply that this might have occurred also in Germany.
Based on all characters, including ligula and mtDNA,
we think that our morphotype AR corresponds with
what is called A. ater s.s. by most Continental mal-
acologists, ANDERSON (2005) and ROWSON et al.
(2014a, b) or A. ater ater by many other British mala-
cologists (e.g. QUICK 1960).

There is confusion in the literature about how far
the distribution of A. ater s.s. extends beyond Britain
and Scandinavia. Haplotypes with the ar group ex-
tend to northern Spain (QUINTEIRO et al. 2005,
PFENNINGER et al. 2014, ZEMANOVA et al. 2016,
CASTILLEJO et al. 2019), but we have found that at
least some such Spanish slugs have a dramatically
different mating behaviour to A. ater s.s. from the
north and so may not be conspecific. CASTILLEJO &
RODRIGUEZ (1991, 1993) reported A. ater s.s. from
northern Iberia, but their genital illustrations do not
suggest this identification to us. JAECKEL (1962) re-
ports A. ater s.s. from the Pyrenees and western Alps,
but it is unclear on what evidence. Clearer evidence
is the work of BOETTGER (1949a, b), who explicitly
checked the genital anatomy of German A. ater s.l.
(particularly black specimens) from Holstein, Berlin,
Sachsen-Anhalt, Baden-Wiirttemberg, Niedersachsen,
Bremen, and Hessen. On the basis of the appearance
of the atrium, he identified A. ater s.s. only from
Holstein (bordering Denmark) and considered the
rest black A. rufus. ZETTLER et al. (2006) confirmed it
also from Mecklenburg-Vorpommern (NE Germany),
and we have specimens from Lithuania (see also
ADOMAITIS & SKUJIENE 2016). In the Czech Republic
and Slovakia no distinction has been made between

A. rufus and A. ater s.s. (HORSAK et al. 2013). The
same is mostly true of Poland (WIKTOR 2004), but
CHEVALLIER’s doctoral thesis (1974) identified some
slugs from northwestern and southwestern Poland
as A. ater s.s.; also ZEMANOVA et al. (2016) report an
ar sequence from northern Poland. Thus our records
from Gorlitz, to which we can add Czech records
from adjacent areas to the south, confirm a distribu-
tion range in Central Europe extending considerably
further south than has been generally assumed.

FR and BR

Much less clear than with A. ater s.s. is the ex-
istence of two or more distinct forms of A. rufus.
Although it was the COI sequences that first sug-
gested to us the presence of these two different mor-
photypes in our region, there is a history of split-
ting A. rufus on morphological grounds. COLLINGE
(1897a) distinguished two species based on where
the epiphallus and bursa-duct inserted on the atri-
um: close to the free oviduct in A. rufus s.s. and
much further distally in what he called A. empiri-
corum. Unfortunately, he did not mention on what
material his study was based (although CHEVALLIER
1972 thought that his material was from Britain).
However, in another paper COLLINGE (1897b) stated
that A. rufus s.s. occurred on continental Europe only
and A. empiricorum both on the British Isles and the
Continent.

Based on extensive morphological comparisons
of European (mainly French) big Arion, CHEVALLIER
(1972, 1974) distinguished four subspecies of A. ru-
fus, of which at least some seemed to interbreed. Two
of his subspecies could be found in Central Europe
and northern parts of Western Europe: (1) A. rufus
rufus, mainly distributed through the NE of France,
southern Britain, the Benelux countries, Germany,
western Poland and south to Hungary and northern
Italy and (2) A. rufus collingei found in France south of
the area of A. r. rufus and at an isolated locality in SW
Poland (only c. 100 km away from our study area).
CHEVALLIER (1972) equated Arion r. collingei with
COLLINGE’s (1897a) A. empiricorum but renamed it
because he wanted to use the name A. empiricorum for
the entire group, also including A. ater and A. vulgar-
is (i.e. in the sense of FERUSSAC 1819). CHEVALLIER
distinguished his two subspecies of A. rufus by where
the epiphallus and bursa-duct inserted onto the atri-
um (like COLLINGE 1897a) but also by the shape of
the ligula: triangular in A. r. rufus and oval in A. r.
collingei. Our morphotypes BR and FR do not show
a consistent difference in the insertion of epiphal-
lus and bursa-duct (this is variable in both forms),
but BR morphotypes tended to have the insertion
of epiphallus and bursa-duct nearer to the oviduct
than in FR morphotypes. But more importantly, one
could well consider the ligula of BR as triangular (as

Forms
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in A. rufus rufus, the form CHEVALLIER reported as in
Britain) and that of FR as oval (as in A. rufus collingei).

Strangely, CHEVALLIER (1972, 1974) did not
comment on the conflicting statement by COLLINGE
(1897b) that A. empiricorum (= CHEVALLIER’S A. rufus
collingei) rather than A. rufus (= CHEVALLIER’s A. ru-
fus rufus) was the form commonly occurring in Britain.
We suspect that this discrepancy between studies is
caused by COLLINGE mixing up names rather than by
a real faunistic change over the intervening 75 years.
In the same paper, COLLINGE (1897b) excluded A.
ater s.s. from Britain, which also suggests careless-
ness or limited material. Our own observations of re-
cently collected British material support CHEVALLIER
(1972).

NOBLE (1992), in a study including morphologi-
cal comparisons and allozyme electrophoresis, with
a particular focus on Britain, searched for consistent,
distinct differences within A. ater s.l. but could not
find any. However, all his material of A. rufus (except
samples from SW Europe) may have been from the
area that CHEVALLIER (1974) considered as occupied
by only one of his subspecies (A. r. rufus). Still, NOBLE
(1992: 262) also reinvestigated specimens deposit-
ed by CHEVALLIER at the Natural History Museum
London (without specifying details) and could not
detect differences between what CHEVALLIER had la-
belled as different subspecies.

Solely based on 16S DNA, ROWSON et al. (2014a)
distinguished two species of Arion rufus in Britain.
They restricted the name A. rufus to the haplogroup
commonly found in Britain (corresponding to our br
COI haplogroup) and the name A. cf. empiricorum to
the other species (corresponding to our fr COI hap-
logroup), of which they found only a single juvenile
individual in Britain. All seven British A. rufus spec-
imens with the br haplotype that we dissected were
of morphotype BR, and we did not find FR morpho-
types amongst the non-sequenced British A. rufus, so
it is reasonable to equate ROWSON et al.’s A. rufus
with our BR. The fr haplogroup seems to be the most
widespread haplogroup in northwestern mainland
Europe (see Results). Around Gorlitz, it is associat-
ed with FR morphology, and this holds also with the
limited material we have examined from elsewhere
(three sites in France, also Sweden, Czech Republic,
Poland, and further sites in Germany; also from
Vancouver Island, Canada). So we equate the FR
morphology with ROWSON et al.’s A. cf. empiricorum.

ZEMANOVA et al. (2016) distinguished A. vulgaris,
A. ater s.s., and A. rufus genetically and anatomical-
ly from a wide area of western and central Europe.
However, none of the slugs considered by ZEMANOVA
et al. (2016) belong to the br haplogroup, in part be-
cause they included few British samples. Nevertheless,
the br haplogroup does occur sporadically in main-
land Europe, although occurrences in Genbank data

imply it is less common than fr. Around Goérlitz the
br haplogroup and BR morphotype are not rare, but
less common than fr and FR.

HABITAT SEGREGATION

Our form AR differed from forms BR and FR in
habitat preference. From synanthropic sites in Gorlitz,
we found only one morphologically pure AR, but
numerous individuals appear to be a mixture of AR
with FR and possibly with BR. Some such interme-
diate individuals had ar COI haplotypes. Otherwise,
pure AR morphotypes were found in natural wood-
land only (though our number of collecting sites is
very limited). Perhaps AR is the native form in our
area, and BR and FR are later invaders, preceding A.
vulgaris. FROMMING (1953), walking outside Berlin
(250 km north of Gérlitz) was struck by a population
of orange A. ater s.l., commenting how untypical this
coloration was in this region and that the typical col-
our was black. This and our genetic data suggest that
synanthropic A. ater s.1. around Goérlitz (and probably
elsewhere in Central Europe) may be the outcome of
historical introductions from different populations
in Western Europe and the British Isles and their oc-
casional interbreeding with each other and with the
native form.

The invasion of A. vulgaris since about 1994 has
changed the situation in the area of Gorlitz consider-
ably. Morphotypes BR and FR, and their intermedi-
ates, earlier common in synanthropic habitats, have
largely disappeared from Gorlitz (REISE et al. unpub-
lished data), whereas AR is still rather common in
natural woodland of eastern Saxony. This suggests
that the reason for the resistance of AR and the dis-
appearance of the others lies in their different habi-
tat preferences: A. vulgaris in eastern Saxony is still
largely restricted to synanthropic habitats.

A habitat analysis of slug assemblages in the
German state of Nordrhein-Westfalen indicates that,
similarly as in Gorlitz, A. rufus had been widespread
in open habitats before A. vulgaris turned up (KAPPES
& KOBIALKA 2009). But, in contrast to the situation
in Gorlitz, A. rufus is still living in woods in some
areas of western Germany after A. vulgaris took over
in synanthropic habitats (KAPPES & KOBIALKA 2009,
ALLGAIER 2014, own observations). Woodland popu-
lations in western Germany seem often to be orange
or reddish-brown (SCHMID 1997, ALLGAIER 2014),
whereas around Gorlitz the woodland populations
are usually black, the typical colour of A. ater s.s. The
fr haplogroup of A. rufus is the native form in the
Swiss Alps but is being displaced by A. vulgaris at
lower altitudes (ZEMANOVA et al. 2017).

Habitat modification and fragmentation may lead
to a breakdown of habitat-based isolation barriers
(RHYMER & SIMBERLOFF 1996). The patchwork of
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small woods and open land around Gorlitz seems
prone to this. In this area, an analogous breakdown
of reproductive barriers between ant species with
different habitat preferences had been document-
ed (SEIFERT et al. 2010). At one of our study sites
(Rutschung P) in the countryside near Gorlitz all
three rufus-forms as well as their intermediates had
been collected before or at the early stage of invasion
by A. vulgaris. At this site two individuals showing
morphologies intermediate between A. vulgaris and
A. ater s.l. had ar COI haplotypes; this was also the
case with one slug at another site near Gorlitz. Thus,
despite the general habitat segregation, A. vulgar-
is has introgressed with AR forms, as is known to

TAXONOMY

Between all our morphological forms of A. ater
s.l., we found a more or less continuous range of
intermediates in the study area, indicating common
interbreeding. This makes it questionable wheth-
er it is appropriate to designate AR, BR, and FR
forms as species. Similarly, morphological indica-
tions of interbreeding at the contact zones caused
CHEVALLIER (1974) to consider his morphological
forms of A. rufus as subspecies. There were also
many samples elsewhere which he was not able to
classify to one of his subspecies, which might in-
dicate a much less clear distribution pattern than
indicated on his maps.

The differences between the mitochondrial hap-
logroups are large: fr and br are the most similar,
differing by 5.0%, whereas the most different are fr
and ar, differing by 6.9% (Table 2). In most animal
groups such bar-coding differences would suggest a
species difference, but pulmonate mitochondrial se-
quences can show unusually large intraspecific dif-
ferences, in some species larger than our inter-hap-
logroup differences (PARMAKELIS et al. 2013). More
fundamentally, if the putative taxa can hybridise,
introgression may make mitochondria an unrelia-
ble guide to phylogeny. Amongst material collected
in Spain, where Arion diversity is at its highest, we
have found cases where some individuals in popu-
lations differing considerably in mating behaviour
share a partial-COI sequence, and conversely where
individuals in a population sharing the same mating
behaviour have partial-COI sequences typical of dif-
ferent parts of the A. ater s.l. phylogenetic tree. Past
introgression is a likely source of such disagreement.
This is also a reason to distrust phylogenies of A.
ater s.l. based on mtDNA sequences (cf. PELAEZ et
al. 2018).

Nevertheless we have shown here that there are
fairly consistent morphological differences associ-
ated with these mitochondrial haplogroups. There

occur in Scandinavia (VON PROSCHWITZ 1996, 1997,
HAGNELL et al. 2004, ROTH et al. 2012, HATTELAND
et al. 2015).

Such genetic introgression might alter the strict
habitat association of AR and/or A. vulgaris and con-
sequently weaken their isolation. We have not no-
ticed any indication for this in the case of AR, but
there are indications that A. vulgaris is now invading
woodland (SCHMID 1997, at various sites in Baden-
Wiirttemberg; VON PROSCHWITZ 1996, 1997, in de-
ciduous woodland in Sweden; REISE unpublished
observations in extensive pine forest near Konigs
Wusterhausen, Brandenburg; REISE et al. 2018a in
deciduous woodland at the Rotstein, Saxony).

are also strong indications of a difference in the
main ranges of these haplogroups, especially if we
discount populations suspected to be recent intro-
ductions. Haplogroup br predominates in the British
Isles, ar predominates in Scandinavia and neighbour-
ing parts of north-western Europe, and fr predom-
inates to the south of these regions. We therefore
consider it reasonable to treat the morphotypes as
subspecies. It would be desirable to have nuclear ge-
netic data to support the morphological differences
that we describe. Given the continuing hybridisation
between these forms, genetic samples should ideal-
ly be selected from undisturbed habitat in the core
of their distribution ranges. We have evidence that
there are additional forms deserving similar taxo-
nomic status from the southern part of the species’
range in France and Spain (REISE et al. 2018b and
further unpublished data).

One such form might be the parental population
of A. vulgaris (ZEMANOVA et al. 2016). Might this also
deserve only subspecific rank as a part of A. ater s.1.?
Its partial-COI haplogroup is little more distant from
the A. ater s.I. haplogroups than they are from each
other (6.7-7.8% vs 5.0-6.9%), and it also hybridises
with A. ater s.1. On the other hand A. vulgaris is mor-
phologically much more distinct, and morphological
intermediates occur only during the invasion phase,
then disappear. Judging from the shared derived
character of the ligula in the atrium, our subspecies
of A. ater s.1. are likely to form a monophyletic group;
monophyly of A. ater s.l. is also not incompatible
with the poorly resolved phylogenetic trees based on
mitochondrial DNA (ROWSON et al. 2014a, PELAEZ
et al. 2018). Furthermore, we believe that it would
be too disruptive to change the taxonomic status of
A. vulgaris, so it should continue to be treated as a
distinct species.
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NOMENCLATURE

LINNZEUS (1758: 652) described both A. ater and
A. rufus. If we consider these taxa as conspecific,
which name has priority depends on the first reviser.
Already MULLER (1774: 2) treated ater as having pri-
ority, but he did not mention the name rufus (he used
the earlier name subrufus for what LINNAUS (1758)
called rufus), so cannot count as a reviser. At latest,
FLEMING (1822: 572) explicitly treated A. rufus as a
variety of A. ater, and this is the priority consistently
followed by others who consider the taxa conspecific.

The nominotypical A. ater ater (Linnaeus, 1758)
is our AR morphotype, but should A. ater rufus be
applied to the BR or to the FR morphotype? As de-
tailed by VAN REGTEREN ALTENA (1963), LINNAUS’
(1758) description of rufus referred to his book on
the Swedish fauna (LINN&US 1746; but the implied
Swedish occurrence must almost certainly have
been Arion fuscus: ODHNER 1951, VON PROSCHWITZ
1985), to German material described by ALDROVANDI
(1644), and to the work of LISTER (1685), who de-
scribed both British and French specimens. Because
both BR and FR forms occur on the Continent, but
FR or fr are almost unknown in Britain (CHEVALLIER
1974, ROWSON et al. 2014a), greater certainty is
achieved by selecting a British specimen as the lecto-
type. Also this choice follows Recommendation 74A
of the Code (ICZN 1999) in ensuring compatibility
with the nomenclature of CHEVALLIER (1972, 1974)
and ROWSON et al. (2014a, b).

Hereby we designate as the lectotype of Limax
rufus Linneeus, 1758 a now non-existing specimen
amongst those described by LISTER (1685: 7) from
“Amberry” in Yorkshire. Amberry is Almondbury,
south of Huddersfield, which may still be pro-
nounced as Lister wrote it and appears with spell-
ings similar to Lister’s in contemporary documents
(SMITH 1961, TAYLOR 1975). The illustration of
“Limax rufus” (LISTER 1685: fig. 1 on tabula 2), to
which LINNZUS (1758) also refers (he originally in-
dicated “ p. 1” but in the 12th edition—LINNE 1767:
1081—corrected this to “t. 2. f. 17), is plausibly of
an individual from this population, since foreign
localities, but not British ones, are consistently in-
cluded in the captions to others of LISTER’s (1685)
figures, and Amberry is the single British locality
for the species mentioned in the main text. In any
case, since the illustration does not reveal anatomical
characters, it is better to associate the lectotype with
the named locality, from which fresh specimens can
be collected, than to designate an illustrated speci-
men of uncertain origin. (Recommendation 74E of
the Code (ICZN 1999) trumps Recommendation
74B, which applies only “other things being equal”.)
It is unlikely that any of LISTER’s (1685) specimens
of this species survive. In 1683 he deposited a col-

lection of specimens illustrated in LISTER (1678) in
the Ashmolean Museum, and an accompanying letter
promised more; so perhaps the specimens described
in LISTER (1685), the appendix to LISTER (1678), fol-
lowed them. Nothing of this collection is known to
have survived (MACGREGOR 2001).

We associate our BR morphotype with A. ater rufus
because in Britain the br haplogroup is widespread
(combining information from COI and 16S sequenc-
es) whereas the fr haplogroup is known from only a
single locality (ROWSON et al. 2014a). Furthermore,
all reddish specimens of A. ater s.I. from Britain that
we have dissected are BR, which agrees with the re-
sults of CHEVALLIER (1974). Moreover, we have re-
cently found the BR morphotype occurring common-
ly in Almondbury, now the type locality. In theory
LISTER’s (1685) red slugs might instead have been
hybrids between BR and A. ater ater, or improbably
early occurrences of presumably non-native species
such as A. vulgaris or A. flagellus. These possibilities
could be made irrelevant to the issue of taxonomy
with the designation of an appropriate neotype, as is
our future intention. Our Arion ater rufus (Linnaeus,
1758) corresponds to ROWSON et al.’s (2014a) Arion
rufus and to CHEVALLIER’s (1972, 1974) A. rufus rufus.

To find the appropriate name for the FR morpho-
type, we sought post-1758 descriptions of rufus-like
slugs from continental Europe. We believe the name
having priority is Limax ruber Garsault, 1764, which
GARSAULT (1767: 376) described as a red brown slug,
larger than Helix pomatia. His illustration (GARSAULT
1764: pl. 644; https://gdz.sub.uni-goettingen.de/id/
PPN496755056) is recognisably an Arion species on
account of the position of the pneumostome. Judging
from other illustrations, the pale lateral band in this
illustration is merely the artist’s device to indicate
the round form. No locality was given, but the neigh-
bourhood of Paris, where Garsault worked (WELTER-
SCHULTES et al. 2008) is the most reasonable assump-
tion. This would be compatible with occurrences of
fr in that area (ZEMANOVA et al. 2016). However,
it would be desirable to designate a neotype to re-
move all doubt about the correspondence of ruber
with the FR morphotype, as is our future intention.
The name of the FR morphotype becomes A. ater ru-
ber (Garsault, 1764), corresponding to ROWSON et
al.’s (2014a) Arion cf. empiricorum and CHEVALLIER’S
(1972, 1974) A. rufus collingei.
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