Folia Malacol. 31(4): 222-228

LIA
MAL%QQM%Q&!Q&
(g

The Association of Polish Malacologists
Faculty of Biology, Adam Mickiewicz University
Bogucki Wydawnictwo Naukowe

Poznan, September 2023

https://doi.org/10.12657/folmal.031.029

EGG-LAYING HABITAT SELECTION OF THE
INVASIVE SLUG KRYNICKILLUS MELANOCEPHALUS
KALENICZENKO, 1851 (GASTROPODA:
EUPULMONATA: AGRIOLIMACIDAE)

JOHAN WATZ!'*, TED VON PROSCHWITZ??

! River Ecology and Management Research Group RivEM, Department of Environmental and Life Sciences,
Karlstad University, Sweden (e-mail: johan.watz@kau.se);

https://orcid.org/0000-0002-4417-6636

2 Gothenburg Natural History Museum, Sweden
3 Gothenburg Global Biodiversity Centre, University of Gothenburg, Sweden

* corresponding author

ABSTRACT: Invasive slugs cause damage to biodiversity as well as to horticultural and agricultural crops. To
develop methods to mitigate problems with recently emerging invasive species, basic ecological knowledge
about them in their new environment is crucial. We investigated the egg-laying substrate preference of
Krynickillus melanocephalus in a laboratory experiment in which the slugs could choose between four different
substrates. Slugs were mainly observed in contact with birch leaf compost, and less so with gravel, potting
soil and sphagnum moss. Almost 90% of the eggs were found buried in birch leaves, although eggs were
found also in the other substrates. In addition, we tested the winter survival of the eggs by examining
their susceptibility to low temperatures. Eggs subjected to freezing temperatures did not survive, and at
8 °C, 60-70% of the eggs hatched after three months (640 degree days). In areas where K. melanocephalus
is present, transporting any soil, gravel or compost material could potentially contribute to spreading the

species. Particularly, leaf composts may warrant attention in this areas.
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INTRODUCTION

Invasive pest species cause economic and biodi-
versity losses (PEJCHAR & MOONEY 2009, LOWRY et
al. 2013, PYSEK et al. 2020, FANTLE-LEPCZYK et al.
2022). Cost-effective measures to eradicate or mit-
igate the negative effects of already established per-
sistent populations are rarely available (HOFFMANN
et al. 2016, GREEN & GROSHOLZ 2021). Eradication
of invasive species detected at an early stage and pre-
venting the translocation of invasive species, both lo-
cally and to new areas, are perhaps the only effective
long-term strategies to mitigate the damage caused
by biological invasions (REASER et al. 2020). To de-
velop species-specific strategies, basic ecological
knowledge about the invasive species in their new
environments is crucial, because behaviour as well

OPEN This is an open access article distributed under the terms of the Creative Commons
Attribution License (CC BY 4.0), which permits unrestricted use, distribution, and
ACCESS  reproduction in any medium, provided the original author and source are credited.

as life history characteristics may change due to eco-
logical release (LAMBRINOS 2004) when transferred
from their native area to a new location (HERRMANN
et al. 2021).

Many terrestrial slugs have the potential to in-
flict substantial damage to horticultural and agri-
cultural crops (SOUTH 1992). Recent introductions
of certain species have led to their emergence as se-
rious and invasive pests (FRANK 1998, ZAJAC et al.
2017, BARUA et al. 2021). Over the last five decades,
for example, the large slug Arion vulgaris Moquin-
Tandon, 1855 has successfully established invasive
populations within anthropogenic landscapes across
numerous northern European countries (ZAJAC et
al. 2017, 2020, REISE et al. 2020). Similarly, Arion
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subfuscus s.]. has become established in North
America. Conversely, some species, such as Deroceras
reticulatum, have been considered pest species in
both their native and non-native ranges for a long
time (BARKER 1991, WILLIS et al. 2006). A recently
spreading slug species is Krynickillus melanocephalus,
originating from the Caucasian region and Crimean
Mountains (LIKHAREV & WIKTOR 1980). It was first
found outside of its native location in Ukraine (out-
side Crimea) in 1998, followed by observations in
Germany in 1994, Latvia in 1997, Belarus in 2001,
Sweden in 2015, Lithuania, Estonia and Finland in
2017 and Hungary in 2019 (LIKHAREV & WIKTOR
1980, KOROL & KORNIUSHIN 2002, WIKTOR &
JURKOWSKA 2007, STEFFEK et al. 2008, STALAZS et al.
2017, VON PROSCHWITZ 2020, TUROCI et al. 2020).
Although potential negative effects on crops have not
yet been extensively described, instances of damage
to pumpkin, strawberries, lettuce and cabbage have
been reported (VON PROSCHWITZ 2020, TUROCI et
al. 2020). In Sweden, K. melanocephalus has gained at-
tention from the Swedish Environmental Protection
Agency due to its potential invasiveness. However,
little is currently known about its basic ecology, such
as habitat use, foraging behaviour and interactions

MATERIAL AND METHODS
EXPERIMENTAL ARENAS

We used five replicated habitat selection are-
nas. An arena consisted of a closed plastic contain-
er (length x width X height = 31 X 23 x 18 cm).
On the bottom, four open equally-sized plastic trays
(14 x 10 x 8 cm) were placed, creating four quad-
rants (Fig. 1). The four trays were filled with differ-
ent substrates: (1) birch leaves (Betula sp.), (2) grav-
el (diameter = 2-20 mm), (3) potting soil and (4)
sphagnum moss (Sphagnum sp.). All substrates were
wetted, which created a humid environment inside
the containers. Substrate pH (measured in 2 L water
mixed with the substrate from one tray) ranged from
5 to 7 (Table 1). Slugs could access the different sub-
strates as well as crawl on the plastic floor, walls and
ceiling. In the centre, on top of the trays with contact
with all four quadrants, a circular open plastic cup
(diameter = 6 cm) functioned as the starting point
for slugs in the experiment (Fig. 1). The arenas were

Table 1. Mean pH in the four substrates in the experimen-
tal arenas (n = 5)

Substrate pH (+ SE)
Birch leaves 6.49 + 0.03
Gravel 6.81 = 0.16
Potting soil 5.17 = 0.04
Sphagnum moss 5.08 = 0.05

with other terrestrial gastropods (WATZ & NYQVIST
2022). The primary dispersal vector is human trade
in plants and soil. As a result, the species has, so far,
been associated with gardens and urban forested ar-
eas in its new distribution range (VON PROSCHWITZ
2020).

Over the autumn, adults of K. melanocephalus die
after laying eggs (VON PROSCHWITZ 2020), and the
species likely overwinter in the form of eggs (at least
at northern latitudes). A crucial factor for developing
measures to impede further spread may be to pre-
vent the transportation of soil containing slug eggs.
Therefore, having knowledge about the egg-laying
substrate preference of K. melanocephalus is critical for
offering advice regarding soil transportation; in areas
with established populations, the transportation of
soils with certain substrates preferred for egg laying
should likely be avoided. Furthermore, to predict the
potential future northern distribution limit, under-
standing the tolerance of the eggs to freezing is es-
sential. In the laboratory, we initially investigated the
egg-laying substrate preference of K. melanocephalus,
and in a subsequent experiment, we tested the win-
ter survival of the eggs by examining their suscepti-
bility to low temperatures.

kept in a temperature-controlled room at 8 °C with
the photoperiod (light:dark) 10:14 h, corresponding
to conditions in October in south-central Sweden.

SLUGS

Specimens of K. melanocephalus were collect-
ed in the village of Lagan (56.91°N, 13.99°E) on
24 September 2022, and transported to Karlstad
University the day after. Slugs were kept in two 50
L plastic containers provided with humid grass and
were fed mushrooms and tomato. We used 60 slugs
in the experiments, and at the start of the experiment
the mean body mass (= SD) was 0.49 (+ 0.17) g.
Slugs were not fed during the experiment.

HABITAT PREFERENCE EXPERIMENT

The habitat preference experiment started on 24
October 2022 at 11:00 by placing ten randomly se-
lected slugs in each plastic cup in the centre of the
arenas (50 slugs in total). After 24, 48 and 72 h, we
recorded the location of the slugs by noting where
each individual slug was positioned (i.e., on the
plastic floor, wall or ceiling, on top of a substrate or
buried inside a substrate). When all slugs had been
found and their locations recorded, we placed them
in the plastic cup, so that they could select habitat
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Fig. 1. One of five replicate arenas used for testing egg-lay-
ing habitat selection of Krynickillus melanocephalus. Slugs
were offered four different substrates (potting soil,
birch leaves, gravel and sphagnum moss) to lay their
eggs. A slug individual is visible in the circular cup in
the centre, where slugs were released at the beginning
of the experiment

again. Dead slugs (n = 10 during the three days)
were replaced with new slugs of similar size (and
thus 60 slugs participated in the experiment in total).

EGG DEPOSITION EXPERIMENT

The 50 slugs from the last day of the habitat pref-
erence experiment were let undisturbed from 27
October and onwards. On 7 and 14 November (i.e.,
after 11 and 18 days), we carefully searched the four
different substrates for slug eggs and counted the
eggs per container and substrate. The egg laying ex-
periment was terminated on 14 November, and the
slugs were killed by decapitation.

EGG HATCHING EXPERIMENT

All eggs collected on 7 and 14 November were
pooled, kept in wet birch leaves and stored in 4 °C
until 3 December, when we distributed 100 eggs
randomly between ten small plastic containers (also
containing wet birch leaves; 12 X 12 X 5 cm; ten
eggs per container). We placed a temperature log-

Table 2. Temperature regimes (3 December — 3 April) used
in an egg hatching experiment. Eggs of Krynickillus mel-
anocephalus (n = 100) were equally distributed between
ten containers and kept in 4 °C until 3 December. The
containers were subjected to different temperature
treatments from 3 December 2022 to 3 April 2023, af-
ter which they all were placed in 8 °C. Containers are
listed based on temperature treatment, from the cold-
est to the warmest temperature regime. Temperatures
were recorded hourly

Temperature (°C)

Conaner “\fini-  10th 25th  Me-
mum percentile percentile dian Mean
1 -15.6 -3.1 -1.0 -03 -1.0
2 -13.0 -1.6 -0.3 0.0 -0.5
3 -11.8 -1.9 -0.1 0.5 0.2
4 -11.6 -0.9 0.0 0.6 0.6
5 -11.6 —-04 0.7 2.2 1.6
6 -5.6 0.3 1.1 2.0 3.6
7 =57 0.8 1.6 2.9 4.1
8 -6.9 0.7 1.7 3.9 5.1
9 5.4 7.2 7.5 7.9 8.0
10 5.7 7.2 7.5 8.0 8.0

ger (HOBO Pendant MX Temp/Light, Onset, Bourne,
USA) inside each container. Eight containers were
put inside polystyrene boxes and placed at different
positions in a refrigerator, whereas two containers
were placed directly inside the refrigerator (without
polystyrene boxes). We chilled the inside of the pol-
ystyrene boxes by placing icepacks of different sizes
inside them, and icepacks were changed twice every
week. Thereby, the eggs were subjected to different
winter temperatures (Table 2), with median values
that varied between —0.3 and 8.0 °C. When chang-
ing the icepacks, we checked the containers to record
hatched eggs. On 3 April, we removed the icepacks,
and the temperature thereby gradually increased to
8 °C in all containers. The egg hatching experiment
was terminated on 5 June. We destroyed eggs that
had not hatched and killed slug juveniles by decap-
itation.

DATA ANALYSIS

We considered a slug using one of the four sub-
strates when the slug had physical contact with the
substrate, either by being located on top of the sub-
strate or buried inside it. We used the mean propor-
tion across the three days for each substrate in the
arenas as the response variable in our analysis of
habitat use and the five arenas as experimental units.
Since most slugs were found in contact with plastic
(on the floor, walls or ceiling), we considered prob-
lems with autocorrelation to be minor. We included
substrate as a fixed factor and arena ID as a random
factor in a linear mixed model. For the analysis of
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egg deposition, we used the arenas as replicates in
separate one-sample t-tests (one for each substrate)
to investigate if the mean proportion of eggs found in

RESULTS

Of the 50 slugs, 18 individuals had contact with a
substrate other than plastic when located on the first
day of observations, 12 on the second and 17 on the
third day. Therefore, the majority of the slugs were
observed on the plastic floor, walls or ceiling (which
likely relate to the larger plastic surface area than
those of the egg-laying substrates). We found more
slugs (mean proportion * SE) in contact with birch
leaves (0.17 = 0.01) than with gravel (0.06 = 0.03),
potting soil (0.06 = 0.01) and sphagnum moss (0.03
+ 0.01) (Fig. 2). This difference was indicated by
a significant effect of substrate in the linear mixed
model (F = 11.0; df = 3.16; p < 0.001).

We found 157 eggs in birch leaves, 13 in gravel,
seven in potting soil and one egg in sphagnum moss.
No eggs were found outside of the four substrates.
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Fig. 2. Proportion of Krynickillus melanocephalus adults (n =
50) located in contact with one of four different sub-
strates at the onset of the egg laying period. Error bars
indicate = 1 SE

DISCUSSION

Previous studies dealing with slugs’ egg laying
have been based on observations (e.g., BARKER 1991,
SOUTH 1992). In our study, we investigated habitat
preferences experimentally by letting the slugs select
habitat when provided equal access to different sub-
strates. We did not check the state of maturity of the
slugs, and if some slugs were not mature, we likely
underestimated fecundity. Birch leaves were clearly
preferred by the slugs as egg-laying substrate. The
slugs showed a higher level of contact with the birch

respective substrate deviated from the expected 0.25
if eggs were deposited at random.

The mean proportions of eggs (+ SE) laid in respec-
tive substrate were: birch leaves 0.88 + 0.06, gravel
0.06 = 0.02, potting soil 0.05 + 0.05 and sphagnum
moss 0.01 = 0.01 (Fig. 3). All these mean propor-
tions deviated from 0.25 (t = 10.7, —9.75, —3.821
and —44.0; df = 4; p < 0.01).

The first egg to hatch was found on 27 January
in a container with the warmest temperature regime
(8 °C; Table 1), and by 14 February, six of the ten eggs
had hatched in this container. In the other container
held at 8 °C, eggs started to hatch on 7 February, and
by 20 February, seven eggs had hatched. No other
eggs in these or other containers hatched during the
experiment. A newly hatched slug was approximately
5 mm long when extended with a body mass of 5 mg.
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Fig. 3. Proportion of Krynickillus melanocephalus eggs depos-
ited in with one of four different substrates. Error bars
indicate + 1 SE and the dashed line the proportion 0.25
that would be expected if eggs were laid at random

leaves compared to other substrates, although most
slugs were found resting on the plastic floor, walls
and ceiling. The time of observation (11:00) did not
likely coincide with the time when the slugs were
most active in egg laying, and the plastic surface area
was larger than those of the egg-laying substrates.
Almost 90% of the eggs discovered were buried
within the birch leaves. A notable difference among
birch leaves, sphagnum moss, and potting soil was
their respective pH. The sphagnum moss and the
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potting soil were acidic (with a pH of approximately
5), whereas the birch leaves had an almost neutral
pH, which may have contributed to the slugs’ pref-
erence for the birch leaves. Potentially, leaf composts
with low pH (e.g., oak leaves) may not be preferred.
On the other hand, pH around 5 does not general-
ly seem to negatively affect slug diversity and abun-
dances (KAPPES 2006). The gravel substrate also had
a neutral pH, but possibly this substrate had other
features that made it unfavoured, such as lack of or-
ganic material or its physical structure. An in-depth
investigation of which properties of the birch leaves
that attracted the slugs lies outside the scope of this
study, and mechanisms underlying habitat selection
patterns in slugs in general may warrant further in-
vestigation (KARLIN & BACON 1961, WILLIS et al.
2008, DOUGLAS & TOOKER 2012).

In Arion vulgaris, approximately 600-700 degree
days are needed for egg development (SLOTSBO et
al. 2013). Eggs may survive subzero temperatures
of —2 °C by supercooling, but at lower temperatures
eggs freeze and die (SLOTSBO et al. 2011). Some slug
species are to some extent tolerant to freezing; for
example, Deroceras reticulatum, Deroceras laeve and
Arion circumscriptus eggs tolerate brief freezing (about
0.5-1 h) with some ice crystal formation (COOK
2004, STOREY et al. 2007). In our study, exposure
to freezing temperatures (< —5 °C), albeit only for
a relatively short while, seemed to be lethal for K.
melanocephalus eggs. All eggs that experienced these
freezing temperatures died. In containers kept at tem-
peratures above zero (~8 °C), 60-70% of the eggs
hatched after approximately three months which
corresponded to 640 degree days. Results from fu-
ture more detailed studies on cold resistance in K.
melanocephalus, together with projections of climate
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