+ZooKeys

ZooKeys 1225: 1-6 (2025)
DOI: 10.3897/zookeys.1225.147808

Looking back at the 12t International Symposium on Terrestrial

Isopod Biology

Ivan Hadrian Tuf'®, Karel Tajovsky?®, Stefano Taiti®

1 Department of Ecology and Environmental Sciences, Faculty of Science, Palacky University Olomouc, Slechtiteld 27, 77900 Olomouc, Czech Republic

2 Biology Centre CAS, Institute of Soil Biology and Biogeochemistry, Na Sddkach 7, 37005 Ceské Budéjovice, Czech Republic

3 Research Institute on Terrestrial Ecosystems, National Research Council (IRET-CNR), Via Madonna del Piano 10, 50019 Sesto Fiorentino (Florence), Italy
Corresponding author: Ivan Hadrian Tuf (ivan.tuf@upol.cz)

OPEN 8ACC ESS

Published: 5 February 2025

ZooBank: https://zoobank.org/
E5387FD2-5525-4147-AECE-
59EB3BE949E2

Citation: Tuf IH, Tajovsky K, Taiti

S (2025) Looking back at the

12" International Symposium on
Terrestrial Isopod Biology. In: Tuf IH,
Tajovsky K, Taiti S (Eds) The Biology
of Terrestrial Isopods, XII. ZooKeys
1225:1-6. https://doi.org/10.3897/
zookeys.1225.147808

Copyright: © Ivan Hadrian Tuf et al.

This is an open access article distributed under
terms of the Creative Commons Attribution
License (Attribution 4.0 International - CC BY 4.0).

It was Professor Warburg who originally suggested the idea of organizing a
meeting of those specialists who, in various fields, were engaged in the study of
terrestrial isopods (Oniscidea). Thanks to the efforts of Stephen L. Sutton and
David M. Holdich, the first symposium devoted to this group of invertebrates
was held in 1983 under the auspices of the Zoological Society of London. This
symposium was followed by the publication of the first comprehensive collec-
tion of papers bringing together new knowledge about the biology, ecology, and
behaviour of terrestrial isopods in one place. This initial impulse was subse-
quently followed by further meetings at irregular intervals, which gave rise to
what is now a relatively long tradition of symposia dedicated to terrestrial iso-
pods (Fig. 1). Proceedings based on the symposia were usually published in the
year following the meetings, traditionally containing selected published papers.
Their number varied as the rules for accepting manuscripts and the practice
of publishing results in the wider scientific community changed (Fig. 2). At a
certain point in time, the era of monographic proceedings came to an end, and
scientists were increasingly expected to publish mainly in prestigious scientific
journals. However, this was accompanied by changes in the funding of proceed-
ings, with costs shifting from all participants to individual authors. Starting with
the 8" symposium, it became a tradition that the proceedings were published
as a special issue of the peer-reviewed open-access journal ZooKeys. We thank
the editorial board of the journal for this long-standing favour and support.

A change in the behaviour of scientists was linked to the COVID-19 pandemic,
which led to the 11% Symposium being held in Ghent only online. This option, excel-
lently organised by the colleague of the Spinicornis (the Belgian Terrestrial Isopod
Group), was used by 117 participants, an absolute record, but only 12 contributions
(again a record at the time) were published in the subsequent proceeding volume.

The last ISTIB, the 12" in order, was held in Olomouc, the Czech Republic
under the joint auspices of the Biology Centre CAS and Faculty of Science,
Palacky University Olomouc (Fig. 3). A total of 30 participants from 11 coun-
tries attended the meeting (Fig. 4), which was conducted in a pleasantly inti-
mate atmosphere. Altogether, 21 lectures were presented and 14 posters were
displayed. The result of the symposium is published in a proceedings volume
that contains nine papers on various aspects of the biology, ecology, taxonomy,
and behaviour of terrestrial isopods.
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2023: Olomouc, Czechia 12
2021: Ghent, Belgium 11

2017: Budapest, Hungary 10
2014: Poitiers, France 9

2011: Bled, Slovenia 8

2007: Tunis, Tunisia 7
2004: Aveiro, Portugal 6

2001: Iraklion, Greece 5

1997: Haifa, Israel 4

1990: Poitiers, France 3

1986: Urbino, Italy 2
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Figure 1. Spatio-temporal distribution of all symposia on terrestrial isopods. The red number following the year and place
corresponds to the spots in the map.
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Figure 2. Symposia on terrestrial isopods in numbers. Numbers of participants and
published papers in individual proceedings.

Research on the biology of terrestrial isopods is still ongoing as there are
many gaps to fill in their taxonomy, phylogeny, physiology, ecology, and be-
haviour. Currently, more than 4,100 species are known worldwide, with an in-
crease of approximately 500 species during the last 20 years. However, many
regions, particularly in the tropics, remain poorly studied, and many new taxa
in various museum collections are still awaiting description. We look forward
to the next symposium to learn more about this fascinating and important
group of soil arthropods, our favourite woodlice, also called sowbugs, pill bugs,
slaters, roly polies, butchy boys, or potato bugs.
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Abstract

The distribution and orientation of microtubules were investigated in cells of distinct
shapes from different hindgut regions of adult Porcellio scaber Latreille, 1804 and during
hindgut morphogenesis in late embryonic and early postembryonic development. All hind-
gut cells of adult P. scaber contain abundant apico-basal microtubules organized in exten-
sive bundles, but the architecture of bundles is specific for distinct cells. In the anterior
chamber the architecture of microtubule bundles closely coincides with different shapes
of the cells in this hindgut region and are most prominent in hindgut cells associated with
extensive muscles. The shape of cells that form the typhlosole and typhlosole channels
is particularly complex. In the papillate region the microtubule bundles protrude between
the infoldings of apical plasma membrane and the mitochondria are closely aligned along
the microtubules, thus the microtubule bundles in the papillate region are likely involved
in the stabilization of the apical labyrinth and positioning of mitochondria. During hindgut
morphogenesis the apico-basal microtubule bundles are established relatively late, main-
ly during early postembryonic development. Morphogenesis of the typhlosole is charac-
terized by coinciding changes in cell shape and microtubule arrangement.

Key words: Digestive system, hindgut, microtubules, morphogenesis, terrestrial isopods

Introduction

Extensive apico-basally oriented bundles of microtubules are a hallmark of the
hindgut epithelium of terrestrial isopods (Witkus et al. 1969; Bogataj et al. 2018).
The apico-basally oriented arrangement of microtubules is a general characteristic
of epithelial cells (Mays et al. 1994; Bartolini and Gundersen 2006), however this
general arrangement is modified in different epithelia (Toya and Takeichi 2016).

Arrangement of microtubules in epithelial cells and their
reorganization during cell differentiation

Different epithelia in animal organisms provide a barrier between the external and
internal environment. As such they are often exposed to mechanical strains, to
which they cope using the interconnected system of cell junctions and cytoskel-
eton (Hagios et al. 1998). The rearrangement of this system is crucial also for the
morphogenetic changes during the development of animal organisms (Schock
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and Perrimon 2002). The microtubules are the stiffest among the main three cy-
toskeletal elements in eukaryotic cells and can form linear tracks that span the
entire cells. Microtubules are polarized polymers and have complex assembly
and disassembly dynamics. In non-polarized cells, the microtubules generally
form radial arrays, with their minus ends positioned at the centrosome and their
plus ends towards the cell periphery (Bornens 2002). The two best known func-
tions of microtubules are that they form tracks for the directed intracellular trans-
port and that they form the mitotic spindle during cell divisions for the segrega-
tion of chromosomes (Fletcher and Mullins 2010). Microtubules have also been
proposed to influence cell shape and mechanics due to their abilities to resist
the compressive forces (Brangwynne et al. 2006). During the differentiation of
epithelial cells, the microtubules usually reorganize from the radial arrangement
to the apico-basally polarized arrangement (Bré et al. 1987; Bacallao et al. 1989;
Mimori-Kiyosue 2011). In polarized epithelial cells the majority of microtubules is
apico-basally oriented, with their minus ends positioned in the apical cytosol and
their plus ends in the basal cytosol. This arrangement is crucial for the establish-
ment and maintenance of epithelial cell polarity and for the directed intracellular
transport (Mays et al. 1994; Miisch 2004; Bartolini and Gundersen 2006).

The spatial arrangement of microtubules has been extensively investigated
in mammalian epithelia, including intestinal cells, cochlear supporting cells of
the inner ear and in various epithelial cells in culture. For arthropods, the most
extensive data is available for the arrangement of microtubules in tracheal epi-
thelial cells and pupal wing epithelial cells of Drosophila (Toya and Takeichi 2016;
Muroyama and Lechler 2017). In other arthropods a lot of research has been
conducted on extensive arrays of microtubules in tenocytes, which are special-
ized epidermal cells that serve as attachment sites of muscles to exoskeleton
(Nakazawa et al. 1992; Tucker et al. 2004; Criel et al. 2005; Znidarsi¢ et al. 2012).
Extensive arrays of microtubules have also been reported in various ectodermal
epithelia with transportive functions, such as the gill epithelium of amphipods
(Shires et al. 1994; Shires et al. 1995) and the hindgut epithelium of isopods (Wit-
kus et al. 1969; Holdich and Ratcliffe 1970; Vernon et al. 1974; Wagele et al. 1981;
Bogataj et al. 2018). Particularly in various mechanically burdened epithelial cells
such as mammalian cochlear epithelial cells and tenocytes of arthropods the
microtubules are often bundled and associated with different types of extensive
cell junctions (Henderson et al. 1995; Tucker et al. 2004; Criel et al. 2005).

Structure and function of the hindgut of terrestrial isopods

The digestive system of terrestrial isopods is composed of ectodermal foregut
and hindgut that together form the entire alimentary canal and blind ending di-
gestive glands which are connected to the stomach and represent the only en-
dodermal part of the digestive system (Vernon et al. 1974; Hassall and Jennings
1975; Bettica et al. 1987; Storch and Strus 1989; Strus et al. 2008). Exception
are some amphibious species where a narrow ring of endodermal midgut cells
is present between the ectodermal stomach and the hindgut (Strus et al. 1995).

The foregut consists of a tubular esophagus and stomach. Morphologically,
the stomach represents the most complex part of the digestive system where the
food is triturated and filtrated to the digestive glands by the movement of individ-
ual parts of the stomach, including different cuticular masticatory structures and
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filters, driven by the extensive musculature that surrounds the stomach (Storch
1987; Hames and Hopkin 1989; Storch and Strus 1989). The main part of nutrient
absorption takes place in the blind ending tubules of digestive glands, which re-
ceive filtered material from the stomach filters (Hames and Hopkin 1989).

The coarse solid food particles are directed to the hindgut which is the lon-
gest part of the digestive tract and consists of the anterior chamber, papillate
region and rectum. The anterior chamber is characterized by a longitudinal dor-
sal fold termed typhlosole forming two parallel typhlosole channels on each
side (Hassall and Jennings 1975; Hames and Hopkin 1989). In the anterior
chamber the food is digested by the digestive enzymes and the liquid digestion
products are transported along the typhlosole channels anteriorly, back to the
stomach for further filtration and absorption in the digestive glands (Hames
and Hopkin 1989). In the papillate region the dome-shaped basal parts of ep-
ithelial cells bulge into the haemocoel between the muscular net surrounding
the hindgut, giving this part of the hindgut papillate appearance (Hassall and
Jennings 1975; Hames and Hopkin 1989; Strus et al. 1995). According to its
structural characteristics the papillate region is considered a site of ions and
water absorption (Vernon et al. 1974; Coruzzi et al. 1982; Palackal et al. 1984),
important in terrestrial isopods to prevent excessive water loss. The rectum
is separated from the papillate region by a muscular sphincter. Rectal epithe-
lium is extensively folded and involved in the compaction of dry fecal pellets
(Hames and Hopkin 1989; Storch and Strus 1989).

The hindgut epithelium is monolayered and apically lined by a thin chitin-
ous cuticle (Vernon et al. 1974; Palackal et al. 1984; Storch and Strus 1989;
Mrak et al. 2015). The hindgut cells have extensively infolded apical and basal
plasma membrane and numerous mitochondria associated with the apical and
basal infoldings, to support the active transport processes across the hindgut
epithelium. The apical plasma membrane is connected to the hindgut cuticle
with apical junctions that structurally resemble similar junctions in tenocytes.
On lateral plasma membranes extensive and convoluted septate junctions are
present, providing an efficient paracellular diffusion barrier (Vernon et al. 1974;
Coruzzi et al. 1982; Storch and Strus 1989; Bogataj et al. 2018).

Microtubules in the hindgut cells of terrestrial isopods

Witkus et al. (1969) reported extensive apico-basally oriented bundles of mi-
crotubules concentrated in the lateral parts of hindgut epithelial cells in ter-
restrial isopod Oniscus asellus Linnaeus, 1758. They have proposed that these
extensive bundles of microtubules are involved in several functions, including
the structural support of extremely large hindgut cells. Similar apico-basally
oriented bundles of microtubules in lateral parts of hindgut epithelial cells were
later reported also in terrestrial isopods Armadillidium vulgare Latreille, 1804
and Porcellio scaber Latreille, 1804 and in marine isopods Dynamene bidentata
Adams, 1800 and Cyathura carinata Krgyer, 1847 (Holdich and Ratcliffe 1970;
Vernon et al. 1974; Wagele et al. 1981; Bogataj et al. 2018). Authors of studies
performed on A. vulgare and P. scaber report that the bundles of microtubules in
the hindgut cells associate with apical and basal plasma membrane infoldings
(Vernon et al. 1974) and with junctions between the apical plasma membrane
and cuticle (Bogataj et al. 2018).
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Hindgut morphogenesis during development of Porcellio scaber

The embryonic and early postembryonic development of Porcellio scaber and
other terrestrial isopods takes place in an osmotically regulated aqueous en-
vironment of marsupium, which is a fluid filled structure at the ventral side of
a gravid female body (Surbida and Wright 2001). The eggs and developing em-
bryos are enclosed in two embryonic envelopes: the outer chorion and the inner
vitelline membrane (Wolff 2009; Milatovic¢ et al. 2010; Mrak et al. 2012). Accord-
ing to Milatovic et al. (2010), the embryonic development of P scaber lasts ap-
proximately 25 days and is divided into 20 developmental stages. Stages S1-S5
comprise the early-stage embryos which contain large amount of yolk and have
no visible limb buds. Stages S6—S15 comprise the mid-stage embryos which
are characterized by the appearance of the limb buds and are dorsally bent.
During mid-embryogenesis, the yolk is gradually enclosed into the developing
digestive glands and the formation of foregut and hindgut begins with the invag-
ination of proctodeum and stomodeum. The proctodeum appears in stage S6
embryos and gradually elongates towards the stomodeum during stages S6-
S14. Stomodeum and proctodeum fuse into a continuous digestive tube at the
end of mid-embryogenesis in stage S15 embryos. Stages S16—S19 comprise
late-stage embryos. Stage S16 embryos hatch from the chorion and become
ventrally bent. In late-stage embryos the cuticular structures in the filtering re-
gions of the stomach are formed and in S18 embryos the division of the hindgut
into the anterior chamber and the papillate region becomes apparent (Strus et
al. 2008; Wolff 2009; Milatovic et al. 2010). Stage S20 designates the marsupial
manca after the release from the vitelline membrane (Milatovi¢ et al. 2010).

The term manca denotes all juvenile animals that already closely resemble
adult animals but still lack the 7t pair of pereopods. The marsupial mancae de-
velop within the marsupium for approximately ten more days. Mrak et al. (2012)
defined early-stage, mid-stage, and late-stage marsupial mancae according to
differences in size, pigmentation, motility, and amount of yolk in the digestive
glands. Marsupial mancae already have distinct filters, ridges, and folds in the
stomach. The typhlosole in the anterior chamber is elaborated and functional
and the hindgut cuticle consists of procuticle and thin epicuticle (Strus et al.
2008; Mrak et al. 2015; Strus et al. 2019). After the release from the marsupi-
um, the mancae develop as postmarsupial mancae for up to additional 20 days
before reaching the juvenile stage with seven pairs of pereopods (Tomescu and
Craciun 1987). During the postmarsupial development certain ultrastructural
features of hindgut cells, such as the apical and basal labyrinths and the sep-
tate junctions, are further elaborated (Bogataj et al. 2019).

Aim

The outstanding ultrastructural feature of isopod hindgut cells are extensive
apico-basal bundles of microtubules. In order to better understand the relation
between the architecture of microtubule bundles and the shape and function
of cells we have investigated for the first time the arrangement of microtubules
in cells from different hindgut regions of adult P scaber animals and in hindgut
cells of selected developmental stages. For this, we have employed a com-
bination of immunofluorescent labelling of a-tubulin on paraffin and semithin
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plastic sections and the ultrastructural analysis with transmission electron mi-
croscopy. The aim of the current study is primarily to provide a detailed descrip-
tion of microtubule organization in morphologically and functionally different
hindgut regions of P. scaber and to discuss the obtained results in respect to
the functions that the analyzed hindgut regions have been assigned to. Fur-
thermore, we aim to establish how the microtubule arrays in the hindgut form
during the embryonic and early postembryonic development.

Materials and methods
Specimens of Porcellio scaber

Adult animals as well as embryos and mancae of Porcellio scaber were ob-
tained from a laboratory culture that had been maintained in a glass terrarium
with ground cover of soil and leaf litter. Animals were bred at 25 °C, high humid-
ity, and 12 h light/12 h dark cycle. Embryos and marsupial mancae were isolat-
ed from the marsupia of gravid females. The developmental stages of embryos
were determined morphologically according to Milatovic et al. (2010) and the
developmental stages of marsupial mancae according to Mrak et al. (2012).
Investigated were the late embryos in stage S18, early-stage marsupial mancae
and late-stage marsupial mancae. Postmarsupial mancae have been sampled
at the day of the release and 1 week after the release from the marsupium.
Gravid females were held separately in plastic petri dishes that each contained
a moist filter paper and a dry leaf until mancae release.

Fixation and embedding procedures of samples for the
immunohistochemistry

To obtain histological paraffin sections of adult animals, the animals were first
anesthetized in a petri dish containing a small piece of cotton wool soaked in
diethyl ether. Some of the anesthetized animals were transversely cut in half
and both halves were processed whole. Some of the anesthetized animals
were dissected, and the isolated hindguts were processed. The embryos, mar-
supial and postmarsupial mancae were processed whole. All samples were
fixed in 4% formaldehyde in 0.1 mol/L HEPES buffer (pH 7.2). After the fixation
the samples were rinsed with 0.1 mol/L HEPES buffer. The samples were then
dehydrated in graded series of ethanol (50%, 70%, 80%, 90%, 96% and 100%
ethanol) and cleared in xylene. After the dehydration and clearing the samples
were infiltrated with Paraplast at 60 °C (2 changes overnight) and embedded
in Paraplast on embedding station HistoCore Arcadia (Leica). Seven pm thick
paraffin sections were prepared on a Leica RM 2265 microtome.

To obtain semithin sections of LR-White embedded samples, the hindguts
were isolated from the anesthetized adult animals, while the embryos and
mancae were processed whole. The samples were fixed either in 0.25% glu-
taraldehyde and 2% formaldehyde in 0.1 mol/L HEPES buffer (pH 7.2) or in
4% formaldehyde in 0.1 mol/L HEPES buffer (pH 7.2). After the fixation, the
samples were rinsed in 0.1 mol/L HEPES buffer and dehydrated in graded se-
ries of ethanol (30%, 50%, 70%, 90% and 100% ethanol). Dehydrated samples
were infiltrated with acrylic resin LR-White (London Resin Company Ltd). The

ZooKeys 1225: 7-32 (2025), DOI: 10.3897/z00keys.1225.116717 1



Urban Bogataj et al.: Architecture of microtubule cytoskeleton in the hindgut cells of P scaber

resin was thermally cured in gelatin capsules at 60 °C for 24 h. 0.5 pm thick
semithin sections were prepared using glass knives or a diamond histo knife
(Diatome) on an ultramicrotome Reichert Ultracut S (Leica). Semithin sections
are considerably thinner than the paraffin sections and thus higher resolution
images of fluorescently labelled microtubules can be obtained. Some semithin
sections were stained with Azure Il — Methylene Blue for histological examina-
tions, while most of the sections were used for immunolabelling.

Immunofluorescent labelling of microtubules on paraffin and LR-
White sections

To visualize the microtubules immunolabelling of a-tubulin was performed. The
a-tubulin forms dimers with B-tubulin which assemble to form the microtubules.
Before the immunolabelling the paraffin sections were deparaffinized in xylene
and rehydrated in graded series of alcohol (100% propanol, 96% ethanol, 70%
ethanol) and distilled water. The rehydrated paraffin sections and LR-White sec-
tions were rinsed in PBS (phosphate buffered saline), blocked with 1% BSA (bo-
vine serum albumin) in PBS and incubated overnight at 4 °C with primary mouse
antibodies monoclonal anti-a-tubulin (mouse IgG1 isotype) (Sigma-Aldrich, cat-
alog no.: T9026) diluted 1:500 in 1% BSA in PBS. After the incubation with prima-
ry antibodies the sections were rinsed with PBS and incubated with secondary
goat antibodies against mouse IgG conjugated with fluorescent dye AlexaFluor
488 (ThermoFisher Scientific, A-11001) and diluted 1:300. Following the incu-
bation with secondary antibodies sections were rinsed with PBS and covered
with mounting medium FluoroShield with DAPI (4',6-Diamidine-2'-phenylindole
dihydrochloride) (Sigma-Aldrich) to counterstain cell nuclei.

Immunolabelled sections were examined with Axiolmager Z.1 microscope
(Zeiss) using the fluorescence and differential interference contrast (DIC) im-
aging modes. For the fluorescence microscopy filter sets appropriate for DAPI
(excitation BP 365/12, beam splitter FT 395, emission LP 397) and AlexaFlu-
or 488 (excitation BP 450-490, beam splitter FT 510, emission LP 515) were
used. The digital micrographs were acquired with HRc AxioCam camera (Zeiss)
using the AxioVision software (Zeiss). The images were processed (brightness
and contrast adjusted) and the overlays of epifluorescence and DIC images
were prepared in FIJI (ImageJ) software.

Ultrastructural analysis of resin embedded samples with transmission
electron microscopy

The ultrastructural information on the arrangement of microtubules in hind-
gut cells was obtained by transmission electron microscopy of ultrathin sec-
tions of resin embedded samples. The adult animals were dissected to isolate
the hindguts and the embryos and mancae were processed whole. The sam-
ples were chemically fixed in 2.5% glutaraldehyde and 4% paraformaldehyde
in 0.1 mol/L HEPES buffer. After the fixation the samples were rinsed with
0.1 mol/L HEPES buffer and postfixed in 1% 0sO, in 0.1 mol/L HEPES buffer.
Then the samples were dehydrated in graded series of ethanol and acetone
(50%, 70%, 90%, 100% ethanol, and 100% acetone) and infiltrated with epoxy
resin Agar 100 (AgarScientific). The resin was polymerized in silicone molds at
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60 °C for 24 h. The semithin sections were prepared as described for LR-White
embedded specimens. 70 nm thick ultrathin sections were cut with a diamond
ultra knife (Diatome) on the ultramicrotome Reichert Ultracut S (Leica), trans-
ferred to copper mesh grids and contrasted with 1% uranyl acetate and 0.1%
lead citrate. Prepared ultrathin sections were examined with a Phillips CM100
transmission electron microscope and the electron micrographs acquired with
a Bioscan 792 (Gatan) and an Orius SC200 (Gatan) digital camera, using the
Digital Micrograph (Gatan) software.

Results

Histological structure of the typhlosole and the shape of hindgut cells
in adult P. scaber

In the adult hindgut four regions can be distinguished at the level of gross anat-
omy: anterior chamber, papillate region, sphincter region and rectum (Fig. 1A).
The anterior chamber in its anterior part is characterized by a relatively nar-
row typhlosole and two deep typhlosole channels (Fig. 1B). The dorsal cells
that constitute the typhlosole and two typhlosole channels have very complex
shapes. Typhlosole cells are highly curved in cross-section. The two cells that
enclose the typhlosole channels immediately on each side of the typhlosole are
wide and flattened and the two cells further away are curved in cross-section
and form two ridges protruding into the hindgut lumen on each side of the ty-
phlosole. The remaining hindgut cells in the anterior chamber, which build the
lateral and ventral hindgut wall, are isodiametric to prismatic with dome shaped
apical parts protruding into the hindgut lumen. In the posterior part of the an-
terior chamber the typhlosole widens considerably and becomes anvil shaped,
and the two typhlosole channels are very narrow (Fig. 1C). In cross-section, the
curvature of the typhlosole cells is even more pronounced than anteriorly. The
cells enclosing the typhlosole channels are wider and the two ridges on each
side of the typhlosole are absent. Cells that build the lateral hindgut wall are
relatively small and isodiametric. The ventral cells are very large, prismatic and
with apical parts protruding deep into the hindgut lumen. In the papillate region
all the cells of the hindgut epithelium look similar. They are isodiametric with
dome shape basal parts protruding into the haemocoel (Fig. 1D). In the sphinc-
ter region extensive circular muscles surround the hindgut epithelium, which
forms deep folds that narrow the hindgut lumen. The hindgut cells are isodia-
metric with dome shaped basal parts protruding into the haemocoel (Fig. 1E).
In the rectum the hindgut lumen becomes wide again and the musculature sur-
rounding the hindgut is less extensive than in the sphincter region. The shape
of the hindgut cells is the same as in the sphincter region (Fig. 1F).

Specific arrangement of microtubules in the epithelial cells in distinct
hindgut regions of adult P. scaber

We compared the abundance and arrangement of microtubules in hindgut cells
of diverse shapes and sizes within the anterior chamber, papillate region, sphinc-
ter region and rectum. In the anterior chamber the epithelial cells contain exten-
sive arrays of microtubules (Fig. 2A). The cells of the typhlosole contain long
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Figure 1. Anatomical and histological structure of the hindgut in adult P scaber A anatomical structure and hind-
gut regions. Lines B, C, D, E, and F denote where the cross-sections depicted in images B, C, D, E and F were made
B cross-section across the anterior part of the anterior chamber C cross-section across the posterior part of the anterior
chamber D cross-section across the papillate region E cross-section across sphincter F cross-section across rectum.
Abbreviations: C1 — curved cells forming the typhlosole; C2 — wide cells enclosing the typhlosole channels; C3 - curved
cells forming ridges on each side of the typhlosole; FG — foregut; HE — hindgut epithelium; HG - hindgut; HP — hepatopa-
ncreas; LC — lateral cells; M — muscles; T — typhlosole; TC — typhlosole channels; VC — ventral cells.

transcellular bundles oriented perpendicular to the apical cell surface. The hind-
gut cells around the two typhlosole channels contain short profiles of densely
stacked microtubule bundles present only in the apical cytosol (Fig. 2B). The
remaining epithelial cells that form the lateral and ventral hindgut walls contain
thick bundles of microtubules concentrated in the lateral cytosol (Fig. 2C, D). The
ultrastructural analysis of hindgut epithelial cells in the anterior chamber reveals
extensive apico-basal bundles of microtubules associated with lateral borders
of cells. These bundles completely fill large areas of lateral cytosol (Fig. 2E, F).
In the posterior part of the anterior chamber close to the papillate region
the apico-basally oriented bundles of microtubules are particularly extensive
(Fig. 3A). The most prominent transcellular microtubular bundles are present
in dorsal hindgut cells of the typhlosole and typhlosole channels (Fig. 3B, C)
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Figure 2. Microtubules in hindgut cells in the anterior chamber of adult P scaber A overlay of epifluorescence and DIC
images obtained on paraffin section showing microtubules in green (AlexaFluor 488) and cell nuclei in blue (DAPI). Im-
age depicts cross-section across the anterior chamber B image of immunofluorescent-labelled microtubules in green
on LR-White section. Image depicts equivalent area as denoted by frame B in image A. Arrowheads point to transcellular
microtubule bundles in typhlosole cells oriented perpendicular to the apical cell surface. Arrow points to short profiles of
microtubule bundles present in the apical cytosol of wide cells around the typhlosole channels. The white dashed lines
outline the apical and basal surface of epithelial cells C overlay of epifluorescence and DIC images obtained on paraffin
section showing microtubules in green (AlexaFluor 488) and cell nuclei in blue (DAPI). Image depicts equivalent area as
denoted by the frame C, D in image A D overlay of epifluorescence images obtained on semithin LR-White section show-
ing microtubules in green (AlexaFluor 488) and cell nuclei in blue (DAPI). Image depicts equivalent area as denoted by
the frame C, D in image A. The white dashed lines outline the apical and basal surface of hindgut epithelium E electron
micrograph showing equivalent area as denoted by frame E in image D. Arrows point to abundant microtubule bundles
near the lateral plasma membrane (arrowheads) F higher magnification of an area denoted by frame F in image E. Arrows
point to bundled individual microtubules near the lateral plasma membrane (arrowheads). Abbreviations: HC — hemo-
coel; HE — hindgut epithelium; HL — hindgut lumen; T — typhlosole; TC — typhlosole channels.
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and in high dome shaped ventral cells (Fig. 3D). In cells around the typhlosole
channels the microtubules occur near the apical and the basal surface of these
cells (Fig. 3B). In the dorsal epithelium, both the typhlosole cells and the wide
cells around the typhlosole channels contain parallel bundles of microtubules
(Fig. 3C). In highly folded typhlosole cells, the microtubule bundles are oriented
perpendicular to the apical cell surface.

In the papillate region all cells in the hindgut epithelium contain fine apico-basal-
ly oriented bundles of microtubules (Fig. 4A, B). This arrangement of microtubules
is general throughout the papillate region epithelium. The bundles of microtubules
appear thinner than in the anterior chamber and are evenly distributed throughout
the cytosol (Fig. 4C). At the ultrastructural level prominent bundles of microtubules
are evident along the narrow cytoplasmic bands between the infoldings of apical
plasma membrane (Fig. 4D). These microtubules are also in close contact with
numerous mitochondria present in the apical cytosol. Cross-sectioned profiles of
microtubules oriented perpendicular to the apico-basal axis of epithelial cells are
often observed in the vicinity of septate junctions in the papillate region (Fig. 4E).

In the sphincter region between the papillate region and the rectum the hind-
gut epithelium is relatively thin (Fig. 5A), and the hindgut cells contain numer-
ous microtubules concentrated in the apical cytosol (Fig. 5B). Fine bundles of
microtubules are oriented in the apico-basal direction and limited to the apical
cytosol of cells as discernible on semi-thin LR-White sections (Fig. 5C).

The hindgut epithelium is also relatively thin in the rectum (Fig. 6A). The ar-
rangement of microtubule bundles in epithelial cells of the rectum is similar as
in the sphincter region, with microtubules concentrated in the apical cytosol
(Fig. 6B). In the posterior part of the rectum toward the anal opening, strong
dilator muscles are attached to the hindgut epithelium (Fig. 6C) in contrast to
the remaining part of the rectum. In this posterior part the epithelial cells are
relatively small and almost filled with microtubules (Fig. 6D).

Arrangement of microtubules in the hindgut cells of embryos and
mancae

In the paraffin sections of the whole late embryos of stage S18 the immunofluo-
rescent labelling of a-tubulin shows only a weak reaction in the hindgut cells. A
strong positive reaction is discernible in the epidermis of the limb buds (Fig. 7A). In
the hindgut epithelium along most of the alimentary canal the reaction of fluores-
cent labelling is weak and diffusely distributed in the cytosol (Fig. 7B). At the ultra-
structural level we have observed individual microtubules in the cytosol of hindgut
cells (Fig. 7C). The distinct apico-basally oriented bundles are discernible only in
the most posterior part of the alimentary canal, i.e., the rectal epithelium (Fig. 7D).

In marsupial mancae the immunofluorescent labelling of microtubules is
considerably more pronounced than in the late embryos, on both paraffin and
semithin sections. We did not observe any considerable differences in label-
ling between the early-stage and late-stage marsupial mancae. The most pro-
nounced fluorescent labelling is detectable in certain sites of tergite’'s epider-
mis, presumably tenocytes, in the hindgut epithelium and in the cells of the
ventral nerve cord (Fig. 8A). In the hindgut epithelium the apico-basal orien-
tation of microtubule bundles is evident in all observed regions of the hind-
gut. In the anterior chamber there is a distinct difference in the abundance of
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Figure 3. Microtubules in hindgut cells in the posterior part of anterior chamber of adult P. scaber A overlay of epiflu-
orescence and DIC images obtained on paraffin section showing microtubules in green (AlexaFluor 488) and cell nu-
clei in blue (DAPI). Image depicts cross-section across the anterior chamber near the transition to the papillate region
B overlay of epifluorescence and DIC images obtained on paraffin section showing microtubules in green (AlexaFluor
488) and cell nuclei in blue (DAPI). Image depicts area denoted by the frame B in image A C overlay of epifluorescence
images obtained on semithin LR-White section showing microtubules in green (AlexaFluor 488) and cell nuclei in blue
(DAPI). Image depicts equivalent area as image B. Arrow points to large cell that surround the typhlosole channels and
contain abundant microtubule bundles. Arrowheads point to parallel bundles of microtubules oriented perpendicular
to the apical surface of typhlosole cells. The white dashed lines outline the contour of hindgut epithelium D overlay of
epifluorescence and DIC images obtained on paraffin section showing microtubules in green (AlexaFluor 488) and cell
nuclei in blue (DAPI). Image depicts area denoted by the frame D in image A. Abbreviations: HC — hemocoel; HE - hind-
gut epithelium; HL — hindgut lumen; T — typhlosole; TC - typhlosole channels.

microtubules between the dorsal part and the ventral part of the hindgut epi-
thelium. The labelling of microtubules is very distinct in the dorsal epithelium,
particularly in cells of typhlosole and typhlosole channels. Cells in the ventral
epithelium are only weakly labelled (Fig. 8B). The bundles of microtubules are
particularly extensive in ventral and dorsal cells at the transition between the
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Figure 4. Microtubules in hindgut cells in the papillate region of adult P. scaber A overlay of epifluorescence and DIC im-
ages obtained on paraffin section showing microtubules in green (AlexaFluor 488) and cell nuclei in blue (DAPI). Image
depicts cross-section across the papillate region B overlay of epifluorescence and DIC images obtained on paraffin sec-
tions showing microtubules in green (AlexaFluor 488) and cell nuclei in blue (DAPI). Image depicts area denoted by the
frame B in image A C overlay of epifluorescence images obtained on semithin LR-White section showing microtubules in
green (AlexaFluor 488) and cell nuclei in blue (DAPI). Image depicts equivalent area as image B. The white dashed lines
in figure C outline the apical and basal surface of hindgut epithelium D electron micrograph showing equivalent area
as denoted by frame D in image C. Arrows point to microtubule bundles in the cytosol between the infoldings of apical
plasma membrane which are indicated by the arrowheads E electron micrograph showing equivalent area as denoted
by frame E in image C. Arrowheads point to numerous cross-sectioned microtubules in the vicinity of septate junctions.
Arrows point to longitudinally sectioned apico-basal microtubules. Abbreviations: HC — hemocoel; HE — hindgut epithe-
lium; HL — hindgut lumen; M — mitochondria; SJ — septate junctions.

anterior chamber and the papillate region (Fig. 8C). In the papillate region the
distribution of the microtubules in epithelial cells differs between anterior part
and posterior part of the region. In the anterior part fine bundles of microtu-
bules span the entire cells in the apico-basal direction (Fig. 8D), while in the
posterior part the bundles are condensed in the apical cytosol (Fig. 8E). At the
ultrastructural level it is evident that microtubules associate laterally with one
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Figure 5. Microtubules in hindgut cells in the sphincter region in adult P. scaber A overlay of epifluorescence and DIC
images obtained on paraffin section showing microtubules in green (AlexaFluor 488) and cell nuclei in blue (DAPI). Im-
age depicts cross-section across the sphincter region B overlay of epifluorescence and DIC images obtained on paraffin
section showing microtubules in green (AlexaFluor 488) and cell nuclei in blue (DAPI). Image depicts area denoted by
frame B in image A C overlay of epifluorescence images obtained on semithin LR-White section showing microtubules
in green (AlexaFluor 488) and cell nuclei in blue (DAPI). Image depicts cross-section of hindgut epithelium in sphincter
region at high magnification. The white dashed lines in figure C outline the contour of hindgut epithelium. Abbreviations:
HC — hemocoel; HE - hindgut epithelium; HL — hindgut lumen; M — muscles.

another and form small apico-basally oriented bundles (Fig. 8F). In the terminal
part of the rectum near the anal opening the arrangement of apico-basal bun-
dles of microtubules is similar as in the late embryos of stage S18.

In postmarsupial mancae an intense immunofluorescent labelling of microtu-
bules is visible in epidermal cells, presumably tenocytes, the ventral nerve cord and
the hindgut epithelium. The labelling does not differ considerably between postmar-
supial mancae at the time of the release from the marsupium and postmarsupial

ZooKeys 1225: 7-32 (2025), DOI: 10.3897/z00keys.1225.116717 19



Urban Bogataj et al.: Architecture of microtubule cytoskeleton in the hindgut cells of P scaber

Figure 6. Microtubules in hindgut cells in the rectum in adult P. scaber A overlay of epifluorescence and DIC images ob-
tained on paraffin section showing microtubules in green (AlexaFluor 488) and cell nuclei in blue (DAPI). Image depicts
cross-section across the rectum B overlay of epifluorescence and DIC images obtained on paraffin section showing
microtubules in green (AlexaFluor 488) and cell nuclei in blue (DAPI). Image depicts area denoted by frame B in image A
C overlay of epifluorescence and DIC images obtained on paraffin section showing microtubules in green (AlexaFluor
488) and cell nuclei in blue (DAPI). Image depicts cross-section across the rectum near the anal opening D overlay of
epifluorescence and DIC images obtained on paraffin section showing microtubules in green (AlexaFluor 488) and cell
nuclei in blue (DAPI). Image depicts area denoted by frame D in image C. Abbreviations: AN — anal opening; HC — hemo-
coel; HE — hindgut epithelium; HL — hindgut lumen; M - dilator muscles.

mancae one week after the release from the marsupium. In the anterior chamber
all hindgut cells display strong fluorescent labelling (Fig. 9A, B). As in earlier stages
the most extensive fluorescent labelling is present in the hindgut epithelium at the
transition between the anterior chamber and the papillate region (Fig. 9C). In post-
marsupial mancae the typhlosole in this hindgut section becomes anvil shaped
and contains particularly large bundles of microtubules. In the anterior part of the
papillate region fine bundles of microtubules are distributed throughout the cy-
tosol of hindgut cells (Fig. 9D). In the most posterior part of the papillate region
the microtubules are concentrated in the apical part of hindgut cells (Fig. 9E). At
the ultrastructural level, the apico-basal microtubule bundles become extensive in
postmarsupial mancae and are concentrated in the lateral cytosol near the lateral
plasma membranes in the anterior chamber (Fig. 9F). In the papillate region of
postmarsupial mancae we observed cross-sectioned microtubules in the vicinity
of septate junctions which are not apparent in the earlier stages (Fig. 9G).
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Figure 7. Microtubules in hindgut cells of late embryos of stage S18 A overlay of epifluorescence and DIC images ob-
tained on paraffin section showing microtubules in green (AlexaFluor 488). Image depicts longitudinal section of the
embryo. Arrows point to distinct fluorescent labelling of microtubules in epidermis of the limb buds B overlay of epifluo-
rescence and DIC images obtained on paraffin section showing microtubules in green (AlexaFluor 488) and cell nuclei in
blue (DAPI). Image depicts area denoted by frame B in image A. Arrowheads point to diffuse fluorescent labelling in the
hindgut C electron micrograph of equivalent area as denoted by frame C in image B. Arrow points to an individual microtu-
bule in the apical cytosol D overlay of epifluorescence and DIC images obtained on paraffin section showing microtubules
in green (AlexaFluor 488) and cell nuclei in blue (DAPI). Image depicts cross-section of the rectum near the anal opening.
Arrowheads point to apico-basal bundles of microtubules in the rectum. An arrow points to distinct dilator muscles sur-
rounding the rectum. Abbreviations: AN — anal opening; CUT - cuticle; DG — digestive glands; HG — hindgut; RE — rectum.

Typhlosole morphogenesis

We have also investigated the morphogenesis of the typhlosole since it is a
major remodeling process of the hindgut epithelium and prominent microtubule
bundles are present in typhlosole cells. In late embryos a primordium of the
typhlosole is established and appears in cross-section as two large dorsal cells
bulged into the hindgut lumen (Fig. 10A). Later in marsupial mancae the dorsal
hindgut cells already form distinct folds of the typhlosole and two typhlosole
channels (Fig. 10B). The morphology of the typhlosole in marsupial mancae is
similar along the entire length of the alimentary canal. In postmarsupial mancae
the typhlosole at the transition between the anterior chamber and the papillate
region widens and becomes anvil shaped (Fig. 10C, D) as in adults (Fig. 10E, F).
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Figure 8. Microtubules in hindgut cells of early-stage marsupial mancae A overlay of epifluorescence and DIC images ob-
tained on paraffin section showing microtubules in green (AlexaFluor 488). Image depicts a transverse section across the
anterior part of manca. Arrowheads point to microtubules in dorsal tergites B overlay of epifluorescence and DIC images
obtained on paraffin section showing microtubules in green (AlexaFluor 488) and cell nuclei in blue (DAPI). Image depicts
area denoted by frame B in image A C overlay of epifluorescence and DIC images obtained on paraffin section showing
microtubules in green (AlexaFluor 488) and cell nuclei in blue (DAPI). Image depicts hindgut epithelium at the transition be-
tween the anterior chamber and the papillate region. Arrowheads point to cells containing distinct apico-basal bundles of
microtubules D overlay of epifluorescence and DIC images obtained on paraffin section showing microtubules in green (Al-
exaFluor 488) and cell nuclei in blue (DAPI). Image depicts hindgut epithelium from the anterior part of the papillate region
E overlay of epifluorescence and DIC images obtained on paraffin section showing microtubules in green (AlexaFluor 488)
and cell nuclei in blue (DAPI). Image depicts hindgut epithelium from the posterior part of the papillate region F electron
micrograph of equivalent area as denoted by frame F in image C showing the cell in the ventral hindgut epithelium. Arrows
point to small bundles of microtubules in the cytosol. Abbreviations: DG — digestive glands; HE — hindgut epithelium; HG —
hindgut; HL — hindgut lumen; M — muscles; T — typhlosole; TC - typhlosole channels; VNC - ventral nerve cord.
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Figure 9. Microtubules in hindgut cells of postmarsupial mancae 1 week after their release from the marsupium A over-
lay of epifluorescence and DIC images obtained on paraffin section showing microtubules in green (AlexaFluor 488) and
cell nuclei in blue (DAPI). Image depicts dorsal hindgut epithelium in the anterior chamber B overlay of epifluorescence
and DIC images obtained on paraffin section showing microtubules in green (AlexaFluor 488) and cell nuclei in blue
(DAPI). Image depicts hindgut epithelium of the lateral hindgut wall in the anterior chamber C overlay of epifluorescence
and DIC images obtained on paraffin section showing microtubules in green (AlexaFluor 488) and cell nuclei in blue
(DAPI). Image depicts hindgut epithelium at the transition between the anterior chamber and the papillate region D over-
lay of epifluorescence and DIC images obtained on paraffin section showing microtubules in green (AlexaFluor 488) and
cell nuclei in blue (DAPI). Image depicts hindgut epithelium in the anterior part of the papillate region E overlay of epiflu-
orescence and DIC images obtained on paraffin section showing microtubules in green (AlexaFluor 488) and cell nuclei
in blue (DAPI). Image depicts hindgut epithelium in the posterior part of the papillate region F electron micrograph of
equivalent area as denoted by frame F in image C. Arrow points to a large bundle of microtubules near the lateral plasma
membrane which is indicated by arrowhead G electron micrograph of equivalent area as denoted by frame G in image
D. Arrowhead points to septate junctions. Arrow points to cross-sectioned microtubules. Abbreviations: CUT — cuticle;
HE — hindgut epithelium; HL — hindgut lumen; M — muscles; T — typhlosole; TC - typhlosole channels.
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Figure 10. Typhlosole morphogenesis in the hindgut of P scaber A typhlosole primordium (arrow) in hindgut of late
embryo of stage S18 B typhlosole in the anterior chamber of marsupial manca C typhlosole in the anterior part of the
anterior chamber in postmarsupial manca D typhlosole in the posterior part of the anterior chamber near the transition
to the papillate region in postmarsupial manca E typhlosole in the anterior part of the anterior chamber in adult animal

F typhlosole in the posterior part of the anterior chamber near the transition to the papillate region in adult animal.
Abbreviations: T — typhlosole; TC — typhlosole channels.

Discussion

Architecture of microtubule bundles in the hindgut cells of adult P. scaber

The microtubules are the stiffest of the three cytoskeletal filaments and form
almost linear tracks that primarily serve as pathways for the directed intracel-
lular transport (Fletcher and Mullins 2010) and in differentiated cells the mi-
crotubules are also important for the maintenance of cell shape (Gelfand and
Bershadsky 1991). In combination with other cytoskeletal components, the mi-
crotubules can bear considerable compressive forces (Brangwynne et al. 2006),
which is particularly important in the regulation of cell height of epithelial cells
(Burnside 1973; Picone et al. 2010). Hindgut cells of isopods contain extremely
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Figure 11. lllustration of microtubule architecture in hindgut cells from different regions of adult P scaber hindgut
A anterior chamber B posterior part of the anterior chamber at the transition to the papillate region C papillate region

D sphincter and rectum.

abundant microtubule bundles as reported in P. scaber (Bogataj et al. 2018), O.
asellus (Witkus et al. 1969), A. vulgare (Vernon et al. 1974) and two species of
marine isopods D. bidentata (Holdich and Ratcliffe 1970) and C. carinata (Wage-
le et al. 1981), while microtubule arrangement in the cells of morphologically
and functionally distinct hindgut regions has not been studied before.

We show here that the cells in all hindgut regions of adult P scaber contain
abundant microtubules which organize into extensive apico-basally oriented bun-
dles. Our results demonstrate that the spatial arrangement of these apico-basal
bundles varies considerably in cells from distinct parts of the hindgut that differ
markedly in their shape as summarized in the schematic representation (Fig. 11).
In the anterior chamber the cells that form the ventral and lateral walls of the hind-
gut contain relatively thick microtubule bundles concentrated in the vicinity of later-
al plasma membranes that are highly interdigitated between the neighboring cells
(Fig. 11A). Similar association of microtubule bundles with lateral plasma mem-
branes have been reported in hindgut cells of other isopods (Witkus et al. 1969;
Holdich and Ratcliffe 1970; Vernon et al. 1974). In cells that form the typhlosole a
specific microtubule arrangement is evident. Long transcellular apico-basal bun-
dles of microtubules are oriented perpendicular to the apical cell surface and dis-
tributed along the highly curved outline of typhlosole cells (Fig. 11A). The wide
cells around the typhlosole channels contain relatively short densely stacked mi-
crotubule bundles in the apical cytosol that ramify in the apical direction (Fig. 11A).
In the posterior part of the anterior chamber at the transition to the papillate region
the microtubule bundles are the most extensive. The largest microtubule bundles
were observed in anvil shaped typhlosole and cells around the typhlosole channels
in this transition region as well as in high dome shaped ventral cells (Fig. 11B). In
the papillate region all hindgut cells contain fine apico-basal microtubule bundles
which appear thinner than in the anterior chamber (Fig. 11C). The microtubule bun-
dles in the papillate region apically protrude into the thin cytoplasmic projections
between the infoldings of apical labyrinth and are closely associated with numer-
ous mitochondria. The presence of microtubules in the cytoplasmic projections
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between the apical infoldings and the association with mitochondria have been
reported also in O. asellus and A. vulgare (Witkus et al. 1969; Vernon et al. 1974).
In the papillate region numerous cross-sectioned microtubules near the septate
junctions are evident, which likely form a subapical circumferential ring of micro-
tubules perpendicular to the apico-basal ones, but further 3D characterization is
needed to verify this assumption. In the sphincter region and rectum, the apico
basal microtubule bundles are concentrated in the apical cytosol (Fig. 11D).

In the anterior chamber the most prominent bundles of microtubules are
observed in parts of the hindgut epithelium that are associated with extensive
visceral muscles. One example are the typhlosole cells, where distinct muscles
insert into the typhlosole fold from the basal side (Hames and Hopkin 1989).
Another example is the posterior part of the anterior chamber at the transition to
the papillate region where extensive network of circular and longitudinal muscles
surrounds the hindgut (Vernon et al. 1974; Palackal et al. 1984; Hames and Hop-
kin 1989). Together with other cytoskeletal elements the microtubules can resist
mechanical forces acting on cells and are thus important for the maintenance of
cell shape (Wang et al. 2001; Brangwynne et al. 2006; Picone et al. 2010; Sato et
al. 2013; Kubitschke et al. 2017). The microtubules are particularly abundant in
the tenocytes of arthropods (Nakazawa et al. 1992; Tucker et al. 2004; Criel et al.
2005; Znidarsi¢ et al. 2012) and cochlear supporting cells of mammals (Tucker
et al. 1993; Henderson et al. 1995), which are, similar as the hindgut cells in
the anterior chamber of terrestrial isopods, under constant mechanical stress.
The extensive microtubule bundles in the typhlosole cells and cells around the
typhlosole channels might be involved in the maintenance of the very complex
shape of these cells that form the typhlosole fold. This together with the con-
tractions of muscles that insert into the typhlosole fold enables the opening and
closing of the typhlosole channels, which is important for the transport of partly
digested liquid food during the feeding cycle of terrestrial isopods (Hames and
Hopkin 1989). In cells of the lateral and ventral hindgut wall and particularly in
large ventral cells in the posterior part of the anterior chamber the apico-basal
bundles of microtubules are likely important for the support of the apically dome
shaped cells. Accordingly, the hindgut cells can maintain their shape during the
peristaltic contractions of extensive musculature surrounding the hindgut, which
squeezes the partly digested liquid food into the typhlosole channels and then
pushes it anteriorly into the stomach for the filtration and transport into the di-
gestive glands where the absorption takes place (Hames and Hopkin 1989).

In the papillate region the bundles of microtubules protrude deep into the cyto-
plasmic projections between the infoldings of the apical plasma membrane. In the
more posterior sphincter region and rectum the microtubule bundles are concen-
trated in the apical cytosol where the deep infoldings of apical labyrinth are pres-
ent in these cells. Thus, the microtubule bundles in the papillate region, sphincter
region and rectum could play a role in the stabilization of the deep infoldings of
the apical plasma membrane labyrinth, which is important for the function of the
papillate region in ion and water transport (Vernon et al. 1974; Coruzzi et al. 1982;
Palackal et al. 1984). It is known from studies in different organisms that micro-
tubules with associated molecular motors can deform membranes and are thus
important for the positioning and shaping of different cell membranes (Stephens
2012). In cultured mammalian cells it has been shown that the microtubules to-
gether with the associated molecular motors also drive the formation of tubular
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invaginations in the plasma membrane during clathrin independent endocytosis
(Day et al. 2015). Microtubules in hindgut cells in the papillate region are in close
contact with numerous mitochondria present in the apical cytosol of these cells,
which are also aligned in the same apico-basal direction as the microtubules.
This is consistent with the role of microtubules in the transport, positioning and
shaping of various cell organelles (Toli¢-Ngrrelykke 2008; Stephens 2012) includ-
ing the mitochondria (Fujita et al. 2007; Fernandez Casafuz et al. 2023).

Reorganization of microtubules in relation to hindgut morphogenesis
in late embryonic and early postembryonic development

We have characterized the arrangement of microtubules in the hindgut of
late-embryos and postembryonic developmental stages and thus provided
new data of microtubule arrangement during hindgut morphogenesis in crusta-
ceans. We have observed that the microtubules in the hindgut cells of P. scaber
organize into distinct apico-basal bundles relatively late during development. In
late embryos in stage S18 distinct apico-basal bundles of microtubules are pres-
ent only in the most posterior part of the hindgut epithelium, in the rectum near
the anal opening. Distinct apico-basal bundles of microtubules are evident in the
cells of all hindgut regions in the early postembryonic stages of marsupial man-
cae. The microtubule bundles are gradually increased in length and thickness
in postmarsupial mancae. One of the crucial aspects associated with epithelial
differentiation and morphogenesis is the rearrangement of the cytoskeletal sys-
tem in combination with the remodeling of cell junctions. Particularly well under-
stood is the involvement of the actin-myosin cytoskeleton and its contractility in
epithelial cell shape change and morphogenetic processes (Lecuit and Lenne
2007). More recent studies have shown that the microtubules also play an im-
portant role in cell shape changes and tissue remodeling (Matis 2020), and the
involvement of microtubular cytoskeleton in the morphogenesis of invertebrate
epithelia is currently an active research topic (Réper 2020). Recent research in
Drosophila melanogaster Meigen, 1830 has elucidated that the reorganization
of microtubules plays important roles in remodeling of epithelial sheets during
morphogenesis. The microtubules promote or directly cause various cell shape
changes needed for epithelial folding (Takeda et al. 2018; Ko et al. 2019).

Our data on morphogenesis show that the formation of typhlosole encom-
pass drastic cell shape changes. In late embryos when only a primordium of
the typhlosole is present in the anterior hindgut just thin microtubule bundles or
possibly single microtubules are present in the cytosol of hindgut cells. Later in
marsupial mancae apico-basal microtubule bundles become apparent in dorsal
cells that already form distinct folds of the typhlosole and two typhlosole chan-
nels. In postmarsupial mancae the apico-basal bundles of microtubules are
further expanded and elaborated when the posterior section of the typhlosole
widens and becomes anvil shaped. Our results show that the reorganization of
microtubules closely coincides with shape changes of typhlosole cells.

Conclusions

All cells in adult P scaber hindgut contain abundant apico-basally oriented
microtubules. The architecture of these microtubule bundles varies considerably
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in different parts of the hindgut epithelium along the anterior-posterior axis. In
the anterior chamber the thick microtubule bundles are probably involved in
the maintenance of cell shape and resistance to the compressive mechanical
forces during peristaltic contractions of the hindgut muscles. Specific
arrangement of microtubule bundles is evident in the morphologically complex
typhlosole fold. In the papillate region the microtubule bundles protrude into
the cytoplasmic projections between the deep apical plasma membrane
infoldings and might be involved in the stabilization of the apical plasma
membrane infoldings and serve in the transport and tethering of mitochondria.
During hindgut morphogenesis the apico-basal microtubule bundles are
established relatively late, mainly during early postembryonic development.
Morphogenesis of the typhlosole is characterized by coinciding changes in cell
shape and microtubule arrangement.
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Abstract

The second antennae, an important sensory organ of terrestrial isopods, are often at-
tacked and amputated by predators or members of the same species. If an amputation
does happen, the antenna usually regenerates after the very first or the next moult that
follows. However, the new regenerated antenna is smaller than the original one. This
raises the question of whether a smaller regenerated antenna is potentially also less
functional as the sensory elements of the antenna undergo regeneration as well. In this
study, the regeneration process of the second antenna of Porcellio scaber was followed
after two consecutive amputations. The original antennae were compared with the re-
generated ones under light and scanning electron microscopes in view of the dimen-
sions of segments and the size and number of sensory elements on them. As expect-
ed, all regenerated antennae were reduced in size, however, the reduction of different
antennal segments was different. The second segment of the flagellum was reduced
by almost half as much as the first segment of the flagellum or the last segment of the
peduncle. After the next consecutive amputation, the reduction of the regenerated an-
tennae does not increase further. The size and shape of the apical organ and lateral seta
did not change during the regeneration process, neither after the first nor after the next
amputation. In contrast, the number of plural receptor elements, such as aesthetascs
and tricorn sensilla, decreases in accordance with reduced segment size. Therefore,
since only the number of the most common sensory structures is reduced during regen-
eration, the regenerated antenna probably retains its sensory functionality.

Key words: Aesthetascs, apical organ, autotomy, moulting cycle, regeneration, SEM,
tricorn sensilla, woodlice

Introduction

Epimorphic regeneration, by which an animal restores damaged or lost body
parts, is a characteristic of many arthropods (reviewed in Hopkins and Das
2015). Many of them can regenerate limbs that were lost after injury or ampu-
tation, but not many can do that as adults (reviewed in Maruzzo and Bortolin
2013). Namely, a limb cannot be regenerated into a functional structure without
undergoing one or more moults and many crustaceans, like most decapods,
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amphipods and isopods, moult throughout their life, however, the frequency of
moulting may change with age (Skinner 1985).

Porcellio scaber (Latreille, 1804) is a common terrestrial isopod (Isopoda,
Oniscidea) native to continental Europe, but distributed on all continents ex-
cept Antarctica (Riggio 2013). In its environment, it may be attacked by pred-
ators or members of its own species and their second antennae can easily be
damaged or lost (Schmalfuss 1998). Namely, as in other members of suborder
Oniscidea, the second antenna of P. scaber is much larger than the extremely
diminished first antenna and is also the most exposed limb (Schmalfuss 1998).
The second antenna of P. scaber, as in most terrestrial isopods, consists of a
five-jointed peduncle and a two-jointed flagellum and is considered the main
sensory organ (Hoese 1989; Schmalfuss 1998). They possess several differ-
ent sensory structures: an apical organ with a mechano- and chemoreceptory
function (Mead et al. 1976), several aesthetascs with a chemoreceptory func-
tion (Hoese 1989) and many tricorn sensilla with a potentially hygrorecepto-
ry (Price and Holdich 1980) and/or mechanoreceptory function (Friedlander
1964; Ziegler and Altner 1995). The loss of the second antenna is undoubtedly
a handicap for the animal due to its importance; therefore, the successful and
rapid regeneration of the antenna is extremely important. Madhavan and Mad-
havan (1981) demonstrated that the amputation of one or both antennae of
Armadillidium vulgare (Latreille, 1804) in an earlier intermoult phase leads to a
shortening of the moult cycle. Namely, moulting and regeneration are regulated
by the same steroid hormones called ecdysteroids. Low levels of ecdysteroids
observed after limb loss are thought to facilitate the initial stages of regener-
ation, while high levels inhibit it (Madhavan and Schneiderman 1969; Maruzzo
and Bortolin 2013).

Regeneration of a damaged limb often begins with an autotomy of an injured
part of the limb at a predetermined breakage point (PBP) proximal to the injury
(Maruzzo et al. 2005; Hopkins and Das 2015). Autotomy minimises blood loss
and ensures faster regeneration with fewer irregularities (Bliss 1960; Maruzzo
et al. 2005). Klintz (1907) documented two such PBPs on the second anten-
na of P. scaber: one between the first and second peduncular segment and
the other between the fourth and fifth peduncular segment. Which of the two
PBPs was active depended on which segment the antenna was originally cut
off. However, the regeneration of the last segment of the flagellum takes place
without any triggered autotomy (Klintz 1907). In terrestrial isopods the regen-
erating structure develops within the antenna stub (Klintz 1907; Madhavan
and Madhavan 1981), similarly as described in cockroach legs (Goss 1969;
Maruzzo and Bortolin 2013). The regenerated limb first appears outside the
stub after the very first or the next moult after amputation, all depending on
the period of the intermoult cycle in which the limb was amputated (Madhavan
and Madhavan 1981; Hopkins and Das 2015). According to Klintz (1907), the
regenerated antenna is smaller, only 2/3 the length of the original one. This
raises the question of whether a smaller regenerated antenna is potentially
also less functional as sensory elements of the antenna undergo regeneration
as well.

In this study, we aimed to determine the degree of reduction of the second an-
tenna length and the number and size of antennal sensory elements in P. scaber
after multiple amputations. We hypothesised that: (1) the regenerated antenna
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will be shorter after each successive amputation as limb regeneration requires
a significant investment of energy (Hopkins and Das 2015); and (2) the number
and size of antennal sensory elements will be reduced with the reduction of an-
tennal segments as was reduced on regenerated legs in the amphipod Parhyale
hawaiensis (Almazan et al. 2022). At the same time, by measuring the length
of the moulting cycle, we tried to find out whether the length of the moulting
cycle changes after limb amputation as reported for A. vulgare (Madhavan and
Madhavan 1981).

Materials and methods
Experimental animals

Adult males of P. scaber of comparable size (10 + 0.5 mm) were used in the
study. All animals originated from the same laboratory-bred population. Due to
sexual dimorphism, which is also reflected in the dimensions of the antennae
(Lefebvre et al. 2000), females were excluded. The selected animals were kept
in an incubator under the following conditions: 14 h day and 10 h night, 20
0.5 °C, with prior gradual acclimatisation to these conditions. The humidity in
the containers was maintained by hydrating the plaster that covered the bottom
of the containers. Animals were fed with maple leaves and carrots. The animals
were dorsally marked with a coloured permanent marker, which allowed us to
easily notice when animals were moulted. The day after a successful moulting,
the animals were marked again.

One day after moulting, the left second antennae of the animals were ampu-
tated in the middle of the third segment of the peduncle (P3) and fixed in 70%
ethanol. In animals that successfully regenerated the amputated antennae, the
regenerated antennae were re-amputated the day after moulting and fixed in
the aforementioned manner. In animals that successfully regenerated the am-
putated antennae for a second time, the regenerated antennae were amputated
again and fixed. In total, 11 original antennae (orig), 11 regenerated antennae
of the first generation (reg1) and 9 regenerated antennae of the second gener-
ation (reg2) were analysed.

Measurements

The animals were monitored for several months and the time between two suc-
cessful moultings was recorded. The length of the moulting cycles of control
animals, whose antennae were not amputated, were compared with the length
of the moulting cycles of animals with amputated antennae. Some animals
with amputated antennae were observed daily with a stereo microscope (Leica
EZ4, Leica Microsystems, Germany) and all morphological changes at the am-
putation site were documented.

All amputated antennae were first analysed with a stereo microscope (Leica
MZ FLIII, Leica Microsystems, Germany) using the Leica application suite (LAS)
software (Leica Microsystems, Germany) for image capture. The maximum
length and width of the last three segments of the antennae, that is, the 5" seg-
ment of the peduncle (P5) and the first (F1) and second segment of the flagel-
lum (F2), were measured using the Fiji image processing package of ImageJ2
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(Schindelin et al. 2012). The length of P5 and F1 was measured between two
joints, and the length of F2 between the joint and the base of the apical organ.
The width was measured at the widest part of the segment. The 4" segment of
the peduncle (P4) was used for manipulation of the antenna and to attach it on
a holder for SEM analysis.

The amputated antennae (orig, reg1 and reg2) of seven males were dried
with hexamethyldisilazane (HMDS, Merck, Germany). The individual antenna
was attached to a metal holder (SPI supplies, USA) using adhesive aluminium
foil (Fig. 1). This allows a greater rotation of the sample in the microscope.
The samples were coated with platinum (up to 14 nm) with a sputter coating
machine (SCD 050, BAL-TEC, USA). Such prepared samples were analysed with
SEM (JEOL JSM-7500F, Japan). Images made with SEM were analysed in the
Imaged program with the Fiji package. The length of the apical organ (Fig. 1A),
the number of aesthetascs (Fig. 1B) and the maximum density of tricorn sen-
silla on the lateral side of F2 (Fig. 1C) were analysed. The number of tricorn
sensilla was determined by fitting the maximum number of sensilla bases into
a square with sides of 100 pm (0.07 mm?). Additionally, the length of the seta
on the lateral side of the fifth segment of the peduncle (P5 seta) (Fig. 1D) was
analysed as well.

Statistics

The Wilcoxon signed ranks test for dependent samples was used to compare
the parameters measured on the original and regenerated antennae. Namely,
we assumed that in an animal with a relatively shorter and narrower original an-
tennae, the regenerated antennae are probably relatively shorter and narrower
as well. We assumed the same for the sensory structures on the antennae. The
length of the moulting cycle of control animals and the length of the moulting
cycle after antennal amputation were compared using the Mann-Whitney test.
The correlation between the parameters was determined using the Spearman
correlation coefficient. All analyses were performed with IBM SPSS Statistics
for Windows, v. 28.0.

Results
Pattern of antennae regeneration and the length of the moult cycle

In less than a minute after amputation of the antenna, the flow of hemolymph
from the wound had stopped. In the next 24 h, autotomy occurred in 100% and
80% of the cases after the first and second consecutive amputation, respec-
tively (Fig. 2). The PBP was at the junction between the first (basis) and second
(coxa) segment of the peduncle. After autotomy, the wound on the basis seg-
ment was closed by a pigmented scab. In two animals (out of nine) autotomy
did not occur after the second consecutive amputation, and a damaged third
peduncular segment remained on the antenna residue until moulting. In all cas-
es, with or without autotomy, no other morphological changes of the antenna
stump were noticed until moulting. The regenerated antenna, in all cases, con-
tained all segments but was less pigmented and visibly smaller compared to
the other, undamaged antenna.
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1mm JEOL 1/26/2022
5.0kV LEI WD 15.8mm 12:39:27

Figure 1. Sense organs on the second antenna in Porcellio scaber A apical organ (arrow) B aesthetascs (arrow) C tricorn
sensillum (arrow) D lateral seta on the fifth peduncular segment (arrow).

Before amputation

Figure 2. The regeneration process of the second antennae after amputation in Porcellio scaber. Before amputation: The
animal with undamaged antennae; Day 0: The left antenna amputated in the middle of the third segment; Day 1: The left
antenna after autotomy; Day 21: The regenerated left antenna. Scale bar: 0.5 mm.
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The length of the moult cycle did not differ between control animals and
amputees (Mann-Whitney test, p = 0.321). The moult cycle lasted 16—32 days
in animals without amputation (AVR = 24 days, SD = 5, N = 10) and 17-36 days
in amputees (AVR = 26 days, SD = 5, N = 25).

Dimensions of the second antennae

The measured part of the regenerated antennae was compared to the original
ones, on average 32% and 37% shorter after the first and second regeneration,
respectively. All three measured antennal segments were significantly shorter
in all regenerated antennae (Wilcoxon signed ranks test, p < 0.01) (Fig. 3A).
There were no significant differences in the length of the segments between
the regenerated antennae of the first and second regeneration (reg1 and reg2;
Wilcoxon signed ranks test, p > 0.069).

The reduction of the seventh flagellar segment (F2) was significantly (Wil-
coxon signed ranks test, p < 0.01) smaller compared to the fifth and sixth seg-
ments (P5 and F1). After the first regeneration, P5 and F1 shortened by about
35%, while F2 only shortened by about 20%. After the second regeneration, P5
and F1 shortened by about 40%, while F2 only shortened by about 24%.

Individual segments of the regenerated antennae were significantly narrower
than the original ones (Wilcoxon signed ranks test, p < 0.01) (Fig. 4A). There
were no differences in segments’ width between the regenerated antennae of
first and second regeneration.

The width reduction was the highest in P5 after the second regeneration
(Fig. 4B). The width reduction of P5 was significantly higher only compared to
that of F2 (Wilcoxon signed ranks test, p < 0.05).

Analysis of sense organs

Apical organ

The apical organ of all regenerated antennae had a characteristic structure
(Fig. 1A): the basal part arising from the indentation of the distal part of the last
flagellar segment and continuing into the conical apical part with a tuft of short
terminal hairs and two lateral sensilla lying close to the apical part.

After the first regeneration, the length of the apical organ on the regenerated
antennae (reg1) did not differ from the original length of the organ (Fig. 5). In three
animals, the apical organs were a few percent longer (Fig. 5B). After the second
regeneration (reg2), the newly formed apical organs were shorter than the origi-
nals in all animals (Wilcoxon signed ranks test, p < 0.05). On average, the length of
the apical organs after the second regeneration decreased by 9% (Fig. 5B).

Aesthetascs

Aesthetascs on the last flagellar segment of the antennae (F2) were present
in 2-4 groups of 2-6 units (12 in one case) and individually, up to 4 units per
segment. The number and spatial distribution of aesthetascs on F2 differed
between animals as well as between original and regenerated antennae of the
same animal (Fig. 6A). On the regenerated antennae there were significantly
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(Wilcoxon signed ranks test, p < 0.05) fewer aesthetascs than on the original
antennae (Fig. 6B). On average, the number of aesthetascs after the first and
second regeneration decreased by 21% and 28%, respectively. However, in two
cases the number of aesthetascs increased after regeneration.

Tricorn sensilla

The maximal density of tricorn sensilla on the last segment of the second an-
tenna was 13 sensilla per 0.01 mm? (Fig. 7A, orig). The density of sensilla on
the regenerated antennae (reg1 and reg2) was significantly lower (Wilcoxon
signed ranks test, p < 0.05) (Fig. 7A). The density of tricorn sensilla after the
first and second regeneration did not differ (Fig. 7A, B). On regenerates the
density decreased on average by 25% (Fig. 7B).

Lateral seta

The length of the lateral seta on the fifth segment of the antennal peduncle of
control animals was 81-101 um (Fig. 8A). The seta has an articulated base, a
surface with longitudinal ridges (looks striated), a curved posterior end and an
annulus on an anterior third of the length (on Fig. 1D visible near the arrow).
After the first regeneration the lateral seta did not differ from that of the original
antenna neither by size nor by shape (Fig. 8A). In most of the regenerates, the
seta was a few percent larger (Fig. 8B). In one animal, after the first regeneration,
two setae were present: in addition to the lateral seta of normal dimensions, a
similar but somewhat shorter seta was present. After the second regeneration,
this animal, like the others, had only one lateral seta once again. After the sec-
ond regeneration, the seta was shorter in 5 out of 9 animals, for 7% up to 19%.
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o - outlier: 3 1QR = value > 1.5 I1QR; * - significantly different, p < 0.05).
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Figure 8. Length (A) and length reduction (B) of the lateral seta on the fifth peduncular segment of the original antennae
(orig), regenerated antennae after first regeneration (reg 1) and regenerated antennae after second regeneration (reg2)
in Porcellio scaber. Key: box: 25%, 50, and 75 percentile; whiskers: value < 1.5 IQR; o — outlier: 3 IQR = value > 1.5 IQR);
* — significantly different, p < 0.05).

Discussion

Pattern of antennae regeneration and the length of moult cycle

The autonomy of the part of the damaged antenna was the first noticeable
change in the process of regeneration. Autonomy occurs within 24 hours after
amputation between the first and second segment of the antenna (in 90% of
cases). This PBP site was first documented by Klintz (1907). The process of
autotomy happened overnight, so we don’t know if other limbs may be involved
in this process, as in autotilly (Maruzzo et al. 2005). After removing a similar
number of segments, autotomy at the same PBP also occurred in A. vulgare,
but in a smaller proportion (Madhavan and Madhavan 1981). As mentioned in
the review article of Maruzzo et al. (2005), the PBP in the legs of Porcellio sp.
contains a connective tissue septum called the autotomy membrane, which
acts as a valve that closes the hole left after autotomy, minimising the wound
trauma (Hopkins and Das 2015). Whether the PBPs of the antennae of Porcel-
lio also contain the autotomy membrane is still to be investigated. Namely, in
the genus Asellus, the autotomy membrane is present in the PBP of the legs
but not in the antennae (Needham 1965; Maruzzo et al. 2005). A day after the
autotomy, we noticed rather a large, pigmented scab covering the wound. The
pigmented scab likely resulted from the action of the immune system: degran-
ulation of hemocytes (Hopkins 1993) and activation of the phenoloxidase sys-
tem, which initiates melanization (Theopold et al. 2004). We observed no other
changes in the limb stub, while Madhavan and Madhavan (1981) reported that
in A. vulgare, the distal surface of the wound becomes whitish due to the with-
drawal of the pigmented epithelium. In P scaber and A. vulgare a regenerating
antenna was produced entirely inside the limb stub (Madhavan and Madhavan
1981), in our case solely in the small first segment - basis. Therefore, the space
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for a regenerating antenna was extremely small. A cuticular sac at the tip of the
stub, where a regenerating limb is produced, was reported for decapod crusta-
ceans (Maruzzo and Bortolin 2013) as well as for Asellus (Needham, 1965 in
Maruzzo et al. 2005) but not for terrestrial isopods. The regenerated antennae
were smaller and whitish compared to contralateral antennae as observed also
by Klintz (1907) and Madhavan and Madhavan (1981). However, the regener-
ated antennae show the same properties as the original one in terms of the
ability to repeat autotomy and regenerate as described for legs in fiddler crab
Uca pugilator (Hopkins 1993).

After amputation of the antenna, the length of the moulting cycle was, on
average, two days longer than that of control specimens, but the difference
was not statistically significant. In contrast, in A. vulgare the moulting cycle
was shortened by an average of three days when one antenna was amputated
two days after moulting (Madhavan and Madhavan 1981). According to Mad-
havan and Schneiderman (1969), arthropods require some basic amount of
ecdysteroid hormones for regeneration to begin. As reported by Hoarau and
Hirn (1981) amputation of a limb causes a decline in ecdysteroids in the hemo-
lymph and takes time to return to the baseline, causing the moulting cycle to
lengthen. It seems that the low level of ecdysteroids in the hemolymph of our
animals the day after moulting was further reduced by the amputation, which
caused a delay in moulting.

Reduction of the antennae and sensory structures during the
regeneration process

The measured part of the regenerated antennae of our animals was about one-
third shorter than the same part of the original antennae, which agrees with the
findings of Klintz (1907). The reduction of the regenerated antenna could be
explained by the additional expenditure of energy and material for the regen-
eration process, but more likely by the limited space in which the regenerated
limb is formed (Hopkins and Das 2015). We found that even if the antennae are
amputated several times in a row, there are no major differences between the
dimensions of the regenerated antennae. However, neither energy expenditure
nor limited space can explain why the reduction of individual segments of the
antennae in the regeneration process is different. Namely, the shortening of the
most distal antennal segment was almost half that of the fifth or sixth segment.
It can be assumed that the last flagellar segment is functionally more import-
ant than the other segments of the antenna, as it carries many sensory organs.

The morphology of the regenerated apical organs did not differ from the
original ones and, in all cases, corresponded to the description of the organ
given by Hoese (1989). Besides, no length reduction of the apical organ was
observed until the second regeneration (Fig. 5B, reg2’). Although the last seg-
ment of the flagellum shortened during the second regeneration on average
by a quarter (Fig. 3B, ‘reg2’), the shortening of the apical organ did not exceed
10%. Apical organ length showed only a weak and insignificant correlation
with the length (r, = 0.399, p = 0.073) or width (r, = 0.337, p = 0.136) of the
last flagellar segment. This suggests a key role of the apical organ in isopod
chemo- and mechanoreception. Namely, the apical organ may contain tens
of receptor cells (Seelinger 1977) that respond to mechanical, olfactory, and

ZooKeys 1225: 33-47 (2025), DOI: 10.3897/z0ookeys.1225.118414 43



PrimoZ Zidar & PrimoZ Miheli¢: Analysis of regenerated antennae in isopod Porcellio scaber

gustatory stimuli and thus play an important role in surface screening (Hoese
1989), social interactions (Linsenmair and Linsenmair 1971) and food detec-
tion (Seelinger 1977).

Similar to the apical organ, no significant reduction in length or change in
shape of the lateral seta was noticed. The up to 100 pm long seta was located
on the lateral side of the last segment of the peduncle on all antennae, original
and regenerated. A similar seta with two segments and a striated surface was
described on the antennal peduncle of A. vulgare by Rife (1993). This seta prob-
ably has a mechanoreceptory function (Crouau, 1995, 1997). Despite around
40% reduction in the length of the last peduncle segment and around 20% re-
duction in its width, the seta length reduced insignificantly. Its length showed
only a weak and insignificant correlation with the length (r, = 0.268, p = 0.241)
and with the width (r, = 0.390, p = 0.080) of the last peduncular segment.

In accordance with the reduction of the antennal segments’ surface, the
number of plural sensory organs, such as aesthetascs and tricorn sensilla, is
reduced. The number of aesthetascs decreased mainly due to the decrease in
the number of aesthetascs per group and not by reduction of the number of
groups. Aaesthetascs were mainly in 3—4 groups as reported by Hoese (1989).
However, up to 4 aesthetascs were frequently located also individually outside
these groups. Reduction of aesthetascs coincides with the reduction of the
length and width of the last flagellar segment. Spearman’s correlation coeffi-
cient showed a moderate to strong positive correlation between the number
of aesthetascs and the length (r, = 0.671, p = 0.001) and width of the segment
(r, = 0.735, p = 0.000). Aesthetascs have an important olfactory role (Hoese
1989; Schmalfuss 1998).

During the regeneration, the density of tricorn sensilla on the last segment
of the flagellum decreased by around 25%. Spearman’s correlation coefficient
showed a strong positive correlation between the density of tricorns and the
length of the segment (r_ = 0.784, p = 0.000) and a moderate correlation with its
width (r_=0.557, p = 0.009). Tricorn sensilla are characteristic for terrestrial iso-
pods and are the most numerous sensilla on the second antennae of terrestrial
isopods (Holdich 1984; Schmalfuss 1998). These triangular-shaped structures
are known to contain sensory cells (Ziegler and Altner 1995), but their role is
still unknown. It was suggested that they may have a hygroreceptory (Price and
Holdich 1980), mechanoreceptory (Holdich and Lincoln 1974) or even chemo-
receptory function (Tsuneo 1989).

Conclusions

This study revealed that:

+ The length of the moult cycle did not differ between amputated and con-
trol individuals.

+ The regenerated antennae are reduced in size compared to the original
ones, however, the reduction does not increase with multiple consecutive
amputations.

+ The reduction of individual antenna segments in the regeneration process
is different. The most distal segment of the flagellum receives the smallest
share of the reduction.
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+ The size and shape of the apical organ and lateral seta do not change
during the regeneration process, although the size of the segment on
which they are located decreases. In contrast, the number of plural re-
ceptor elements, such as aesthetascs and tricorn sensilla, decreases in
accordance with the segment size reduction.
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Abstract

A new species of terrestrial isopod, Porcellio aguerensis Orihuela-Rivero, sp. nov. of the
family Porcellionidae (Oniscidea), is described from the laurel forest of Tenerife, Canary
Islands. This new species belongs to the Atlantic group (“scaber”) as defined by Vandel
due to the structure of the male pleopod 1 and its “primitive” glandular system. Some
diagnostic characters that allow it to be differentiated from other species are revealed,
such as (i) the smooth dorsal surface, (i) the sinuosity of the posterior margin of the first
pereonites, (iii) the configuration of the glandular system, and (iv) the structure of the male
pleopod 1 exopod. The affinity of Porcellio aguerensis Orihuela-Rivero, sp. nov. with the
morphologically closest members of the genus is discussed, both with continental and in-
sular species, hypothesizing a relationship between the Canarian species of Porcellio and
the “primitive” continental lineages of the genus. A key of the Porcellio species occurring
in Tenerife is included. The conservation of Porcellio aguerensis Orihuela-Rivero, sp. nov.
within a scenario of increasing dominance of invasive species is discussed.

Key words: Canary Islands, Porcellionidae, taxonomy, Tenerife, woodlice

Introduction

The terrestrial isopod fauna of the Canary Islands remains notoriously under-
studied. Until the recent publication of the description of Soteriscus jandiensis
Cifuentes & Prieto, 2023, no new taxon of the suborder Oniscidea had been
described for the archipelago for 16 years (Taiti and Lopez 2008). The Canary
Islands host a high diversity of terrestrial isopods, which has already been
demonstrated in 1991 by Rafael Rodriguez Santana in his detailed but unfortu-
nately unpublished doctoral thesis. The archipelago harbours at least 35 native
species, 29 of which are endemic (Gobierno de Canarias 2024). Of these,17
species belong to the genus Porcellio Latreille, 1804.

The family Porcellionidae is composed of 19 genera, making it the fourth
most diverse family (over 330 species) of Oniscidea (Sfenthourakis and Tai-
ti 2015). The family is characterized by (i) the flagellum of second antenna
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having two joints, (ii) the absence of conglobational ability (except Atlandidium
Arcangeli, 1936), and (iii) the presence of monospiracular covered lungs on
pleopod 1 and 2 exopods (Schmidt 2003). Despite these shared morphological
characters, recent molecular studies question the monophyly of Porcellionidae
and the monophyly of several of its constituent genera, such as Porcellio and
Porcellionides Miers, 1877 (Dimitriou et al. 2018).

In the Canary Islands, Porcellionidae is represented by 32 species, of which 22
are endemic, with half of them described in the last 40 years (Dalens 1984; Hoese
1985; Rodriguez Santana 1990; Rodriguez and Vicente 1992a, 1992b, 1992c; Ro-
driguez and Barrientos 1993; Cifuentes and Prieto 2023). Within this family, Por-
cellio is the genus with the highest species richness, with 22 species representing
the halophilic (“lamellatus”), North African (“laevis”), and Atlantic (“scaber”) groups
following the group-classification of Vandel (1951, 1956, 1962). This classifica-
tion, which encompasses several morphological characters and homogeneous
distributions, although it is accepted by most experts as a very useful tool to deal
with this diverse genus, it still needs to be tested with molecular analysis to rule
out that these similarities are due to evolutionary convergence phenomena.

The aim of this study is to describe a new species of the genus Porcellio
from Tenerife (Canary Islands) and to discuss its similarities and differences
with what appear to be closely related species, both insular and continental.

Study area

Tenerife is situated in an almost central position within the archipelago of the
Canary Islands (Fig. 1) located off the northwest coast of Africa in the Atlantic
Ocean. Like all of the Canary Islands, Tenerife has a volcanic origin, although it
is thought to have originally formed from three paleoislands (Roque del Conde,
Teno, and Anaga) that later merged as a consequence of more recent volca-
nic episodes (Carracedo and Pérez-Torrado 2013). Our sampling took place
in the Anaga massif (Fig. 1), with an estimated age of 3.9-4.9 million years
(My) (Guillou et al. 2004). Its age and high geological stability (Ancochea et al.
1990) have promoted long periods of intense erosion producing landscapes
with complex topographies that have stimulated geographical isolation of po-
pulations and, ultimately, processes of speciation (Fernandez-Palacios et al.
2017; Salces-Castellano et al. 2020). Due to an east-west orientation of the
dorsal ridge of the peninsula, and its altitude of up to 1024 m above sea level
(a.s.l.), orographic cloud formations are a feature of the massif, supplying up to
1200 mm of water per year by horizontal precipitation (Fernandez-Palacios et
al. 2017; del Arco and Rodriguez-Delgado 2018). This cloud formation sustains
the presence of the laurel forest, a relict arboreal plant formation rich in lau-
rophilous trees comparable to the humid subtropical evergreen rainforests that
spread over the Mediterranean during the Palaeogene and Neogene (but see
Kondraskov et al. 2015). On spurs and ridges between 600 and 1100 m a.s.l,,
there is a dense, low to medium-altitude formation dominated by the Macaro-
nesian endemic Erica platycodon (Webb & Berthel.) Rivas-Mart. & al. and other
typical laurel forest species such as llex canariensis Poir. in Lamarck, Laurus
novocanariensis Rivas-Mart., Lousa, Fern. Prieto, E. Dias, J.C. Costa & C. Aguiar,
and Morella faya (Aiton) Wilbur. Areas of forest with greater exposure to cloud
formation and more limited exposure to solar radiation are rich in lichens,
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Figure 1. Geographic location of Tenerife within the Canary Islands and sampling sites in Anaga massif (red point).

mosses and ferns, but there are also periods of desiccation due to near-conti-
nuous wind in the upper canopy (del Arco and Rodriguez-Delgado 2018). This is
the case of the sampling area, located above 900 m a.s.l. on the western sum-
mits of Anaga (Monte de Las Mercedes, Fig. 1), with an average temperature
of 15.2 °C and a rainfall of 1050 mm per year (Fernandez-Palacios et al. 2017).

Methods

The studied specimens were collected within the laurel forest by pitfall traps,
with a subset of specimens preserved in absolute ethanol for future molecular
analysis. Terminology used for the description is based on Vandel (1960). For
the examination of anatomical parts, slides for microscopy were prepared with
dimethyl hydantoin formaldehyde and temporary preparations in glycerol, as
appropriate. Preserved specimens were examined with a Zeiss Stemi SV6 ste-
reomicroscope and a Zeiss Axioskop 40 binocular microscope. Images were
obtained using the photo stacking technique, attaching a Canon EOS 750D
digital camera to these microscopes. Each finalimage was obtained processing
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their stack of photographs with the program Zerene Stacker v. 1.04 (Zerene
Systems, LLC, Richland, WA), combining them into a single image using pmax
and dmap methods. The software Photoshop was used for final retouching.
Drawings were made with graphic editor Inkscape v. 1.3. (https://inkscape.org).
The type specimens of this new species have been deposited into the Collec-
tion of the Institute of Natural Products and Agrobiology, La Laguna, Tenerife
(IPNA); the Collection of the Department of Animal Biology (Zoology) of the
University of La Laguna (DZUL); and the Collection of the Museum of Nature
and Archaeology of Tenerife (TFMC).

Results
Taxonomy

Order Isopoda Latreille, 1816

Suborder Oniscidea Latreille, 1802

Family Porcellionidae Brandt in Brandt & Ratzeburg, 1831
Genus Porcellio Latreille, 1804

Porcellio aguerensis Orihuela-Rivero, sp. nov.
https://zoobank.org/FF7E5C1A-085B-4785-8387-187AD0D4316B

Type material. Holotype: SPAIN « '; Canary Islands, Tenerife, Zapata; 28°32.06'N,
16°17.63'W; 915 m a.s.l;; May 2023; Carmen Balibrea and Victor Noguerales
leg.; pitfall trap; IPNA BC2649. Paratypes: SPAIN * 1 &; Canary Islands, Tenerife,
Zapata; 28°31.93'N, 16°17.53'W; 930 m a.s.l.; May 2023; Carmen Balibrea and
Victor Noguerales leg.; pitfall trap; DZUL 36998 « 1 © ovigerous; Canary Islands,
Tenerife, Zapata; 28°31.93'N, 16°17.13'W; 960 m a.s.l.; May 2023; Carmen Bali-
brea and Victor Noguerales leg.; pitfall trap; DZUL 36999 « 1 &; same collec-
tion data as for preceding; BC2650 + 1 @ ovigerous; Canary Islands, Tenerife,
Zapata; 28°31.93'N, 16°17.19'W; 955 m a.s.l.; May 2023; Carmen Balibrea and
Victor Noguerales leg.; pitfall trap; IPNA BC2651 « 1 Q; Canary Islands, Tenerife,
Zapata; 28°31.99'N, 16°17.55'W; 925 m a.s.l.; May 2023; Carmen Balibrea and
Victor Noguerales leg.; pitfall trap; TFMCEN-2381.

Diagnosis. Teguments smooth; glandular fields associated to lateral margins
located in widening of marginal groove of pereonites; d/c coordinate values
of noduli laterales with a peak on pereonite 4; pereonites 1-2 with posterior
margins slightly sinuous; telson triangular with apex rounded; second antenna
not reaching posterior margin of second pereonite; uropods with protopods
posterior margin very oblique; exopods narrow. Male pereopod 7 ischium with
concave ventral margin and slight distal depression on its rostral face covered
with numerous setae; male pleopod 1 exopod with short posterior lobe.

Description. Maximum length: male 8.5 mm, female 9.8 mm. Body strongly
convex with epimera oriented obliquely, ovoid (Fig. 2A, B); outline between pere-
on and pleon continuous. Colour (Fig. 2A—C) mottled brown with irregular broad
dark midline reaching posterior margin of cephalon; pereonites 4—7 usually with
pairs of paramedian diffuse yellow spots; pigmented epimera, presenting small
depigmented area around noduli laterales and band of depigmentation at base
of epimera; pereopods and pleopods pigmented; dark maxilliped; uropod exo-
pods often reddish or brown. Cephalon, pleon and telson smooth. Dorsal surface
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covered with large Y-shaped scale-setae (Fig. 3H) and imbricated rounded
scales. Pereonites 1-7 epimera with distinct groove along entire lateral margin
with one widening concentrating glandular pores ranging from 6 to 20, number
of pores gradually decreasing towards posterior pereonites; widening located at
anterior or in middle portion of epimera, in the first pereonite at anterior corner
of epimeron (Fig. 2D). One line of large noduli laterales per side on pereonites
1-7, far from lateral margins, with high d/c ratio as in Fig. 3C. Cephalon (Fig. 3A)
without supra-antennal line; frontal-line arches slightly forming rounded small
median lobe; lateral lobes rounded or slightly quadrangular; eyes with 24-28
ommatidia. Pereonites 1-2 with posterior margins slightly sinuous (Fig. 2C);
3-6 straight, posterior corners slightly directed backwards; 7, regularly con-
cave. Pleonites 3-5 with well-developed epimera; posterior corners bending
backwards; pleonite 5 epimera not surpassing uropod protopods or telson apex
(Fig. 3B). Telson (Fig. 3B) wider than long, triangular, with concave margins,
sides of distal part of some specimens almost parallel; apex rounded. First an-
tenna (Fig. 3F) tri-articulated; basal and distal article subequal in length; distal
article with tuft of about 30 subapical aesthetascs. Second antenna (Fig. 3D, E)
not reaching posterior margin of second pereonite when extended backwards;
finely setose; flagellum bi-articulated, slightly shorter than fifth article of pedun-
cle; second article about 1.5 times longer than first, bearing several rows of
aesthetascs (Fig. 3E). Mandibles with dichotomized molar penicil; left mandible
(Fig. 4B) with 2 + 9 penicils; right mandible (Fig. 4A) with 1 + 4 penicils. Maxillule

Figure 2. Porcellio aguerensis sp. nov. A paratype 9, habitus, dorsal view B holotype &, habitus, lateral view C paratype &,
details of the first pereonites D details of configuration of the glandular field of the first pereonite. Scale bars: 2 mm (A, B, C).
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external branch (Fig. 4C) with 4 + 6 teeth, four of them subapically cleft; internal
branch (Fig. 4D) with two thick penicils and one short sharp posterior corner.
Maxilla inner lobe quadrangular (Fig. 4E), wider than outer lobe, apex covered
fine and thick setae; outer lobe (Fig. 4E) with three long incurved setae on mar-
gin between lobes; covered with thin setae. Maxilliped (Fig. 4F) palp with two

= Porcellio aguerensis sp. nov. === Porcellio centralis

1 C

>

0.8

0.6

0.4

d/c coordinates

v \% \ Vil

Pereonites

Figure 3. Porcellio aguerensis sp. nov. A paratype 9, cephalon, dorsal and frontal view B paratype ¢, details of pleon, telson
and uropods C paratype ¢, noduli laterales d/c coordinates and comparison with Porcellio centralis Vandel, 1954 D paratype &,
second antenna E paratype J, details of the distal article of antennal flagellum F paratype J, first antenna G paratype ¢, uropod
H paratype @, dorsal cuticular scales and scale-setae. Scale bars: 1 mm (A, B, D, G); 0.5 mm (E); 0.2 mm (F); 0.02 mm (H).
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strong setae on first article, distal article with one tuft of setae; endite quadran-
gular, with one strong seta and four triangular teeth, three on distal margin and
one on lateral margin. Pereopods short and stout. Pleopod 1 and 2 exopods
with monospiracular covered lungs with indented outer margin. Uropodal pro-
topods (Fig. 3G) with ribbed outer margin and very oblique posterior margin,
with its inner end almost reaching tip of telson (Fig. 3B); endopod and exopod
(Fig. 3G) inserted at different level; exopods narrow, styliform, about 1.5 times
longer than endopods; endopods surpassing telson apex (Fig. 3B).

B

Figure 4. Porcellio aguerensis sp. nov., paratype & A right mandible B left mandible C maxillule, external branch D maxil-
lule, internal branch E maxilla F maxilliped. Scale bars: 0.2 mm (A, B, C, D, F); 0.1 mm (E).
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Male: Pereopod 1 (Fig. 5A) merus and carpus with strong setae on sternal
margin, more numerous than in female. Pereopod 2-3, also with these modifi-
cations, but less noticeable. Pereopod 7 (Fig. 5B) ischium with slightly concave
ventral margin and slight distal depression on its rostral face covered with nu-
merous setae. Pleopod 1 exopod (Fig. 5C, E) with short posterior lobe ending
in rounded apex or with small protruding tip (Fig. 5E), inner margin with strong
setae; endopod (Fig. 5C) about twice as long as exopod, with straight or slightly
curved distal margin, apex with row of spines (Fig. 5D). Pleopod 2 (Fig. 5F) exo-
pod triangular, with straight inner margin; distal part of outer margin with some
setae; endopod styliform, about 1.3 times longer than exopod. Pleopods 3-5
exopods (Fig. 5G-I) triangular.

Etymology. The species name is derived from “Aguere”, the aboriginal term
of the geographic area where currently the municipality of La Laguna is situa-
ted and where the species was found.

Ecology. Epigean species. Porcellio aguerensis Orihuela-Rivero, sp. nov. has
only been recorded so far from the higher altitude laurel-forest areas of the
western sector of Anaga, appearing only occasionally in pitfall traps. This spe-
cies is associated with Erica platycodon communities, although some traps
were also positioned in more humid laurel forest characterized by the presence
of Laurus novocanariensis. Several co-occurring Canary Island endemics were
also sampled: very abundantly Porcellio anagae Hoese, 1985 (family Porcellio-
nidae), and more rarely Ctenorillo ausseli (Dollfus, 1893) (family Armadillidae).
Armadillidium vulgare (Latreille, 1804), an invasive Mediterranean species of
the family Armadillidiidae (Arndt and Mattern 2005) was also commonly sam-
pled together with P aguerensis Orihuela-Rivero, sp. nov.

Identification key of the Porcellio species from Tenerife (Canary Islands)

1 Male pleopod 1 exopod with elongated posterior lobe. Glandular fields not
associated with the margin of the epimera...........c.cccoevieiiiiiciccice 2
—  Male pleopod 1 exopod with short posterior lobe. Glandular fields, when
present, associated with the margin of the epimera..........cccccocoveirieene. 3
2  Dorsal surface without or with some flattened granules; scales absent ex-
cept on the anterior corner of the tergites............cccooviiiieieen P, laevis
- Dorsal surface with conspicuous, small, rounded granules, especially re-
markable on cephalon; scales present on almost the entire surface...........

......................................................................................................... P, alluaudi
3 Dorsal surface without granules ............ccccceeireiiiiiiieieeeeee e 4
—  Dorsal surface with granules...........cccocouieiiiiiiiiiiiececec e 5

4  Epimera with few pores distributed in an inconspicuous marginal groove.
Male pereopod 7 without noticeable sexual dimorphism. Troglobitic spe-
Lo =T OSSPSR P. martini
—  Epimera with pores arranged in a glandular field located in a widening of
the marginal groove. Male pereopod 7 ischium with concave ventral mar-
gin. Epigean SPEeCIesS .......ccccovvveiiiieciieeie e P. aguerensis sp. nov.
5 Glandular field in a marginal groove occupying all or almost the entire
length of the lateral margin of the epimeron............ccccocoieieiiiiciiieee, 6
—  Glandular field located in a limited semi-elliptical region associated to the
lateral margin of the epimeron ...........c..ooeooieiiiiiceeeeeeeee e 8
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6  Uropod endopods not surpassing the telson apex. Noduli laterales in the

4™ pleonite with d/c coordinate value > 1..........cccoevveeenieneennnnee. P. medinae
- Uropod endopods surpassing the telson apex. Noduli laterales in the 4%
pleonite with d/c coordinate value < 0.85...........cccccoeveieiiiiciceeeee, 7

7  Rounded telson tip. Male pleopod 1 exopod with respiratory field deeply in-
dented. Male pereopod 7 ischium with concave ventral margin....... P anagae
—  Acute telson tip. Male pleopod 1 exopod with respiratory field not inden-
ted. Male pereopod 7 ischium without noticeable sexual dimorphism.......
............................................................................................ P, septentrionalis’
8  Glandular fields present only in the first 4 pereonites. Cephalon with large

semicircular median lobe ..o, P. canariensis
—  Glandular fields present in all pereonites. Cephalon with triangular median

L0 e P. scaber
Discussion

Porcellio aguerensis Orihuela-Rivero, sp. nov. fits into the Atlantic group
(“scaber”) as defined by Vandel (1951), sharing the male pleopod 1 exopod
with a respiratory field located in a markedly lateral position and with a short
posterior lobe. Also in common with the group, it has a “primitive” glandular
system (plesiomorphic character state not yet tested by molecular analysis)
associated with the margin of the epimera, in this case enclosed in a sector of
a marginal groove. Within this group, the described species is quite characteris-
tic for its somatic, integumentary and sexual characters. However, we can find
similarities with other species, both continental and insular.

Among the continental species, the closest one is found in the Betic-Rifian
subgroup as defined by Vandel (1958) (not to be confused with the Betic-Rifian
or “hoffmannseggii” group). This group includes three species, Porcellio debue-
ni Dollfus, 1892, Porcellio colasi Vandel, 1958, and Porcellio humberti Paulian de
Félice, 1939, exclusive to the Iberian Peninsula and Morocco.

Porcellio humberti, which is native from Morocco and the southern Iberian
Peninsula, shares a convex body with P aguerensis Orihuela-Rivero, sp. nov.,
together with a glandular system with the same configuration, with the glandu-
lar pores confined to a region of a marginal groove; dorsal surface without gra-
nules, with conspicuous noduli laterales; a poorly developed cephalic median
lobe; and the male pleopod 1 exopod with similar characteristics (see Vandel
1958; Taiti and Rossano 2015). However, P. aguerensis Orihuela-Rivero, sp. nov.
primarily differs from P. humberti in having: higher d/c coordinate values, with a
peak on pereonite 4; the posterior margin of the first pereonites sinuous; telson
with a distinctly rounded tip; and second antennae without sexual dimorphism.
It should also be mentioned that, as Paulian de Félice (1939) commented with
respect to P humberti, P. aguerensis Orihuela-Rivero, sp. nov. has superficial
similarities with Porcellio gallicus Dollfus, 1904; however, it differs in having a
completely different glandular system and configuration of the male pleopod
1 exopod, which explains its inclusion in a different group (western Mediterra-
nean or “provincialis” group) as proposed by Vandel (1956, 1962).

1 The validity of Porcellio septentrionalis has been questioned by Hoese (1984, 1985).
We hope that further comprehensive studies will solve this issue.
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Figure 5. Porcellio aguerensis sp. nov., paratype & A first male pereopod B seventh male pereopod C first male pleopod,
ventral view D distal portion of the first male pleopod endopod, ventral view E variation of the first male pleopod, frontal
view F second male pleopod, frontal view G third male pleopod, frontal view H fourth male pleopod, frontal view I fifth
male pleopod, frontal view. Scale bars: 1 mm (A, B, C, F, G, H, I); 0.5 mm (E); 0.1 mm (D).
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The other two species of the Betic-Rifian subgroup, P. colasi and P. debueni,
are endemic to the Iberian Peninsula, and Vandel (1958) considers them slight-
ly more derived forms than P humberti. Porcellio aguerensis Orihuela-Rivero,
sp. nov. shares some characteristics with both, such as a strongly convex body;
smooth dorsal surface (although in the continental species there are flattened
granules); poorly developed cephalic lobes; posterior margin of the first pere-
onites sinuous; telson with rounded tip, variable in P. debueni (see Vandel 1946,
1958); and male pereopod 7 ischium with concave ventral margin. In addition,
with P. colasi it also shares a peak on d/c coordinates on pereonite 4. However,
P, aguerensis Orihuela-Rivero, sp. nov. is easily differentiated from both species
by the morphology of the male pleopod 1 exopod, with respiratory field inden-
ted, and by the configuration of the glandular system (see Vandel 1946, 1958).

Similarities with continental taxa can also be found in other group of spe-
cies formerly called “dispar” by Vandel (1946), later integrated into the Atlantic
group (Vandel 1951, 1956, 1962). Among them, Porcellio herminiensis Vandel,
1946, from Iberian Peninsula, undoubtedly stands out, sharing the following
with the new species: a convex body; glandular system with a similar configura-
tion (see Vandel 1946); dorsal surface with conspicuous noduli laterales; poor-
ly developed cephalic median lobe; and posterior margin of the first pereonites
sinuous. Porcellio aguerensis Orihuela-Rivero, sp. nov. differs from this species
by its completely smooth dorsal surface; its higher d/c coordinates; its telson
with rounded tip and lateral margins without marked angles; the absence of
antennal sexual dimorphism; the presence of pereopod 7 sexual dimorphism;
and the male pleopod 1 exopod without such a developed tip.

In addition to the continental species mentioned above, there are also several
Canary Islands species with which P aguerensis Orihuela-Rivero, sp. nov. shares
characteristics. Among these, Porcellio centralis Vandel, 1954, endemic to the
laurel forest of Gran Canaria island, shares a markedly convex body; a glandular
system with the same configuration; similar d/c profile coordinates, although
lower in P. centralis (Fig. 3C); poorly developed and rounded cephalic lobes;
posterior margin of the first pereonites sinuous; and uropods of similar mor-
phology with very oblique protopods. Porcellio aguerensis Orihuela-Rivero, sp.
nov. differs from P, centralis mainly by its completely smooth dorsal surface (in
contrast, P. centralis has granules, although not very apparent); by the morpho-
logy of the posterior lobe of the male pleopod 1 exopod, which in P. centralis is
totally truncated; and by the presence of sexual dimorphism in the pereopod 7.

Porcellio aguerensis Orihuela-Rivero, sp. nov. also shares similarities to
Porcellio meridionalis Vandel 1954, a species from the laurel forest of La
Gomera and El Hierro: a glandular system with the same configuration; a poorly
protruding cephalic median lobe; the posterior margin of the first pereonites
sinuous; and a male pleopod 1 exopod with a short but individualized posterior
lobe (although with different morphology). However, P aguerensis Orihuela-
Rivero, sp. nov. differs from this species by its smaller size (more than
10 mm in P meridionalis); by its totally smooth dorsal surface, with higher d/c
coordinates; the lateral cephalic lobes less developed and rounded; and by the
presence of sexual dimorphism in the pereopod 7.

Onthe island of Tenerife, P aguerensis Orihuela-Rivero, sp. nov. also presents
similarities, although to a lesser extent, with Porcellio martini Dalens, 1984
with which it has in common a convex body, the absence of granules and the
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configuration of the male pleopod 1 exopod. However, the glandular system
configuration and the presence of sexual dimorphism in the pereopod 7 clearly
distinguish it (see Dalens 1984). Moreover, the morphology of the male pleopod
1 exopod of the new species is similar to that of Porcellio septentrionalis Van-
del, 1954 and Porcellio anagae, but the rest of characteristics are very different.

In line with the suggestion of Vandel (1958), these morphological similari-
ties argue for a possible relationship between the hypothetical most “primitive”
continental species of Porcellio of the Atlantic group (“scaber”), represented
by the Betic-Rifian subgroup, with some of the more “primitive” species of the
Canary Islands, such as Porcellio centralis, Porcellio meridionalis, and Porcel-
lio aguerensis Orihuela-Rivero, sp. nov. We also propose a close relationship
among these three Canary Island species, which are typical of laurel forests.
Both hypotheses can be verified in the future using molecular techniques.

Regarding its conservation status, there remains little understanding of the
chorology of the Canary Islands woodlice so the extent to which P. aguerensis
Orihuela-Rivero, sp. nov. is endemic to the laurel forest of the Anaga is unclear.
However, we can assert that in the sampled area, the species would appear
to be under intense pressure due to the presence of Armadillidium vulgare, an
invasive species associated to warmer environments at lower altitudes (Arndt
and Mattern 2005). Our sampling at different altitudes indicates that it may be
displacing native species, such as Porcellio anagae, towards higher altitudes
(unpublished data), a phenomenon already studied on other islands by Arndt
and Mattern (2005). This situation is especially alarming for already scarce
species such as Porcellio aguerensis Orihuela-Rivero, sp. nov.

The new species is currently known only from the protected natural area of
Anaga Rural Park, so habitat destruction does not pose a threat. However, being
in an area highly frequented by visitors, a thorough assessment is recommended.

Conclusion

This study increases the species richness of isopods in the Canary Islands to
a total of 36 native species, 30 which are considered endemic. The morpho-
logical characteristics of the new species described, Porcellio aguerensis
Orihuela-Rivero, sp. nov., support the connections between the continental and
insular fauna established by previous authors. In the same way, a possible pro-
cess of radiation between endemic laurel forest species of the archipelago are
evidenced. Future studies based on molecular techniques are expected to test
these hypotheses.
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Abstract

Chaetophiloscia sicula Verhoeff, 1908 (Philosciidae) is a small terrestrial isopod of
Mediterranean origin which was first reported in North America in 2000 in an urban
forest in Baltimore, Maryland, and it was thought to be a recent introduction, with a
restricted range. Here we report the current state of knowledge of C. sicula distribution
in North America. Since the original observation, the species has been reported by citi-
zen scientists from eight additional states. Standardized field surveys in Maryland and
Washington D.C. revealed a strong habitat preference towards anthropogenic and coast-
al areas. The affinity of C. sicula to urban environments, including residential areas and
urban parks, is reinforced by citizen-science data and is most likely key to its fast spread
throughout North America. Keeping isopods as pets and trading them among hobbyists
may also play a role especially in establishing core populations in urban centers. The
species is likely to expand in the USA in the coming decade. This study highlights that
thorough, systematic surveys, using a variety of collecting techniques, are essential to
address existing knowledge gaps on terrestrial isopod distribution and spread in North
America and elsewhere.

Key words: Introduction, non-native species, pet trade, urban habitats, woodlice

Introduction

Humans have been transporting species beyond their historical ranges for cen-
turies, and these intentional and unintentional introductions often negatively
affected native biodiversity and ecosystem functions. In North America, many
soil invertebrates that were introduced and established a long time ago (Lin-
droth 1957) have been invading wildland habitats where they potentially alter
soil-microbial community structure, understory vegetation, and decomposition
and nutrient cycling pathways. Extensive research has shown this to be the
case for earthworm-invaded areas (e.g., Szlavecz et al. 2011; Ferlian et al. 2018;
Chang et al. 2021). However, only a handful of studies, such as by Frouz et
al. (2008) on the isopod Armadillidium vulgare and MacLeod et al. (2024) on

65


https://orcid.org/0000-0003-2504-0298
https://orcid.org/0000-0002-2365-6980
https://orcid.org/0000-0002-3752-6407
https://orcid.org/0000-0002-3073-6751
mailto:szlavecz@jhu.edu
https://creativecommons.org/licenses/by/4.0/
https://zoobank.org/5607E112-E3D9-471E-B99B-E8EB8036B27B
https://zoobank.org/5607E112-E3D9-471E-B99B-E8EB8036B27B
https://zoobank.org/5607E112-E3D9-471E-B99B-E8EB8036B27B
https://doi.org/10.3897/zookeys.1225.120937
https://doi.org/10.3897/zookeys.1225.120937

Katalin Szlavecz et al.: Chaetophiloscia sicula, a rapidly spreading invasive isopod in North America

the larvae of the invasive Japanese beetle Popillia japonica, have demonstrat-
ed that other invasive soil organisms can also significantly affect ecosystem
properties. Proper assessment of potential risks by species invasions requires
1) accurate species identification, 2) sound knowledge on native and intro-
duced distribution ranges, and 3) systematic monitoring to estimate spread
(Pagad et al. 2018). In North America, huge data gaps exist in all three require-
ments for most non-native saprophagous soil macro- and mesofauna.

The terrestrial isopod fauna of North America is dominated by non-native
species, especially at mid- to high latitudes. Native species are restricted to
coastal and wetland areas, caves, and arid regions at lower latitudes (Jass and
Klausmeier 2000; Shultz 2018). The most common non-native species had
arrived with the early European settlers (Lindroth 1957) and spread through-
out the continent (e.g., Garthwaite et al. 1995). Many species have reached
extremely high abundances in a variety of habitats, including mesic and hydric
forests (Frouz et al. 2004; Hornung et al. 2015), grasslands (Paris and Pitel-
ka 1962), lake shorelines (Hatchett 1947), and residential areas (Philpott et al.
2014; Szlavecz et al. 2018).

Two decades ago, Chaetophiloscia sicula Verhoeff, 1908 (Philosciidae,
Fig. 1) was reported in Baltimore, Maryland, for the first time from North Amer-
ica (Hornung and Szlavecz 2003). It was found in an urban forest patch near a
housing complex and later on the Homewood campus of Johns Hopkins Uni-
versity. Chaetophiloscia sicula was thought to be a recent introduction with a
restricted range. Since 2017, an increasing number of observations on the cit-
izen-science platform iNaturalist (2024) has indicated that the species might
be more common and widespread than previously thought. Using data from a
recent, extensive field survey in the state of Maryland, where it was first record-
ed, and verified records of iNaturalist (2024), we map the current distribution of
the species. The goal is to assess habitat preferences and invasion potential of
this recent introduction into North America.

Methods

To assess the current distribution of C. sicula we (1) collected data during a
large field survey campaign to assess soil arthropod distribution in the state of
Maryland and Washington D.C. and (2) extracted community science data from
iNaturalist (2024).

The field campaign was conducted across the state of Maryland and Wash-
ington D.C between July and November 2022, with additional surveys in May
2023. We selected this area due to its topographic, physiographic, and eco-
logical diversity, with flat coastal plains in the south-east towards more moun-
tainous forested areas in the west. Surveying a variety of ecosystems allowed
us to gain insight into the habitat preferences of the species. Following the
methodology of Boeraeve et al. (2022), the study area was divided into 10 km
x 10 km UTM-squares, 367 squares in total (Fig. 2). To get a good represen-
tation of all ecological regions, every square in the western and eastern part
of the state was sampled, while in the middle region every third square was
sampled (Fig. 2). Within each square, at least two out of the following four hab-
itat types were visited: forest, open habitat, anthropogenic habitat, and coastal
habitat. If present, cave habitats were also visited. At each location isopods
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Figure 1. Chaetophiloscia sicula Verhoeff, 1908 collected in Baltimore, Maryland, in a
pile of wood chips in May 2023. The specimen in the picture is about 6 mm long. ©
Spinicornis — Gert Arijs.

were searched for 1 h by sifting leaf litter, compost, or mulch or turning over
dead wood, stones and other cover objects. We also recorded environmental
variables such as canopy cover and the vicinity of water bodies. In total, 374
localities were searched for terrestrial isopods of which 148 forests, 34 open
landscapes, 130 anthropogenic habitats, 53 coastal habitats, and nine caves.
Individuals of C. sicula were preserved in 70% ethanol and taken to the labora-
tory for verification and sex determination.

iNaturalist observations (iNaturalist 2024) of C. sicula were verified by the
authors based on “Research Grade” and “Needs ID” quality grade observations
through habitus photos of live individuals between November 2017 and Feb-
ruary 2024. Location data was exported using the iNaturalist website’s built-in
export tool on February 11, 2024.

Maps were produced in QGis version 3.4.6. Locality information is provided
in the Suppl. material 1.

Results

During the structured field surveys, we collected Chaetophiloscia sicula at 32
locations (8.5% of all locations). In all cases it was collected with other cos-
mopolitan species, including Armadillidium nasatum (25 out of 32 locations),
Philoscia muscorum (24 locations), Hyloniscus riparius (21 locations), Arma-
dilliddium vulgare (18 locations), and Haplophthalmus danicus (14 locations).
Where the species was present, we collected between one and 26 individuals
(median 5.5) for a total of 240 individuals. Of these, 214 individuals were adults,
with 71 individuals (33.2%) being males. Geographically, the species was only
found in the Piedmont Plateau Province and the Atlantic Coastal Plain Prov-
ince (Fig. 2). The species shows a pronounced habitat preference (Table 1),
with 56% percent of the observations made in anthropogenic habitat, 34% in
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Figure 2. Distribution map of Chaetophiloscia sicula in Maryland and Washington D.C, USA. Squares are 10 km x 10 km.

Circles represent the visited squares and red diamonds indicate the presence of C. sicula. Physiographic provinces fol-
low Reger and Cleaves (2008).

Table 1. Distribution of Chaetophiloscia sicula records by habitat types. Data from the
structured survey in Maryland and Washington D.C. The species was not recorded in any
of the nine caves included in the survey.

Forest | Anthropogenic  Coast | Open landscape

Number of locations with C. sicula 3 18 11 0
Number of locations sampled 139 132 53 34
Percentage of locations with C. sicula 2.2 13.6 20.8 0

coastal habitat (seashores), and 9% (only three observations) in forests. We
did not find C. sicula in either open landscape habitat or caves. Chaetophiloscia
sicula was found in 13.6% of all sampled anthropogenic locations and in 20.8%
of all coastal locations. The majority of anthropogenic records were from gar-
dens and public parks with no or an open canopy. The coastal locations were
almost always the upper parts of sandy beaches under driftwood and other
debris. A few locations were under debris between stones of jetties. Coastal
locations were open with little or no shade from trees. Most coastal locations
were close to anthropogenic environments. Abundances in anthropogenic and
coastal habitat were often high with tens of individuals collected while sieving
one litter sample. All coastal locations where C. sicula was recorded were in the
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Chesapeake Bay while no records were done at the coast of the Atlantic Ocean.
The three observations in forested habitats were in urban forests in Baltimore
or Washington D.C. These deciduous forests were relatively open with a maxi-
mum of 75% canopy cover. Only a few individuals were found in each forest and
all of them were collected close to a stream.

We identified 140 records of C. sicula from iNaturalist from nine states and
Washington D.C. (Fig. 3). The majority of the records were from Virginia (80)
and Maryland (37). We document the species for the first time in Virginia (first
record in 2017), Texas (2018), Tennessee (2021), New Jersey (2021), California
(2022), North Carolina (2022), Alabama (2023), and Pennsylvania (2023), and
present multiple records from Washington D.C. (earliest from 2017). The sight-
ing in California is interesting and indicates that the distribution of the species
has also expanded to the US west coast.

In addition to the identification based on photographs, several Alabama, Vir-
ginia, and Texas specimens were verified based on the dissection of male sex-
ual characteristics. All but one records are from anthropogenic habitat. For two
observations, no habitat data could be retrieved, as the observer had obscured
it. As for the structured field surveys, most anthropogenic records are from
private gardens and public parks. At least 58 of the 140 locations are close to
a stream or water body. The record from North Carolina represents the only
coastal record along the Atlantic coast so far.
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Figure 3. Distribution of Chaetophiloscia sicula in the USA as of February 2024. Symbols indicate the number of observa-
tions (both iNaturalist and field survey observations) in 1 degree by 1 degree grid cells.
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Discussion

Chaetophiloscia sicula is clearly spreading across North America. It appears to be
most common around Baltimore where it was first recorded (Hornung and Szla-
vecz 2003). It has become widespread in the states of Maryland and Virginia, but
there are recent records from at least seven other US states. This is probably an un-
derestimation since the over 113,000 terrestrial isopod records on the iNaturalist
platform, many still not validated, may yield new records in additional states (iNat-
uralist 2024). Although most of the records in the seven states are isolated, the dis-
tribution and habitat preference in Maryland indicate that the species can establish
and spread from isolated localities. With a first record from the west coast, it can
be expected that the species will colonize the entire United States. During the last
three years, the species was recorded in two additional states every year.

We are aware of issues regarding misidentification and the pitfalls using
iNaturalist data for scientific research (Barbato et al. 2021; Munzi et al. 2023).
The problem is tangible especially for taxonomically difficult groups as is the
case for many soil invertebrate taxa. For instance, the California observation of
C. sicula was originally misidentified as the genus Ligidium. Expert validation is
crucial here, which is what we provided by only examining high quality photo-
graphs and by additional dissections of the male specimen.

Most locations are in or nearby populated areas. While this may indicate
human bias, i.e., people preferentially search in green spaces near their resi-
dences, we can still safely assume that human-aided transport is the most im-
portant way of spreading. Our records also suggest that C. sicula can establish
populations in more natural systems such as coastal areas and (urban) forests.
The species tolerates salt spray well; humid conditions along coastlines and
forested habitats can facilitate natural spread of the species. Chaetophiloscia
sicula is small and, like other philosciid isopods, probably drought sensitive
(Dias et al. 2013); thus they depend on moist conditions to spread. Many obser-
vations from riparian areas appear to confirm this and also suggest that stream
banks could act as natural corridors for active dispersal.

Interestingly, the species is also rapidly spreading in Europe outside its native
range. Chaetophiloscia sicula originates from the northern Mediterranean re-
gion and occurs from northeastern Spain to Greece (Schmalfuss 2003). Recent
records suggest that it is expanding not only within its native range, but beyond
it. In Spain it appears to spread southwards with new observations in the central
regions up to Madrid. In France it is rapidly expanding westward, from the Medi-
terranean coast towards the Atlantic coast, and north-east, with recent records
from Paris, Dijon and Chalons-en-Champagne (Noél et al. 2014; Noél in press).
New records indicating eastward expansion have also been reported. While C.
sicula has not been found in Slovenia (Vittori et al. 2023), Giurginca and Vanoa-
ica (2000) and Giurginca (2022) reported it from Romania. Turbanov and Gon-
galsky (2014) reported the species in Sevastopol, the Crimean Peninsula. Two
recent observations were also reported in Sevastopol and Simferopol (iNatural-
ist 2024). In Great Britain, C. sicula was recently discovered but appears to be
restricted to heated greenhouses (Gregory 2014). While naturally occurring in
alluvial plains, meadows, and other open habitats (Cruz 1991; Taiti and Argano
2011; Noél et al. 2014), records from newly colonized locations are often from
garden centers and nurseries. These new and isolated anthropogenic records
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in Europe underpin the importance of human-aided dispersal for C. sicula, high-
lighting similar mechanisms on both continents. In Europe a similar expansion
is occurring by Armadillidium arcangelii, another Mediterranean species that is
rapidly spreading to new areas via potted plants (Noél et al. 2022; De Smedt
and Van Dijck 2023). These examples illustrate how fast soil invertebrates can
spread in just a few years when facilitated by human activities.

In addition to unintentional transport in North America and elsewhere, increas-
ing national and international pet trade might further facilitate the rapid spread
of C. sicula. In recent decades, keeping isopods as pets has gained significant
popularity with tens of thousands of breeders in the US alone looking for colorful
and rare species to breed (De Smedt et al. submitted). A few years ago, a sup-
posedly native American isopod was collected from Alabama and sold nationally
under the name Rhyscotus texensis. The individuals were later correctly identified
as C. sicula. When this came to light, vendors culled their populations to prevent
its spread; as a result, the species virtually disappeared from the trade (personal
observations). However, intentional and accidental release of C. sicula colonies
might have followed contributing to the increased sightings in other states.

Despite strict restrictions on live specimen import and tens of thousands of
interceptions at the US borders annually (Turner et al. 2021), species introduc-
tions are still happening as the current cases for Emerald ash borer (Agrilus
planipennis Fairmaire, 1888) and the agricultural pest Thrips parvispinus
(Thysanoptera, Thripidae) indicate (Poland and McCullough 2006; Ataide et al.
2024). Small organisms are unnoticed and/or illegally smuggled into the coun-
try. Soil organisms as potential invasive species might be overlooked as well,
because soil import is heavily regulated, which, among other things, requires
that only designated laboratories can receive foreign soil and strict protocols
are in place for processing and discarding samples.

In conclusion, C. sicula successfully established in North America, and it is
currently spreading. The species might have been around for longer than orig-
inally thought but was undetected due to its smaller size and lack of effort to
systematically assess soil fauna in various ecosystems. As for consequences
of new species invasions, in the absence of information on specific traits, one
can only speculate. Chaetophiloscia sicula is common and abundant in resi-
dential areas, potentially becoming a nuisance species. Another philosciid spe-
cies of similar size, Pulmoniscus turbanaensis, is currently invading Colombia,
South America, and causing problems in buildings and in small family farms
(Lépez-Orozco et al. 2017; De Smedt et al. submitted). Hornung and Szlavecz
(2003) provided some characteristics of the Baltimore population. Chaetophi-
loscia sicula exhibited highly clumped dispersion with a mean density of 22.7
individuals m~2. Median body lengths of females and males are 5.9 and 4.3 mm,
respectively. Reproductive peak is in June and July with 7-18 eggs in the mar-
supium depending on female size. Comparison of characteristics well as genet-
ic similarity of these disjunct populations both in North America and in Europe
may shed light on the mechanisms of introduction and spread.

Based upon our data, we propose to add C. sicula to the list of synanthropic
species (Jass and Klausmeier 2000) that dominate the isopod fauna of North
America. This study highlights the need for more systematic faunal surveys in
the US which will provide a clearer picture on the shifting ranges of native and
introduced species.
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Abstract

Woodlice (terrestrial isopods) represent an unmissable, often very numerous components
of macrosaprophages inhabiting soil, rocky environments, rotting wood and subterranean
habitats, as well as the dwellings of various organisms, including humans. The paper pro-
vides a comprehensive summary of the literature on woodlice in Slovakia, including a list of
species with unpublished data on two exotic species first recorded in Slovakia. Research
on Slovakian terrestrial isopods has been documented in 213 papers (from 1794 to 2024)
and 25 theses. To date, 48 species from 14 families have been recorded in Slovakia. Of
these, 30 species are autochthonous, while 18 species have been introduced into anthropo-
genic habitats, with eight species found exclusively in greenhouses. The list also includes
an analysis of habitat preferences, bioindicator potential, and biogeographic comments.
Notably, two species, Buddelundiella cataractae and Reductoniscus costulatus, are record-
ed in Slovakia for the first time. Carpathian elements are sparsely distributed within the mo-
saic of well-preserved natural forests. Hyloniscus mariae is likely the only surface-dwelling
endemic species in the northern parts of the Carpathian range. Other species, such as Hylo-
niscus transsilvanicus, Trichoniscus carpaticus and Trachelipus difficilis, have a broader dis-
tribution within the Carpathians. Additionally, Mesoniscus graniger, Orthometopon planum
and a few other taxa reach their northern distribution limits in Slovakia. Current research is
predominantly focused on the fauna of subterranean habitats and urbanized landscapes.

Key words: Carpathian-Pannonian region, chorotypes, distribution, ecological classifica-
tion, list of species, woodlice

Introduction

Slovakia (the Slovak Republic) is a small, landlocked country situated in Central
Europe. Historically, it has been part of significant state entities, such as the
Kingdom of Hungary and later the Austro-Hungarian Monarchy. In 1918, Slovakia
joined with Czechia to form the Czechoslovak Republic. During World War 11 (1938-
1945), the southern parts of Slovakia were annexed by the Kingdom of Hungary,
while an independent Slovak Republic was established. After the war, Slovakia be-
came part of Czechoslovakia until 1993, when it became an independent country.
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This historical context is crucial when examining faunistic data. Faunistic pub-
lications from the region have been authored in various languages, including Hun-
garian, Slovak, German, Czech, Polish, and English. Historically, the rugged and less
urbanized landscape attracted zoologists, including isopodologists. Researchers
from neighbouring countries such as Hungary, Austria, Czechia, and Germany,
with local authors, have contributed to the exploration of Slovak isopod fauna.

The country’s geography is diverse, with the flattened and mostly deforested
landscape of the Pannonian (Danube) Lowland in the south bordered by the
forested Carpathian Mountains in the north. The Carpathians are a significant
extra-Mediterranean European biodiversity hotspot, often acting as a barrier for
thermophilous species distribution and a crossroads for woodland faunas of
different origins.

Rapid environmental changes, habitat destruction and the spread of allochtho-
nous species (neobiota) underscore the importance of studying sensitive biota,
such as soil arthropods like woodlice. Despite numerous references to terrestrial
isopods in the literature, these soil arthropods have historically received inade-
quate attention. The lack of recent faunistic surveys, questionable historical data
and ambiguities regarding species origins and endemism in Slovakia (covering
the northern parts of the Carpathians and the northernmost tips of the Pannonian
Lowland), with a paucity of ecological data on species, have resulted in an incom-
plete understanding of woodlouse fauna. During the past two decades, knowl-
edge of isopods in Slovakia has significantly increased, but a comprehensive syn-
thesis is still lacking. This gap in knowledge prompted the creation of this paper.

History

There are only minimal records of terrestrial isopods from the territory of pres-
ent-day Slovakia before the 20" century. The first information on woodlice in the
broader region of what is now Slovakia dates to the 18" century, mentioning taxa
from the genera “Oniscus” and “Porcellio” (Grossinger 1794: 353). Significant fau-
nistic publications began appearing in the mid-19" century. One of the earliest
was by medical doctor Gustav M. Reuss in 1853—1854, who documented the fau-
na of the town of Revlca in a large manuscript. This unpublished work was partly
reviewed by Uhrin and Panigaj (2017), listing two common synanthropic species,
Porcellio scaber (as Porcellio asellus) and Oniscus asellus (as Oniscus murarius).

Cornelius Chyzer (1858), an expert on the natural history of present-day
Eastern Slovakia, identified seven species in former Hungary, but only Porcel-
lio scaber was localised to the town of Bardejov (Bartfeld) in northeast Slova-
kia (Chyzer 1858). Other sporadic data from the period came from the Tatra
Mountains (Nowicki 1867) and regions bordering Poland (Dyduch 1903, 1904),
as well as small towns such as Lucenec (= Losoncz; Malesevics 1892) and
Banska Stiavnica (= Selmeczbanya; Petricské 1892).

Little additional information was provided until the end of World War | and
the Austro-Hungarian Monarchy. Dollfus (1901) reviewed terrestrial isopods in
the National Museum in Budapest, documenting four common species from re-
gions now in Slovakia. Ortvay (1902) reviewed the fauna of the former Pozsony
(Pressburg or Bratislava) County, noting terrestrial isopods collected by Rudolf
Szép. Karl Mergl, a professor at the lyceum in Bratislava, listed four species in
his extensive manuscript focused on the flora and fauna of the city of Bratislava
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(Mergl 1940): Porcellio scaber, P. laevis, Oniscus asellus (as O. murarius) and Ar-
madillidium vulgare (as Amadillo vulgaris).

The first synthesis of isopod fauna knowledge, including data from Slova-
kia, was conducted by Csiki (1926). He summarised data from the Hungari-
an Monarchy, reviewing samples from fifteen Slovak localities. During the first
half of the 20" century, faunistic data were collected by Dudich (1925, 1928,
1942, 1957), Méhely (1929), Pongracz (1936), and Kesselyak (1936). However,
the most significant contributions to the taxonomy and biogeography of local
isopod fauna were made by Verhoeff (1907, 1908, 19273, b, 1937), Strouhal
(19294, b, 19394, b, 19403, b, 1947, 1948, 1951, 1953, 1964, 1965), and Fran-
kenberger (1939, 1940, 1954, 1959, 1964). Strouhal (19403, b) and Franken-
berger (1940) provided the first comprehensive overviews of the Slovakian
isopod fauna, briefly repeated by Babor (1943). Strouhal (1951) summarised
woodlouse fauna knowledge in Central Europe and Frankenberger completed
the work on Czech and Slovak fauna with a precise identification key (Fran-
kenberger 1954) and monograph (Frankenberger 1959). Zdenék Frankenberger
was a decisive person defining modern faunistic and taxonomic research of
terrestrial isopods in the former Czechoslovakia (Flasarova 1967).

Walter Cerny, a prominent ornithologist and university teacher, also contributed
to the study of terrestrial isopods. He provided collections to Frankenberger and re-
viewed his monograph (Frankenberger 1959). Cerny’s unpublished collection, pre-
served in the National Museum in Prague, includes approximately 30 items (tubes)
from Slovakia, containing 21 isopod species (nearly 2500 individuals) collected be-
tween 1931-1956 by various collectors. This material has been recently examined
and the data were prepared for detailed publication (see Mock and Dolej$ 2023).

After World War Il, the study of isopods in Slovakia was continued by Jan
Gulicka, Miroslav Krumpal, and Marie Flasarova. Flasarova conducted faunistic
and ecological studies (Flasarova 1980, 1986, 1994, 1998; Flasar and Flasarova
1989) and compiled an annotated bibliography and checklist of Slovak isopod
fauna, published as an addition to her paper on the fauna of the Danube Lowland
(Podunajska nizina) (Flasarova 1998). Her work includes short notes on findings
in Slovakia, mainly focusing on the Czech fauna (Flasarova 1960, 1976, 1988,
1995). She was supported by influential Slovak zoologists Jan Gulicka (Little
Carpathians region), Jan Brtek (karst and lowlands of Slovakia) and Pavel Devan
(Biele Karpaty Mts. and surroundings), who provided their collections. While
Brtek and Devan apparently gave Flasarova their entire collections (Flasarova
1994), much of Guli¢ka’s collection remains unprocessed in his estate, located
in the Natural History Museums in Bratislava and Liptovsky Mikulas and the
Department of Zoology, Faculty of Natural Sciences, Comenius University in
Bratislava. Rudy et al. (2021) analysed these items, with the other material from
isopods sampled in Slovak caves, stored at the affiliated laboratory of the first
author of this study. A small collection of isopods from the Kosel estate in
Bratislava was analysed by Mock (2023).

In the 215 century, terrestrial isopods in Slovakia have been frequently stud-
ied as part of cave arthropod assemblages. Comprehensive summaries of
these studies have been provided by Kosel (2007, 2009, 2012) and Kovac et
al. (2014a). The unique invertebrate communities found in underground scree
slopes have also been a source of valuable information on terrestrial isopods
(Rendos and Mock 2010, 2012; Rendos 2012, 2016; Rendos et al. 2016, 2019;
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Rudy et al. 2018). Téth (2019) studied community isopods within the assem-
blage of macrofauna of solifluction volcanic debris.

The cave isopod Mesoniscus graniger Frivaldszky, 1965, is particularly well
studied in Slovakia. Extensive research covers its distribution, taxonomy, food
preferences, gut content, cuticle anatomy, and life history, incorporating data from
Slovak localities (Stanék 1932a, b; Kettner 1936; Balthasar and Frankenberger
1937; Arcangeli 1939; Gruner and Tabacaru 1963; Gulicka 1975, 1978, 1982;
Kosel 1975, 1976, 1994, 2006; Gaal 1978, 1987, 2000; Hurka and Pulpan 1978;
Pomichal 1982; Mlejnek 1999, 2000, 2002; Gaal et al. 2000; Giurginca 2000; Franc
and Mlejnek 2000; Mlejnek and Duchac¢ 2001, 2003; Elhottova et al. 2003, 2004;
Giurginca 2005; KristGfek et al. 2005; Novékova et al. 2005; Sustr et al. 2005, 2009;
Balciar 2007; Piksa and Farkas 2007; Papac 2008; LukeSova and Novakova 2009;
Visnovska and Barlog 2009; Giurginca et al. 2012, 2015, 2016; Smrz et al. 2015;
Tajovsky and Mock 2015; Bella et al. 2016, 2022; Derbak et al. 2018; Ratkovsky
et al. 2019; Gaal et al. 2020). Mesoniscus graniger and its associated species are
also noted in biodiversity studies of caves (Kosel 1984; Kovac¢ et al. 2001, 20023,
b, 2004, 20053, b, c, 2006, 2008, 2010b; Mock et al. 2002, 20044, b, 2009; Lukan et
al. 2004; PapAc et al. 2006, 2007, 2009, 2014, 2019, 2020). Although M. graniger
is absent in some regions with karst or non-karst underground habitats, common
epigeic terrestrial isopods are sometimes found in shallow underground areas
(Kovac et al. 2003, 2014b; Mock et al. 2003, 2005; Luptacik et al. 2005; Papac 20086,
2018; Papac et al. 2015; Visnovska et al. 2017; Galabova 2022; PribiSova 2022).

The diversity and distribution of terrestrial isopods in Slovak caves were sum-
marized by Rudy et al. (2021) and updated by Melega et al. (2022), incorporating
new data from various collectors, including the estates of Gulicka and Vaclav
Duchac. Studies on the phenology of M. graniger and co-occurring species, as
well as their distribution along the depth gradient in limestone talus habitats, have
been conducted by Mock et al. (2015), Rendos et al. (2016) and Rudy et al. (2018).

Terrestrial isopods have also been found associated with the rhizosphere of
plants in spring fens (Axamska 2021).

Woodlice assemblages have also been used to indicate environmental
changes (Gulicka 1957, 1960; Krumpal 1973, 1983; Carnogursky et al. 1994;
Majzlan and Hostak 1996; Jedlicka et al. 1999; Jurik 2001; Snopkova 200T1;
StasSiov 2007; Tajovsky 2002; Majzlan et al. 2004; Dubovsky 2005; Tuf and Tufo-
vé 2005; Holecové et al. 2005, 2012; Drinkové 2006; Strichelova and Tuf 2012;
Martinka 2022; Martinka et al. 2022, 2023a, b). Halkové-Valkay et al. (2022)
investigated isopods in leaf litter during winter.

Krumpal (1976, 1977) studied the reproductive biology and development of
woodlice, proposing a method for evaluating biomass and length (Krumpal and
Zithiansky 1977). Sustr et al. (2005) and Hédmorsky (2010) conducted eco-phys-
iological experiments on some autochthonous isopod species.

Detailed faunistic studies have been conducted in specific regions, such as
Tekov County (Comitat Bars) (Kesselyak 1936; Dudich 1957), the Malé Karpaty
Mts. (Little Carpathians) (Misik et al. 1974; Flasarova 1986; Flasar and Flasa-
rova 1989; Kuracina and Kabatova 2005; Tuf and Tufova 2005; Majzlan et al.
2011; Strichelové and Tuf 2012), the Nizke Beskydy Mts. (Krumpal 1975; Mock
2020), the Slovak Karst and Muranska Plateau (Gulicka 1985), the Danube Low-
land (Flasarova 1998; Gogova 2004), the Burda Mts. (Flasarova 1998; Mock
2017; Mock et al. 2020), the Pieniny Mts. (Huddkova and Mock 2006) and the
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Cerova vrchovina Highland (Tajovsky and Mock 2015). Other notable studies in-
clude those on the isopod fauna of the Biele Karpaty Mts. (Tajovsky et al. 2018),
the Eastern Slovak Plain and Zemplinske vrchy Mts. (Mock et al. 2021), and the
Cierna hora Mts. (Timkové 2008; Timkova and Mock 2008). Topp et al. (2006)
studied isopod diversity in central Slovakia's primeval forest. Turis and Vidlicka
(2013) noted Protracheoniscus politus in invertebrate assemblage associated
with rare endemic plant, Cyclamen fatrense. Some species were mentioned in
the general characteristics of protected areas (Caputa 1987, 1988, 1991; Hu-
dec 2002; Kovac et al. 20104; Lantos et al. 2010) or Slovakia overall (Ferianc et
al. 1972; Viléek and Hudec 2019). Mock et al. (2007) compared isopod biodi-
versity between faunistically well-studied regions in Poland and Slovakia.

Woodlice in synanthropic sites such as urban soils (Krumpal 1993), forest
fragments in cities (Cemesové 2001; Jakabova 2001; Remesicova 2011; Strich-
elova and Tuf 2012; Plutinskd 2015), house interiors (Krumpal and Kristofik
1982, 1985; Krumpal et al. 1985), compost heaps (Rudy 2016; Rudy and Mock
2016) and greenhouses (Krumpal et al. 1997, 1999; Palkovicovd and Mock
2008; Drobénova and Mock 2009) have also been noted. Additionally, studies
on fauna in bird and mammal nests and burrows have included terrestrial iso-
pods (Nosek and Lichard 1962; Fend'a et al. 1998; Cyprich et al. 2000; Vanikova
2009; Mock et al. 2008, 2021).

Historical data have been recently published, such as the collection of Czech
arachnologist FrantiSek Miller, revised by Dolejs and Tuf (2018), documenting
twelve common species in northwest Slovakia and the Slovak Karst. Many other
papers list terrestrial isopods faunistically or mention a few species marginally.

Data on terrestrial isopods of Slovakia have also been extracted from unpub-
lished student theses defended at various universities, including Pavol Jozef
Safarik University in KoSice, Comenius University in Bratislava, Technical Uni-
versity in Zvolen, Palacky University Olomouc, Technical University of Ostrava,
and PreSov University in PreSov. All theses have been checked by the authors
of this paper.

Secondary data on terrestrial isopods in Slovakia can also be found in mono-
graphs or papers focused on isopod fauna of other European regions (e.g., Wacht-
ler 1937; Urbanski 1950; Dominiak 1962; Gruner 1966; Schmdlzer 1965; Radu
1983, 1985; Flasarova 1995; Tomescu et al. 2015, 2016 and Giurginca 2022), in
the worldwide catalogue of terrestrial isopods (Schmalfuss 2003) or in the deter-
mination key of invertebrates from the Czech and Slovak republics (Buchar et al.
1995). Strichelovéa (2010) tried to outline the characteristics of the isopodofauna
of the Western Carpathians, while Ksenakova (2011) collected published data on
the occurrence of representatives of the Trichoniscidae family in Slovakia.

Since 2000, a small informal working group of isopodologists from the
Czech and Slovak republics has been meeting together with myriapodologists
with a frequency of approximately one and a half years at workshops that in-
clude presentations with abstract proceedings, discussions, and field mapping
alternately at locations in the Czech Republic and Slovakia. The last, thirteenth,
meeting of the isopologic community took place in Hostomice, Czech Republic
in 2003 (for proceedings and history of meetings see Dolejs 2023).

This study presents a critical list of the fauna with an analysis of habitat
preferences, bioindication potential and biogeography, with notes on the occur-
rence of rare species, dubious literature data and first recorded species.
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Methods

We thoroughly reviewed all taxonomic, faunistic and ecological literature from
1794 to the end of 2023 to compile a comprehensive bibliography of terres-
trial isopods identified to the species level within present-day Slovakia. This
bibliography includes more than 200 publications and more than 20 unpub-
lished university theses. We excluded abstracts from scientific congresses and
meetings if their topics were later published in regular articles. The resulting
checklist was critically reviewed based on current taxonomy, ecology, and dis-
tribution knowledge, as well as field experiences. The nomenclature aligns with
the views of authorities like Schmalfuss (2003) and Boyko et al. (2024).
Collections of terrestrial isopods from Slovakia are housed in various museums:

+ The Natural History Museum in London, United Kingdom

+ The Hungarian National History Museum in Budapest, Hungary

+ The National Museum in Prague, Czech Republic

+ The Natural History Museum in Vienna, Austria

+ The East Slovak Museum in KoSice, Slovakia

+ The Slovak Museum of Nature Protection and Speleology in Liptovsky Mi-
kulas, Slovakia

The most extensive unpublished collection is in the National Museum
in Prague, primarily due to the estates of Z. Frankenberger, W. Cerny, and
M. Flasarova. Additionally, significant collections are maintained in the au-
thors' institutions.

Results and discussion

We found 213 publications documenting terrestrial isopod species in Slovakia,
authored by 191 individuals. Of these, 127 authors contributed to just one publi-
cation each, while 29 authors had five or more publications (Fig. 1). Notably, five
of the most prolific authors were speleologists who extensively sampled cave
fauna throughout Slovakia. The interest in Slovakian terrestrial isopods peaked
at three distinct times (Fig. 2): around the turn of the 19% and 20" centuries, just
before World War Il and at the start of the 21t century. The most recent peak
reflects a surge in speleological research and university-driven studies, with 25
theses defended primarily at the universities in KoSice, Bratislava (Slovakia),
and Olomouc (Czech Republic).

Summarizing all published and unpublished data, we compiled a list of 48
woodlice species from 14 families in Slovakia (Table 1). When comparing
woodlouse fauna of neighbouring countries, species counts vary: 57 in Hunga-
ry (Forré and Farkas 1998; Farkas and Vilisics 2013), 43 in the Czech Republic
(Orsavova and Tuf 2018), 34 in Poland (Jazdzewski and Konopacka 1993) and
96 in Romania (Giurginca 2022). These differences are influenced by several
factors, including the extent of faunistic knowledge, country dimensions and
heterogeneity, landscape naturalness, latitude position and proximity to main
biorefugia like the Balkan Peninsula the Alps and the Carpathians. The pres-
ence of introduced species correlates with the urbanization of the environment
and trade traffic (Sfenthourakis and Hornung 2018).
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Figure 1. List of the most active authors publishing five or more publications on Slovak
terrestrial isopods (1794-2023).
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Figure 2. Development of interest about Slovak terrestrial isopod fauna represented by
the number of papers published. Counts of papers are summarised in decades, com-
plete list contains 221 papers and 25 theses.

Mountainous areas in Slovakia are particularly diverse in isopod species,
hosting 24 species, half of which are exclusive to these regions and likely
autochthonous. In contrast, lowland areas are less diverse, with 16 species,
among which Armadillidium zenckeri is native and exclusive to these areas,
where it prefers wetlands. Lowlands are more affected by human activities,
resulting in higher proportions of both eurytopic and non-native species. Urban
environments support a significant number of isopod species, with a notable
presence of alien, thermophilic, and xerotolerant species.
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Table 1. List of terrestrial isopods (Oniscidea) documented in Slovakia with geographical and ecological characteristics.

Regional

Families List of species chorotypes Global chorotypes Relictness Habitat
LIGIDIIDAE Ligidium germanicum Verhoeff 1901 M C+SE Europe R forest (leaf litter)
Ligidium hypnorum (Cuvier, 1792) M W Palearctic A forest (leaf litter)
Ligidium intermedium Radu, 1950 M Carpathian R forest (leaf litter)
MESONISCIDAE Mesoniscus graniger (Frivaldszky, 1865) S Carpathian +Dinaric R cave, scree
STYLONISCIDAE *Cordioniscus stebbingi (Patience, 1907) u SW Europe E greenhouse
TRICHONISCIDAE Androniscus roseus (C. Koch, 1838) u S Europe E rotten wood
Haplophthalmus danicus Budde-Lund, 1880 u/L Europe E rotten wood
Haplophthalmus mengii (Zaddach, 1844) M W Palearctic A forest (rotten wood)
Hyloniscus mariae Verhoeff, 1908 M Carpathian R forest (leaf litter)
Hyloniscus riparius (C. Koch, 1838) L/M/U C+E Europe E forest (leaf litter)
Hyloniscus transsilvanicus (Verhoeff, 1901) L/M Carpathian R forest (leaf litter)
*Miktoniscus linearis (Patience, 1908) u unknown E greenhouse
*Trichoniscoides albidus (Budde-Lund, 1880) u W Europe E greenhouse
Trichoniscus carpaticus Tabacaru, 1974 M/L Carpathian R forest (leaf litter)
Trichoniscus noricus Verhoeff, 1917 u C+S Europe R forest (leaf litter)
Trichoniscus provisiorus Racovitza, 1908 u W Palearctic R forest (leaf litter)
Trichoniscus pusillus Brandt, 1833 U/L/M E Europe E forest (leaf litter)
Trichoniscus pygmaeus Sars, 1898 S W Palearctic R cave. soil
BUDDELUNDIELLIDAE | ' *Buddelundiella cataractae Verhoeff, 1930 U S Europe E greenhouse
ONISCIDAE Oniscus asellus Linnaeus, 1758 u N+W Europe A rock
PHILOSCIIDAE Lepidoniscus minutus (C. Koch, 1838) M C+S Europe R forest (leaf litter)
PLATYARTHRIDAE Platyarthrus hoffmannseggii Brandt, 1833 u/L W Palearctic E grassland
*Trichorhina tomentosa (Budde-Lund, 1893) u Tropical America E greenhouse
PORCELLIONIDAE Porcellio dilatatus Brandt, 1833 u S Europe E grassland, rock
Porcellio laevis Latreille, 1804 u Mediterranean E grassland. shrub
2Porcellio montanus Budde-Lund, 1885 M Alp’s surroundings R forest (leaf litter)
Porcellio scaber Latreille, 1804 u SW Europe E rock (walls)
Porcellio spinicornis Say, 1818 u Europe E rock (walls)
Porcellionides pruinosus (Brandt, 1833) u/L S Europe E grasslands
ARMADILLIDIIDAE *Armadillidium nasatum Budde-Lund, 1885 u S Europe E grassland
Armadillidium opacum (C. Koch, 1841) M Europe R forest (leaf litter)
2Armadillidium pictum Brandt, 1833 M C+W Europe R rocky grassland
Armadillidium versicolor Stein, 1859 U/L/M C+S Europe E rock
Armadillidium vulgare (Latreille, 1804) U/L/M S Europe E rock
Armadillidium zenckeri Brandt, 1833 L E+C Europe R marshland
ARMADILLIDAE "*Reductoniscus costulatus Kesselydk, 1930 u Paleotropical E greenhouse
TRACHELIPODIDAE *Nagurus cristatus (Dollfus, 1889) u Pantropical E greenhouse
Porcellium collicola (Verhoeff, 1907) L/M C+SE Europe E grassland, shrubs
Porcellium conspersum (C. Koch, 1841) L/M C Europe A forest (leaf litter)
2Trachelipus arcuatus (Budde-Lund, 1885) M? Mediterranean R forest (leaf litter)
Trachelipus difficilis (Radu, 1950) M Carpathian R rock
Trachelipus nodulosus (C. Koch, 1838) L/M C+S Europe A grassland
Trachelipus rathkii (Brandt, 1833) U/L/M Europe excl. Mediterranean E forest (leaf litter)
Trachelipus ratzeburgii (Brandt, 1833) M/L C+E Europe R forest (litter, barks)
AGNARIDAE Orthometopon planum (Budde-Lund, 1885) L/M NW Mediterranean + R shrubs, rocks
Pannonian
*Protracheoniscus major (Dollfus, 1903) u C+W Asia E rock (walls)
Protracheoniscus politus (C. Koch, 1841) M C+S Europe R forest (leaf litter)
CYLISTICIDAE Cylisticus convexus (De Geer, 1778) U/L/M/S W Palearctic E rock (walls)

Notes: " the first record, ? revision of the occurrence needed, *exotic species (originated in different zoogeographic area and/or in the other climate zone).
Regional chorotypes (following definition by Fattorini (2015)) distinguished species occurring in Slovakia into four groups, three with natural proposal
distribution, subterranean (S), lowland landscape as cultural steppe, fragment of woods and marshlands (L), and mountainous landscape with zonation of
vegetation and predominancy of woodland (M) and urbanized environment, created or strongly influenced by human communities (built-up areas, urban
greenery, brown field) (U). Urban environment and, to a lesser extent, lowland environments are the open doors for non-native (alien) species to establish.
Global chorotypes (species distribution area) refer the natural area of species mainly according to Schmalfuss (2003) and Forr6 and Farkas (1998).
Relictness means the rate of nature of the occurrence and relation the habitat type (see Tuf and Tufova 2008): R = relic species (exclusive dweller of natural
sites), A = adaptable species (preference of natural sites, colonising connected sites moderately arranged by humans), E = eurytopic, opportunistic species
(able to colonise or even prefer various sites including these strongly modified by humans).
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The natural subterranean environment has lower species diversity. Central
region caves and screes host the cavernicolous species Mesoniscus graniger
(Rudy et al. 2018, 2021) and an unidentified blind subterranean species from
the family Trichoniscidae (Kosel et al. 2007; Melega et al. 2022), although the
latter is not included in Table 1 due to the absence of the male specimens need-
ed for proper identification.

New records

Two new terrestrial isopod species were documented in Slovakia for the first
time, collected during a visit to the Pavol Jozef Saféarik Botanic Garden in Kosice
on 7 February 2017. Numerous females and juveniles of both species were
found in a greenhouse with tropical vegetation, in humus soil and under rotten
wood. These species are Buddelundiella cataractae Verhoeff, 1930 (Fig. 3; au-
tochthonous in the Mediterranean region) and Reductoniscus costulatus Kes-
selyak, 1930 (Fig. 4; originally from tropical regions of the Oriental zone), both
introduced in other parts of Europe, especially under the Atlantic climate. Both
species are tiny (2-3 mm), pale, hemispherical and roll into a sphere when dis-
turbed. Their introduction is likely recent, as they were not recorded in previous
inspections (Drobénova and Mock 2009). Subsequent inspections confirmed
their establishment in the greenhouse.

Taxa described from Slovakia

Several taxa have been described from Slovakia, primarily by K. W. Verhoeff and
H. Strouhal. Many of these are now considered junior synonyms (see Schmal-
fuss 2003):

* Ligidium carpathicum Verhoeff, 1937: Type locality: Strecno, Vah River
Valley. Junior synonym of Ligidium hypnorum (Cuvier, 1792) (Bonnefoy
and Marchal 1943).

* Haplophthalmus verhoeffi Strouhal, 1948: Type locality: Kovacov, SW
Slovakia. Junior synonym of Haplophthalmus mengii (Zaddach, 1844).
Legrand et al. (1950) compared the type specimens of H. verhoeffi with
Haplophthalmus perezi Legrand, 1943, finding slight morphological
differences. They observed the similarity but not the identity of both
taxa. Recently, both names have been considered junior synonyms of
Haplophthalmus mengii (Zaddach, 1844).

* Hyloniscus mariae Verhoeff, 1908: Type locality: Belianske Tatry Mts.
Accepted species. The syntype (male) is deposited in the Natural History
Museum in London (Britain) as a part of Verhoeff's collection of isopods
(Ellis and Lincoln 1975).

* Protracheoniscus saxonicus slovakius Strouhal, 1940: Type locality:
Krompachy. Accepted as Protracheoniscus politus slovakius Strouhal, 1940.

* Lepidoniscus carpathicus Strouhal, 1940: Type locality: Krompachy.
Junior synonym of Lepidoniscus minutus (C. Koch, 1838).

* Lepidoniscus germanicus roubali Strouhal, 1940: Type locality: middle
section of the Hron River, Central Slovakia. Taxonomic status uncertain
(Boyko et al. 2024).
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Dubious and questionable data

Some species in Table 1 are marked as questionable due to their location out-
side a continuous species range, lack of repeated findings, or single-specimen
documentation. Notable examples include (see Frankenberger 1959):

* Porcellio montanus: One male from the town Zilina, possibly mislocated
due to confusion with the village Zilina in the Czech Republic.

+ Trachelipus arcuatus: A questionable find in the Slovak Karst, with
incomplete specimens making identification uncertain.

Expected species

Additional woodlice species are expected in Slovakia, particularly in the fam-
ily Trichoniscidae. Unidentified juveniles from the genera Androniscus and
Trichoniscus suggest the presence of potentially new species. The genus
Haplophthalmus needs revision due to the complexity of the H. mengii spe-
cies complex. For example, H. hungaricus Kesselyak, 1930, was recognised in
the material collected near the southern border of Slovakia in Hungary (Vilisics
et al. 2008). The myrmecophilous species Platyarthrus schoblii Budde-Lund,
1885 may also occur, spreading with the garden ant Lasius neglectus Van Loon,
Boomsma & Andrasfalvy, 1990 (Hornung et al. 2005).

Zoogeographic notes

Most woodlice species in Slovakia have a Central European to European distribu-
tion, with some species considered Carpathian endemics. The Carpathians’ sta-
tus as a biodiversity hotspot is noted, but endemic species are fewer compared
to regions like the Romanian Carpathians. Future research, including molecular
taxonomy, is needed to clarify the true extent of endemism and species diversity.

Figure 3. Buddelundiella cataractae, Botanical Garden of the Pavol Jozef Saférik Univer-
sity in Kosice (photograph L. Kovac and A. Mock).
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Figure 4. Reductoniscus costulatus, Botanical Garden of the Pavol Jozef Saférik Univer-
sity in Kosice (photograph L. Kova¢ and A. Mock).

Ecological classification

Slovak isopod fauna is classified into relict, adaptable and eurytopic species
(Table 1). Eurytopic species dominate (24 species), followed by relict (19 spe-
cies) and adaptable (5 species). Native relict species predominantly inhabit
montane forests (Huddkovd and Mock 2016), wetlands (Mock et al. 2021) and
natural subterranean habitats (Rudy et al. 2018, 2021). Urban and transformed
landscapes host mainly adaptable and eurytopic species, often non-native
(Ksendkova 2014). Poor isopod fauna characterizes agrocenoses (Flasarova
1998; Mock et al. 2021), coniferous forests, and high-altitude Carpathian habi-
tats (Mock 2008; Timkova 2008; Vélentova 2013). Relict species are vulnerable
and are included in the forthcoming Red Book of Slovak Invertebrates (Mock et
al. 2023; Kokavec et al. 2024).

Conclusions

The current study comprehensively analyses the bibliography of terrestrial
isopods in Slovakia, culminating in a list of 48 species, including two species
documented in Slovakia for the first time based on the authors’ collections.
The checklist is critically reviewed and updated in accordance with current
taxonomic standards and field experience. The study highlights species with
dubious records due to inconsistencies in location data or identification,
emphasising the need for further verification through precise field research.
This exhaustive bibliography and species list of terrestrial isopods in Slova-
kia holds significant potential for enhancing both taxonomic clarity and eco-
logical insights, thereby aiding in the conservation and study of Slovakia’s
natural habitats.
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Abstract

From 2001 to 2022, the woodlice fauna of Abrau Peninsula, north-west Caucasus, Russia
was examined. The collections yielded 5,581 specimens, which belong to 25 species, 19
genera, and 15 families. The most diverse families are Cylisticidae, Plathyarthridae, Tra-
chelipodidae, and Trichoniscidae, each with three species. The most diverse genera are
Platyarthrus and Trachelipus. Five species have been noticed to the Russian fauna for the
first time: Tylos europaeus, Acaeroplastes melanurus, Platyarthrus caudatus, Buddelundiel-
la cataractae, and Armadillidium cf. marmoratum. The fauna of the Abrau Peninsula is
predominantly Mediterranean and with a high percentage of endemics (12%). Further re-
cords are expected with more detailed studies of especially the family Trichoniscidae.

Key words: Checklist, database, inventory, soil fauna, soil macrofauna

Introduction

Mediterranean ecosystems are among the most disturbed in the world (Mouil-
liot et al. 2002), but they are also one of the possible centers of origin of wood-
lice, which have a high diversity here (Taiti et al.1998; Sfenthourakis and Taiti
2015). Due to this, the Mediterranean ecosystems need both research and con-
servation. In the territory of Russia, sub-Mediterranean ecosystems are wide-
spread in the north-west Caucasus. Abrau Peninsula is a unique well-preserved
area of sub-Mediterranean ecosystems on the Black Sea coast, and the Navagir
Ridge separates it from the main transportation lines, making it almost inac-
cessible to tourists. It serves as a reference for comparable regions around
the Black Sea coast. The peninsula is currently protected by a nature reserve,
making understanding of its wildlife particularly important.

The soil fauna have been intensively explored in Russia's Mediterranean
ecosystems. K.V. Arnoldi and M.S. Gilyarov began exploring forest ecosystems
between Novorossiysk and Dzhankhot beginning in the 1950s (Arnoldi and Gi-
lyarov 1958; Gilyarov 1965, 1972). Later, owing to the efforts of A.D. Pokar-
zhevskii, thorough research was conducted in the Utrish State Nature Reserve,
which was established on the Abrau Peninsula in 2010 (Gongalsky et al. 2004,
2006; Korobushkin 2014).
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Woodlice (Isopoda, Oniscidea) are among the most common soil biota in
these ecosystems. Our initial attempts to identify the material were rather unsuc-
cessful due to the lack of proper keys, but with the assistance of major special-
ists in woodlice taxonomy (see Acknowledgements), we were able to produce
an up-to-date identification of species. Based on this, both faunal (Gongalsky
2017, 2022; Gongalsky et al. 2024) and ecological publications (Gongalsky and
Kuznetsova 2011) on woodlice in the region have been published. The advance-
ment of molecular genetic technologies has lately allowed for the clarification
of the status of some dubious species, and now this work has some horizons
that bring us closer to understanding the woodlice fauna of the Abrau Peninsula.
However, there are still plenty of opportunities for work in this region, and the pro-
posed list is far from complete. Our goal is to compile all woodlice findings made
on Abrau Peninsula to this time and conduct a preliminary analysis of its fauna.

Materials and methods
Study area

Studies of the woodlice fauna on Abrau Peninsula were conducted between
2001 and 2022. For sampling, we used the most diverse biotopes and the max-
imal diversity of microhabitats within each of them (Figs 1, 2).
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Figure 1. Map of the location of the study area (Abrau Peninsula).
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Figure 2. Map of observations.

Sampling methods

The resulting database of isopods location records comprised both individual
faunal discoveries and finds from soil macrofauna surveys. All species were
collected using hand-sorting from the litter and upper soil layer (down to a
depth of 10-15 cm).

All collected animals were fixed in alcohol for subsequent laboratory identi-
fication. The biotope parameters, location, and date of sample were document-
ed. Isopod species were identified using original descriptions (Borutzky 1948,
1977) and monographs on terrestrial isopods in Europe (Vandel 1960, 1962;
Gruner 1966; Schmolzer 1965; Schmidt 1997; Sutton 2013). The taxonomy fol-
lows Schmalfuss (2003).

Description of the database

A database of Abrau Peninsula isopod faunistic sightings was published in
GBIF (https://doi.org/10.15468/zdypks6). It has 639 occurrences of 5,581 spec-
imens from 25 species. The dataset covers the period from 2001 to 2022. Each
entry includes the species, the names of the collector(s) and identifiers, geo-
graphical coordinates, the date (at least the month and year), and the number
of specimens collected.
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Analysis of the fauna

We used the range classification proposed by Schmalfuss (2003). Since many
range types are more detailed, they are grouped under these five categories:
(i) Abrau endemics, (ii) Caucasus (Caucasus; North Caucasus), (iii) Mediterra-
nean (Black Sea coast; Mediterranean and Black Sea coasts; Mediterranean,
Black Sea costs and Middle Asia; Mediterranean, Atlantic and Black Sea coasts;
Mediterranean and Atlantic coasts; European Mediterranean and Atlantic
coasts; Macaronesian, Mediterranean and Black Sea coasts; Mediterranean),
(iv) Europe (Europe, North Africa, Asia Minor; Europe, Asia Minor; Europe), (v)
Cosmopolitan (Coastal cosmopolitan).

Results

The database contains 639 records for 5,581 individuals of woodlice. The
woodlice fauna of the Abrau Peninsula includes 25 species from 19 genera and
15 families.

A commented list of terrestrial isopods of the Abrau Peninsula

First record for the Russian fauna is indicated by an asterisk (*).
Family Ligiidae Leach, 1814

1. Ligidium fragile Budde-Lund, 1885 — Western Caucasus. Hygrophilic. Widely
distributed in the western Caucasus. Occurs along the banks of streams and
freshwater reservoirs, not more than a few meters from the water. Number
of records: 50.

Family Tylidae Dana, 1852

2. *Tylos europaeus Arcangeli, 1938 — East Atlantic and Mediterranean. Coast-
al halophilic. The species has a wide eastern Mediterranean distribution, but
was overlooked in the material from the Abrau Peninsula. It prefers stony
seashores. Number of records: 2.

Family Buddelundiellidae Verhoeff, 1930

3. *Buddelundiella cataractae Verhoeff, 1930 — European. Mesophytic forests.
The species inhabits deep moist litter, mainly in broadleaf forests. There is
high diversity within this genus (Gardini and Taiti 2023), so molecular analy-
sis is welcomed to check the presence of cryptic species on the Abrau Pen-
insula. Number of records: 6.

Family Trichoniscidae G.O. Sars, 1899

4. Caucasocyphoniscus taitii Gongalsky, 2022 - Abrau Peninsula (endemic).
Hygrophilic. This species was once recorded in 2004 as single individual in
thick leaf litter of broadleaf forests and then found again in high numbers in
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2017-2020 in water oozing from cracks of cliffs. This presumes that this is
an inhabitant of MSS (milieu souterrain superficiel). Number of records: 3.

5. Haplophthalmus danicus Budde-Lund, 1880 — European, now cosmopolitan.
Hygrophilic, this species inhabits deep moist litter, mainly in broadleaf for-
ests. Number of records: 28.

6. Trichoniscus pygmaeus Sars, 1898 — Atlantic—Mediterranean. Hygrophilic.
The species inhabits the banks of streams and freshwater reservoirs and no
more than a few metres from the water’s edge. Given the high diversity within
the genus in Europe, as well as the presence of other species of the genus on
the Black Sea coast of the Caucasus, molecular genetic analyses are needed
to identify potential cryptic species in this genus on the Abrau Peninsula.
Number of records: 68.

Family Philosciidae Kinahan, 1857

7. Chaetophiloscia hastata Verhoeff, 1928 - Eastern Mediterranean—Central
Asian. Xerophilic. One of the main isopod species of Mediterranean shrub-
lands (consisting of several species of juniper, pistachio, and Jerusalem
thorn). This species was included in the regional Red Data Book of Krasno-
dar Krai as an indicator species of Mediterranean shrublands forests. Num-
ber of records: 40.

Family Halophilosciidae Verhoeff, 1908

8. Halophiloscia couchii (Kinahan, 1858) — Mediterranean—Atlantic—Black Sea
coasts by origin, but now almost cosmopolitan. Coastal halophilic. A terres-
trial isopod that lives on the sea coast within a few meters of the water’s
edge. Number of records: 7.

Family Platyarthridae Verhoeff, 1949

9. *Platyarthrus caudatus Aubert & Dollfus, 1890 — Mediterranean. Myrmeco-
philic. Detected only in recent faunal studies due to the mass survey of ant-
hills. The species corresponds to the type description. Number of records: 3.

10. Platyarthrus hoffmannseggii Brandt, 1833 — Europe—North Africa—Asia
Minor by origin, but now Holarctic. Myrmecophilic. The species is wide-
spread throughout the peninsula, both in anthills located in Mediterranean
vegetation and a few kilometres from the sea in the belt of broadleaf forests.
Number of records: 11.

11. Platyarthrus schoblii Budde-Lund, 1885 — Macaronesian—Mediterranean—
Black Sea coasts. Myrmecophilic. Despite the wide distribution of the spe-
cies along the Black Sea coast, it was found in only one locality, in an anthill
near a settlement. Probably spread by humans. Number of records: 1.

Family Agnaridae Schmidt, 2003

12. Protracheoniscus krivolutskyi Gongalsky, 2024 — Abrau Peninsula (en-
demic). Eurytopic. A common and numerous species on the peninsula. It
dominates in many ecosystems, in particular, Quercus petraea oak forests.
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This species inhabits lowlands, slopes, and tops of gorges, and it may be the
only species in upland communities. Until recently it was attributed to Protra-
cheoniscus fossuliger (Verhoeff, 1901), but closer examination of morpholo-
gy and application of molecular genetic markers revealed the authenticity of
this species (Gongalsky et al. 2024). Number of records: 105.

Family Cylisticidae Verhoeff, 1949

13. Cylisticus convexus (De Geer, 1778) — Almost cosmopolitan. Mesophitic for-
ests. This species is mainly distributed in the settlements of Abrau and Maly
Utrish, but it also occurs in forests. Molecular genetic data confirm that our
material belongs to this species (data not published). Number of records: 13.

14. Cylisticus giljarovi Borutzky, 1977 — Northern Caucasus. Mesophitic forests.
This species occurs exclusively beyond the Navagir Ridge, on the northern
macro-slope of the ridge separating these ecosystems from the sea. It inhab-
its oak and hornbeam forests. The present finding is the second mentionion-
ing of the species since its description (Borutzky 1977). Number of records: 2.

15. Parcylisticus dentifrons (Budde-Lund, 1885) — Northern Caucasus and
northern Pre-Caspian. The species is probably at the edge of its range; it
inhabits mainly the Caucasus. In addition to the Abrau Peninsula, it also oc-
curs in Novorossiysk. Number of records: 1.

Family Porcellionidae Brandt, 1831

16. *Acaeroplastes melanurus (Budde-Lund, 1885) — Mediterranean and East
Atlantic distribution. Mesophitic forests. Found exclusively behind Navagir
Ridge, on the northern macro-slope of the ridge separating these ecosys-
tems from the sea. Occurs in oak and oriental hornbeam forests. Fully corre-
sponds to the type description. Number of records: 2.

17. Porcellionides pruinosus (Brandt, 1833) — Mediterranean, but now cosmo-
politan. Synanthropic. The species prefers forest-steppe and steppe territo-
ries. Where detected on the Abrau Peninsula, the sites have mainly synan-
thropic habitats. Number of records: 5.

Family Trachelipodidae Strouhal, 1953

18. Trachelipus lutshnikii (Verhoeff, 1933) — Western-Caucasus. Mesophitic
forests. The species has been described from the environs of Sochi, and the
present find is the westernmost point, considerably extending its range. Fully
corresponds to the type description. Number of records: 2.

19. Trachelipus razzautii Arcangeli, 1913 - Mediterranean. Mesophitic for-
ests. One of the most widespread species of isopods on the Abrau Peninsula
and is found almost everywhere. Probably, may be a cryptic species; there-
fore, a comparison using molecular genetic markers with material from the
topotype of T. razzautii is necessary. Number of records: 102.

20. Trachelipus utrishensis Gongalsky, 2017 - Abrau Peninsula (endemic).
Mesophitic forests. It is a recently described species, which inhabits only
broadleaf forests on the peninsula. Number of records: 41.

ZooKeys 1225: 103-113 (2025), DOI: 10.3897/z00keys.1225.121048 108



Daria M. Kuznetsova & Konstantin B. Gongalsky: Fauna of terrestrial isopods of Abrau Peninsula

Family Detonidae Budde-Lund, 1904

21. Armadilloniscus ellipticus (Harger, 1878) — Almost cosmopolitan. Coastal
halophilic. Occurs in the littoral areas. Prefers rocks in the tidal zone. Num-
ber of records: 15.

Family Armadillidiidae Brandt, 1833

22. *Armadillidium cf. marmoratum Strouhal, 1929 - Mediterranean. Coastal
halophilic. This species was found only on beaches. It is probably a new
species, as identification in collaboration with S. Taiti resulted in an unclear
diagnosis. Molecular genetic analysis and thorough morphological study are
required, which is our planned. Number of records: 7.

23. Armadillidium vulgare (Latreille, 1804) — Mediterranean, but now cosmo-
politan. Euryoecious. This is one of the most common and largest species
on the peninsula. Number of records: 103.

Family Armadillidae Brandt, 1831

24. Armadillo officinalis Duméril, 1816 — Mediterranean. Xerophilic. One of the
main inhabitants of Mediterranean shrublands (consisting of several spe-
cies of juniper, pistachio, and Jerusalem thorn). This species was Included
in the regional Red Data Book of Krasnodar Krai as an indicator species of
Mediterranean shrublands. It has been found in the settlement of Malyi Utr-
ish. Number of records: 20.

Incertae sedis

25. Buchnerillo littoralis (Verhoeff, 1942) — Mediterranean. Hygrophilic. The
species was captured between stones in a vertical wall at the Zhemchuzhnyi
waterfall, the place where the watercourse pours out of the crevasse into
the sea. The waterfall is located tens of meters from the tide line. Due to the
displacement of the waterfall in the last few years, findings have ceased.
Perhaps the species was introduced here, survived for a few years, and then
disappeared. Number of records: 2.

In Abrau Peninsula, there are three endemic species: Caucasocyphoniscus
taitii, Trachelipus utrishensis, and Protracheoniscus krivolutskyi.Four other spe-
cies were defined as the Caucasus endemics: northern Caucasus Cylisticus
giljarovi and Parcylisticus dentifrons, and western Caucasus Ligidium fragile
and Trachelipus lutshnikii. For last species, the Abrau Peninsula record is the
westernmost and, thus, extend this species’ range substantially.

Almost a half of the woodlice species on the Abrau Peninsula are charac-
teristic of Mediterranean ecosystems (Fig. 3). The most widely distributed
among Mediterranean species are the four eastern Atlantic species, Buchner-
illo littoralis, Trichoniscus pygmaeus, Tylos europaeus, and Halophiloscia cou-
chii, and also an eastern Mediterranean—Central Asian species, Chaetophilos-
cia hastata. Another six species are endemic to Mediterranean ecosystems:

ZooKeys 1225:103-113 (2025), DOI: 10.3897/z0okeys.1225.121048 109



Daria M. Kuznetsova & Konstantin B. Gongalsky: Fauna of terrestrial isopods of Abrau Peninsula

g

g
5
g
=]

Mediterranean

Figure 3. Types of woodlice species original distribution of Abrau Peninsula based on num-
ber of species. Captions: 1 — Black Sea coast; 2 — Mediterranean and Black Sea coasts; 3 -
Mediterranean, Black Sea costs, and Central Asia; 4 — Mediterranean, Atlantic, and Black Sea
coasts; 5 — Mediterranean and Atlantic coasts; 6 — European Mediterranean and Atlantic
coasts; 7 — Macaronesian, Mediterranean, and Black Sea coasts; 8 — Mediterranean.

Acaeroplastes melanurus, Armadillidium vulgare, Armadillo officinalis, Platyar-
thrus caudatus, Porcellionides pruinosus, and Trachelipus razzautii. Halophilo-
scia couchii, A.vulgare and P, pruinosus originated in the Mediterranean region
but are now cosmopolitan.

Another four species in the fauna are widespread: one European (Buddelundiel-
la cataractae), one originally European—Asia Minorian but now cosmopolitan
(Cylisticus convexus), one originally eastern Palearctic but now Holarctic (Platy-
arthrus hoffmannseggii) and one cosmopolitan (Armadilloniscus ellipticus).

Some of the species are recorded for the first time from the Russian wood-
lice fauna: B. cataractae, A. melanurus, P. caudatus, A. cf. marmoratum, and T.
europeus. For two species, the westernmost extent of their ranges are report-
ed from the Abrau Peninsula: C. giljarovi, previously known from the northern
Caucasus, and T. lutshniki, which had been found only in the environs of Sochi.

According to the ecological needs, the 25 species of Abrau Peninsula may
be classified into seven groups: hydrophilic, mesophytic, xerophilic, halophilic,
myrmecophilic, synanthropic, and euryoecious. Ligidium fragile, T. pygmaeus,
C. taitii, H. danicus, T. pygmaeus, and B. littoralis can be described as hydro-
philic inhabitants of freshwater surroundings. Armadilloniscus ellipticus, A. cf.
marmoratum, H. couchii, and T. europeus are coastal halophilic species. Me-
sophytic B. cataractae, C. convexus, C. giljarovi, P. dentifrons, and all tracheli-

ZooKeys 1225: 103-113 (2025), DOI: 10.3897/z00keys.1225.121048 110



Daria M. Kuznetsova & Konstantin B. Gongalsky: Fauna of terrestrial isopods of Abrau Peninsula

podids are found solely in wooded biotopes on the peninsula. Chaetophiloscia
hastata and A. officinalis are xerophilic, and all three platyarthrid species are
myrmecophilic. Armadillidium vulgare and P. krivolutskyi are euryoecious. The
only synanthropic species is P. pruinosus.

Three species were recorded from more than 100 observations each:
Armadillidium vulgare, P. krivolutskyi, and T. razzautii. C. hastata, L. fragile,
T. utrishensis, and T. pygmaeus were less common but still found in over 40 lo-
cations were. Armadillo officinalis, A. ellipticus, and H. danicus were discovered
at 15-20 locations. All myrmecophilic species and 75% of halophilic species
were found to be uncommon in our surveys. Other ecological groupings are
well represented, ranging from rare to common species.

Discussion

The terrestrial isopod fauna of the Abrau Peninsula is quite diverse on a na-
tional scale. In our study area, 25 species were found, while the fauna of the
former USSR has been reported to have as many as 192 species (Kuznetsova
and Gongalsky 2012).

Compared to terrestrial isopod faunas in other Mediterranean and sub-Medi-
terranean regions, the species diversity on the Abrau Peninsula is not very high.
For example, the fauna of Liguria is 97 species (Gardini and Taiti 2023); of the
Mediterranean islands, 176 species (Gentile and Argano 2005); and of the Ae-
gean islands, 69 species (Sfenthourakis 1996). Despite the relatively low spe-
cies diversity, the Abrau Peninsula woodlice fauna is quite rich in endemics of
the Caucasus and the peninsula.

The majority of the faunal finds were in June and July. These are the most
popular months for soil zoology investigations, when the peninsula is still wet
but also warm enough. However, species of isopods can reach their population
peak at different times of the year (Warburg 1987). Thus, it seems reasonable
that future studies be undertaken in other months. Every few years, one or more
species are added to the fauna, indicating that species saturation has not yet
been reached.

There is a bias towards natural habitats in the dataset. Many species com-
mon in settlements were seldom recorded (e.g. P pruinosus). So, another ap-
proach to studying terrestrial isopods of the Abrau Peninsula is to examine
buildings and cellars in local settlements.
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Abstract

Pitfall traps containing a fixative solution are commonly used by ecologists to study
ground-dwelling invertebrates. The effect of the solution on the animals being caught
is a frequent topic of studies. Our study compares the effect of formaldehyde solution,
water, and the random probability of catch simulated by using dry traps. Ninety pitfall
traps were placed in a floodplain forest ground: one-third used 4% formaldehyde solu-
tion as a fixative, one-third used water, and one-third was left without any liquid to sim-
ulate the random probability of a catch. A layer of dry wood chips was used in the dry
traps to reduce predation between the caught animals. The traps were placed in the field
between April and May 2022 and emptied twice a week. Both the numbers of animals
and the species caught were found to be significantly affected by the fixative solution in
use. Significantly more woodlice were caught in traps filled with water; these traps also
attracted significantly more Porcellium conspersum and Trachelipus rathkii compared to
the dry traps. Average day temperature and the order the traps were checked (i.e. date)
had an influence on the animals caught as well. Additional laboratory experiments with
Porcellio scaber confirmed that terrestrial isopods avoid formaldehyde pitfall traps more
than those with water.

Key words: Barber traps, epigeic invertebrates, epigeon, model species, terrestrial iso-
pods, trapability

Introduction

Although the use of pitfall traps was first mentioned more than a hundred years
ago, it was not described in detail until the publication by Herbert Spencer Bar-
ber, who used traps to study cave invertebrates (Barber 1931). Pitfall traps, now
also called Barber’s traps, are considered to be the most widely used method
for studying epigeic invertebrates (Bater 1996). This method is popular not only
because of its affordability and ease of construction (Hohbein and Conway
2018) but also its effectiveness (Topping and Sunderland 1992).

The basic form of a pitfall trap is an open container buried into the ground,
with the edge of the trap exposed on the ground level. The original traps con-
structed by Barber used glass tubes with rotting meat as bait and ethanol as a
fixative solution. Since then, a large number of studies and reviews tried to find
the best universal design for pitfall traps (e.g., Adis 1979; Knapp et al. 2016).
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Various forms of bait have been tested, from rotting meat or smelly cheese
to rotting fruit (Silva et al. 2012), cattle dung or blood (Gatty and Grandez 2020)
or human faeces (Filgueiras et al. 2009). Bait can be used to massively in-
crease the number of caught invertebrates, especially in the case of predatory
and scavenging species. Bait in liquid form, such as beer (Santalla et al. 2002)
or wine (Baini et al. 2016), can also serve as a fixative solution. It is important
to note that the fixative solution (Gerlach et al. 2009) or trapped animals can
also act as unintentional bait.

Fixative solution can be used to quickly kill and prevent decomposition of the
captured animals (Knapp and Rdzi¢ka 2012). Pitfall traps without preservative
solution are occasionally used to catch epigeon for breeding, feeding pet rep-
tiles or amphibians, experiments or educational purposes. In that case, it is rec-
ommended to fill them partly with dry leaves, crumpled wet newspaper, moss
or wire mesh to reduce predation between the caught specimens (Skuhravy
1957; Hatten et al. 2007).

One of the disadvantages of using a fixative solution is its possible effect as
an attractant or repellent for different species (Adis 1979). Many scientists have
evaluated the effects of water, salt solution, ethanol, ethylene glycol, propylene
glycol, formaldehyde, paraffin, vinegar, and others (Knapp 2007), primarily focus-
ing on maximizing the number of caught animals. In contrast, our study aims to
understand how the fixative solution (formaldehyde or water) affects the catch
size of terrestrial isopods in general. The behaviour of a model species of wood-
louse was tested in a natural as well as a controlled laboratory environment.

Material and methods
Field experiment

The site chosen for the experiment was the floodplain forest in the Litovelské Po-
moravi Protected Landscape Area near Olomouc, Czech Republic (49°39'11.1"N,
17°12'42.3"E, total size 179 ha). The tree floor in the selected part of the forest
was dominated by hornbeam (Carpinus betulus), linden (Tilia platyphyllos) and oak
(Quercus robur) with an admixture of maples (Acer campestre, Acer pseudoplata-
nus). Mean temperatures during the study period (April and May 2022) were com-
parable to the long-term average, with minimum daily temperatures ranging be-
tween -3.1 and 16.4 °C and maximum daily temperatures between 3.2 and 28.1 °C.
Precipitation was strongly above the long-term average (higher by c. 33%).

The sampling of ground-dwelling invertebrates was carried out continuously
from April 2 to May 28 using 90 pitfall traps. Each trap was made from a glass
jar with an inserted plastic cup of inner diameter 6.5 cm and depth 10.5 cm
and covered by a metal hood 2 cm above ground. The traps were placed in
nine lines of ten at regular 12 m intervals between each. Thirty pitfall traps con-
tained a 4% formaldehyde fixative solution, 30 traps were filled with plain water
(without added detergent) and 30 were left dry. The distribution of traps by their
content was not random, but regular by lines. Dry traps were partially filled by
dry wood shavings to prevent predation between caught animals. The traps
were collected each Tuesday and Friday for a period of 9 weeks (i.e. 17 inspec-
tions), and the collected material was stored in a freezer box. Subsequently, the
captured terrestrial isopods were identified.
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Laboratory experiment

A design similar to the experiment by Gerlach et al. (2009) was used to mon-
itor the animal behaviour. A hole was cut in the middle of the bottom of a
17 x 17 x 11 cm plastic container to insert a glass jar (height 15 cm, neck width
approximately 7.7 cm, volume 0.7 L) so that the top of the jar protruded approx-
imately 4 cm inside the container. The container was then filled with a layer of
gypsum up to the neck of the jar. Gypsum was used to retain moisture and was
covered by a thin layer of soil. The portion of the glass jar below the container
was then wrapped in black foil to prevent light from coming into the trap. Shel-
ters (rocks and brick fragments) were placed in each of the four corners of the
apparatus, along with pieces of decaying herbs.

A plastic cup with a neck diameter of approximately 7.7 cm and a height
of 11 cm was placed into the jar. A plastic strainer was fixed c. 5 cm above
the bottom of the cup to prevent animals from falling into the fixative
solution poured just below the strainer. In total, two identical apparatuses
were assembled. One with a trap containing water and one with a trap
containing a 4% formaldehyde solution (Fig. 1). A Genius FaceCam 311
webcam, connected to a laptop, was mounted above the trap to record
animal behaviour.

Porcellio scaber Latreille, 1804, easily available in sufficient numbers, was
chosen as a model species for laboratory experiments. A group of 10 adult in-
dividuals, collected in parks in Olomouc, Czech Republic, was placed in the trap
container each day at 17:00 h. The trap was covered for 15 minutes to prevent
immediate capture of the animals. Recording ran until 14:00 the following day.
Because the cameras were unable to record during the twilight or darkness,
each container was illuminated with a 40W red bulb throughout the experiment;
isopods are at least sensitive to longer wavelengths (Hariyama et al. 2001). The
experiment was run three times with water and three times with formaldehyde
at room temperature (c. 20 °C) and with a natural light regime. A new group of
animals was used for each recording.

—— plastic box

shelter
2l ~.Z]_—soil layer
_L—gypsum
e v ?—-“'_- cup
strainer

fixative solution

. glass jar

Figure 1. Laboratory apparatus imitating pitfall trap with surrounding soil surface.
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Statistical analyses
Field experiment

Mean catches as a function of fixation solution were compared using univari-
ate ANOVAs, and Tukey'’s tests were used to test the significance of differences
between pairs of trap types. Data analysis was performed using CANOCO for
Windows 5.0. At the beginning of the analysis, it was necessary to determine
the dependent (species data) and independent (environmental data) variables.
Species data represented the number of trapped individuals for each species.
The environmental data represented trap type (categorical variables “water”,
“formaldehyde” and “dry”), average daily temperature one (t-7), two (t-2), and
three (t-3) days prior to trap inspection, average temperature for those three
days (“t mean”), and number of collecting occasion (“sample”).

The length of the gradient in the species data (3.58) allowed the use of a di-
rect linear gradient analysis (RDA) that plots multivariate relationships between
species and environmental data. To express the relationships between tem-
perature and the number of individuals of captured species, generalized linear
models (GLMs) were used. Statistical significance and model power were test-
ed using a Monte Carlo permutation test (499 repetitions). All the above dia-
grams generated by the linear method were created in CanoDraw for Windows.

Laboratory experiment

The activity of the animals during the experiment was read from the recordings
obtained. The movement of an individual in a 2 cm band around the edge of the
trap was taken as “one behavioural act”. The total length of the recording was
divided into 2-hour segments to which activity counts were assigned. Activity
values obtained during the first two hours of observation (i.e., 17:00 to 19:00)
were omitted due to the strikingly high movement of animals associated with
their placement in a new environment. Animal behaviour observed was classi-
fied (cf., Gerlach et al. 2009) into these categories:

1. “nearby trap” activity - passing through the observed area without contact
with the trap and without a change of direction or passing through the
observed area without contact with the trap with a change of direction;

2. “in contact” activity - changing of direction after contact with the trap or
going over the edge of the trap with part of the body and backing out;

3. "watching inside” activity - going over the edge with more than half of the
body and backing out;

4. “trapped” activity - getting caught in the trap.

The number of occurrences for each category was recorded, with each next
category including the previous ones, i.e., each “trapped” individual was “watch-
ing inside” before, which was the result of “in contact”, etc. The mean values of
the above categories were calculated from the three repetitions with the given
fixative solution. The “Rate of Self-Rescue” (Gerlach et al. 2009), i.e., the per-
centage of animals that were able to climb out of the trap after overstepping its
edge by more than half of their body to the number of animals that overstepped
the trap edge by more than half of their body that was trapped, was used to
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represent the ability of a species to rescue itself from falling into the trap. Line
graphs were used to graphically represent the values in the categories. The sta-
tistical significance of differences between these categories for water traps and
formaldehyde traps within species was determined using a goodness-of-fit test.

Results
Field experiment

During the two-month study in the Litovelské Pomoravi Protected Landscape
Areaq, a total of 2910 terrestrial isopods of 8 species were captured using 90 pit-
fall traps. On average, 26.9 + 15.9 individuals were caught in a single dry trap, 25.4
+15.6 individuals were caught in a trap with formaldehyde, but significantly more
individuals were caught in a trap with water (44.7 +23.0ind.; F=10.17,p < 0.001).

It is evident (Fig. 2), that using formaldehyde fixative solution did not signifi-
cantly affect trap efficiency compared to the dry pitfall traps. The most abundant
trapped species was Trachelipus rathkii (43% of the catch, Fig. 2). This species
was significantly more likely to be caught in water traps than in dry traps or
formaldehyde traps, similar to Porcellium conspersum. The other species did not
show significant differences in catch size for a particular type of trap, although
Armadillidium vulgare was insignificantly more numerous in traps with water and
Ligidium hypnorum was more numerous in traps with formaldehyde solution.

A direct linear gradient analysis (RDA) looked at the effect of the trap fill
(dry/water/formaldehyde), average daily temperature between trap inspec-
tions, and the effect of season (expressed as number of trapping occasion)
on the abundance of trapped woodlouse (Fig. 3). The first axis of the model
explains 8.2% of the variability (pseudo-F = 24.0; p = 0.002), and the model is
significant (pseudo-F = 27.2; p = 0.002). Simple term effect was significant for
all tested factors (p < 0.05) but conditional term effect highlighted changes
associated with season (“sample”, explains 6.24%, pseudo-F = 108, p = 0.002),
temperature 2 days before trap inspection (t-2, explains 0.53%, pseudo-F = 9.3,
p = 0.002) and fixative solution — against “formaldehyde”, “water” explains
1.9% (pseudo-F = 33.5, p = 0.002) and “dry” traps explain 0.27% of variability

[
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—
Ln

*

—
[l

(ind. / 1 trap / 8 weeks)

mean number of animals
wn

Armadillidium Hyvloniscus  Ligidium  Porcellium  Porcellium ProtracheoniscusTrachelipus Trichoniscus
vulgare riparius hyvpnorum collicola  conspersum politus rathkii pusillus

Figure 2. Mean numbers of trapped terrestrial isopods in traps differing in fixative solution during spring months in flood-
plain forest. Asterisk marks significantly different caught of particular species suggesting relative attractivity of marked
solution in comparison with other treatments.
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in species abundances (pseudo-F = 4.8, p = 0.002). The last valuable environ-
mental factor for RDA was mean temperature (“t mean”, explains 0.18%, pseu-
do-F=3.1,p =0.028).

Fitted generalized linear models (GLM) revealed a significant positive ef-
fect between temperature two days before trap inspection and the number of
trapped animals of all terrestrial isopod species, except two less abundant spe-
cies (Table 1, Fig. 4).

*
<

=
<

dry

L riparius

~_.P. politus

T. rathkei sample

formaldehyde

A. vulgare

T. pusillus
wnorum  P. corspersum

water

-0.4
Figure 3. RDA biplot illustrating the effect of environmental factors (red) on trapping
probability of terrestrial isopods. Only significant factors are illustrated: “t mean” - mean
temperature three days before trap inspection, t-2 — mean temperature during the sec-
ond day before trap inspection, “sample” — order of trap inspection, “formaldehyde/wa-
ter/dry” - types of fixative solution in pitfall traps.

=
IS

Response

1.0

P. conspersum

P. collicola
A. vulgare
H. riparius

L. hypnorum

5

temperature 2 days before trap inspection (°C) 30

Figure 4. Generalised linear model for the effect of daytime mean temperature two days
before trap inspection on terrestrial isopods” probability to be trapped. Only species with
significant predictions are illustrated (see Table 1).
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Table 1. Summary of fitted Generalised Linear Model of mean day temperature two days
before trap inspection predicting number of trapped terrestrial isopods. R-squared rep-
resents the proportion of the deviance explained by the model, F value is a value on the F
distribution (power of result) and the p-value compares the fitted model to a null model.

Response R2[%] F p
Trachelipus rathkii (Brandt, 1833) 10.4 188.4 <0.00001
Hyloniscus riparius (C. Koch, 1381) 3.1 51.1 <0.00001
Porcellium conspersum (C. Koch, 1841) 2.7 45.3 <0.00001
Armadillidium vulgare (Latreille, 1804) 1.8 29.4 <0.00001
Ligidium hypnorum (Cuvier, 1792) 1.1 18.6 0.00002
Porcellium collicola (Verhoeff, 1907) 1.1 17.4 0.00003
Protracheoniscus politus (C. Koch, 1841) 0.2 3.8 0.05084
Trichoniscus pusillusBrandt, 1833 0.0 0.5 0.50501

Laboratory experiment

Porcellio scaber activity was highest between 23:00 and 7:00 (Fig. 5). Higher
activity was recorded for P. scaber in the water-filled trap apparatus; this differ-
ence in overall “nearby trap” count was statistically significant (x? = 198.88, p <
0.001, Fig. 6). When walking near the trap (at a distance of 2 cm or less), approx-

120 4
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Figure 5. Pattern of activity of Porcellio scaber in experimental apparatuses with pitfall
trap, expressed as the number of behavioural acts counted during particular two-hour
intervals. Dark columns correspond to night hours.
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Figure 6. Behavioural acts of Porcellio scaber counted in experimental apparatuses with
pitfall traps filled with water and formaldehyde, respectively. For explanation of catego-
ries see Material and methods.
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imately half of the behavioural acts represented “contact” with the trap (54% for
the water-filled trap and 50% for the formaldehyde-filled trap, cf., Fig. 6) the dif-
ference between the formaldehyde and water trap also being significant in this
case (x?=124.47,p < 0.001, Fig. 6). Only 23% and 16% of isopods being “nearby
trap” (the water- and formaldehyde-filled traps, respectively) were “watching
inside” the trap, i.e., inserting more than half of the body beyond the trap edge.
This difference was also statistically significant (x* = 198.88, p < 0.001, Fig. 6).
Regardless of the type of the fixative solution, falling into the trap was very rare,
with only a few “trapped” individuals, and there was no difference between the
two groups (x* = 1.33, p = 0.85). The “Rate of Self-Rescue” of P. scaber in the
water trap apparatus was 67% (only 8 “trapped” individuals out of 24 that over-
stepped more than half of their body behind the edge of the trap), while in the
formaldehyde trap, the rate was 78% (4 individuals of 18).

Discussion

Numerous modifications of pitfall traps used by field ecologists make it im-
possible to easily compare data between different studies. In this study, we
tested the effect of formaldehyde and plain water on the probability of trapping
terrestrial isopods, using the dry pitfall trap results as a baseline probability of
capture. The dry traps were used as the baseline because we assume they do
not contain anything that could attract the animals. There still could be one fac-
tor in play, the tendency of woodlice to actively avoid falling into the trap (see
laboratory experiment below), but this would affect all the pitfall traps regard-
less of the fixative solution used.

We believe that water traps were more attractive to terrestrial isopods, as they
need to visit shelters with high atmospheric humidity to compensate for their
own loss of water (Wright and Machin 1990). Studies have shown that the most
preferred level of humidity for terrestrial isopods is between 77 and 94% (Sny-
der 1959). Woodlice, in general, are hygrophilous (Hornung 2011), and T. rathkii
and P. conspersum have similarly low desiccation resistance (around 25 hours)
(Dias et al. 2012) and, because of that, have a similar need to seek humidity. We
found these two dominant species significantly more likely to be captured in
water traps. We also assume that the ambient humidity under the metal hoods
above the water traps was higher, although we did not measure this factor.

Predation may have also influenced the results for traps without killing fixa-
tive solutions (Bouget 2001). Despite frequent inspections of traps and lining
their bottom with wood shavings, remains of body parts of smaller species (not
only woodlice) were found. We sought to minimize this effect by collecting the
trapped animals every three to four days. It seems that the random chance of
capture by dry traps was somewhat underestimated.

Formaldehyde, as the fixative solution used, acts as an attractant for ground
beetles (Luff 1975) but as a repellent to the harvestmen (Pekar 2002), where a
decrease in the number of individuals caught can be observed with the increas-
ing concentration of formaldehyde solution. On the contrary, spiders were not
significantly affected by the changing concentration (Pekar 2002). Although
Gerlach et al. (2009), among others, did not observe any attraction or repulsion
effect of water for ground-dwelling arthropods under laboratory conditions, sig-
nificantly more terrestrial isopods were caught in water traps in this study. Nev-
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ertheless, the number of trapped isopods in formaldehyde traps was similar
to the number of isopods in dry traps, which gave random (i.e., not affected by
attraction nor repulsion effect) trapping probability value.

In our laboratory experiment, formaldehyde was confirmed to have a repel-
lent effect on P. scaber. The specimens near the formaldehyde trap were less
active and had a higher “Rate of Self-Rescue” compared to the traps filled with
water. Similar results were found by Gerlach et al. (2009) for Armadillidium
opacum (Koch, 1844) and Oniscus asellus Linnaeus, 1758.

In addition to the effect of the fixative solution, the effect of average daily tem-
perature between trap inspections on the trap catch size was also observed. The
catch size in pitfall traps increased with increasing temperature. Although high
temperatures were observed to decrease the activity of woodlice in a laboratory
setting (Durajkové et al. 2022), the temperature in the forest was much lower than
in a laboratory and its increase may have led to an increased woodlice activity. A
similar relationship between soil temperature (and humidity) and the activity of
terrestrial isopods during spring was observed by Hornung et al. (2015). Since
formaldehyde is volatile, it likely evaporated more as the temperature increased
during the time of our study, which may have altered the strength of the fixa-
tive solution effect. At the same time, ground-dwelling species bound to moist
environments may have searched for water as the temperature increased and
thus fell into the pitfall traps with clear water more often. Rendos (2012) found
that terrestrial isopods significantly avoided formaldehyde traps even in subter-
ranean environments where sufficient moisture is expected throughout the year.

It does not seem necessary to change a proven fixative solution (formal-
dehyde) in further ecological field studies, apart from its toxicity. It can be as-
sumed that its use in traps will continue to provide valuable results. However, it
should be kept in mind that the data obtained by this method may be skewed,
especially when studying a community structure and dominant species in an
area — some species are more sensitive to formaldehyde and may actively
avoid it. Obtained community characteristics are comparable with another sim-
ilarly skewed, but such comparison is based on unmonitored changes in the
abundances of sensitive species.
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Abstract

A field study of spatial activity and sheltering behaviour of terrestrial isopods was
carried out using Porcellio scaber and Armadillidium versicolor, two model species of
woodlice. Individuals of both species were colour-marked and released into an area
with artificial shelters, and their behaviour was then observed for several days. Vagility
of both species was found to be similar; their dispersal ability was measured to be at
least 1.1 m/h. The number of animals recaptured declined over time as they left the
field-experiment area. The provided shelters were found to be unevenly inhabited both
in relation to their position and the time elapsed since the beginning of the experiment.
Nocturnal activity (night and dawn) of both species was confirmed.

Key words: Armadillidium versicolor, circadian activity, locomotion, marking, Porcellio scaber

Introduction

Hornung (2011) and Tuf and Durajkova (2022) comprehensively reviewed
isopod adaptations contributing to colonisation of land. As water balance
has great importance to woodlice, their physiological, morphological, and
behavioural adaptive strategies have been extensively studied. Behavioural
reactions are thought to contribute to the range of adaptations, both equally
to morphological and physiological. Terrestrial isopods have developed var-
ious behavioural strategies to maintain water balance, such as pattern of
activity, sheltering, and aggregation.

The avoidance of unfavourable environmental factors during the daytime
via nocturnal activity was described by Cloudsley-Thompson (1952, 1956). It
was suggested that conditions are more suitable at night due to lower tem-
peratures, and, thereby, higher relative air humidity is favourable. The intensity
of nocturnal activity is negatively correlated with the terrestriality of species,
those better adapted to terrestrial conditions. Armadillidium vulgare (Latreille,
1804) was found to be less active at night, with 60% of individuals nocturnally
active, whereas Philoscia muscorum (Scopoli, 1763), which is thought to be
less adapted, had 92% of individuals nocturnally active. During the daylight pe-
riod, the isopods are expected to stay hidden in shelters to avoid desiccation.
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Horizontal as well as vertical movements (Brereton 1957; Den Boer 1961;
Tuf and Weissova 2022) enable finding suitable microhabitats. Behavioural
responses to the environment, such as phototaxis, thigmokinesis, or hygroki-
nesis, are thought to stimulate movement. Photonegative orientation is as-
sociated with searching for dark habitats (shelters), which provide higher hu-
midity and lower temperatures in comparison to the surrounding environment
(Cloudsley-Thompson 1977).

Thigmokinetic reactions were linked with sheltering and aggregative be-
haviour by Allee (1926) and Broly et al. (2012). Thigmokinesis was characterised
by Friedlander (1964) as a cessation of movement in response to contact stim-
uli. The fact that thigmokinetic reactions vary by individual was pointed out by
Friedlander (1964) and Warburg (1968). This behaviour is supposed to strength-
en or weaken spatial movement in response to environmental conditions.

Sheltering

Hiding in shelters during the day to avoid predators or unfavourable environ-
mental conditions such as low humidity has been extensively studied (Hornung
and Warburg 1996; Dias et al. 2012), and a trade-off between time spent by
foraging and sheltering was described by Dias et al. (2012). Woodlice species
spend more time sheltering at a lower relative humidity (Dias et al. 2012; Dixie
et al. 2015; Leclercg-Dransart et al. 2019; Delhoumi et al. 2023). There were
also differences found in their main period of the year when they shelter. Ar-
madillidium vulgare preferred spring (March and April), whereas in P scaber
sheltering peaked during a pre-breeding period (May and June). Dangerfield
and Hassall (1994) observed that males were more active and used artificial
shelters less frequently than females, which possibly maximized foraging time
and increased mating chance in May and June. Females were more often ob-
served in shelters during the breeding season (June and July). For females, the
shelters likely offered protection against desiccation and predation, and the
higher average temperatures enabled shorter brood development time.
Kuenen and Nooteboom (1963) studied how three species, Oniscus asellus Lin-
naeus, 1758, P. scaber, and A. vulgare, react to external stimuli when searching for
shelters at the end of their nocturnal activity. These authors suggested that olfac-
tory signals influenced the individuals in addition to thigmotaxis and negative pho-
totaxis, and they hypothesised that olfactory aggregation signals were supported
by the presence of pheromones in faecal pellets, as known in several woodlouse
species, including P scaber and A. vulgare (Takeda 1980; Ebisuno et al. 1982).

Aggregations

Aggregation, which usually occurs in shelters, enables animals to significantly
reduce water loss. Increased aggregation was observed during dry conditions,
and aggregated animals were found to evaporate 50% less water (Warburg
1968). Friedlander (1965) suggested that the aggregation stimuli could be in-
fluenced by contact (thigmokinesis) combined with special movements or a
chemical signal. This social aspect of aggregation, probably related to pher-
omones, was studied in detail by Broly et al. (2012) who encountered a maxi-
mum aggregate of 70 woodlice. Despite the number and density of individuals
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of P. scaber in this experiment, the location of aggregates was determined by
individual preferences. The dynamics of aggregation and collective choice
were found to be controlled by social interaction between conspecifics.

Direct connections between water balance, temperature, light, and other fac-
tors have been examined through the lens of various behaviours, such as circa-
dian activity (Cloudsley-Thompson 1956), sheltering behaviour (Den Boer 1961),
aggregation (Allee 1926; Friedlander 1964; Broly et al. 2012), and movement
activity (including phototaxes, thigmokinesis, hygrokonesis; Warburg 1993). On
the other hand, Cloudsley-Thompson (1977) recommended a holistic approach,
because various factors might be unknown, interacting in unexpected ways,
and individuals could respond to them in various ways (Cloudsley-Thompson
and Constantinou 1987). Since spatial movements are considered a significant
behavioural adaptation to survive in terrestrial environment, a field study to ex-
plore locomotion and sheltering activity of terrestrial isopods was carried out.

We aim to evaluate (1) vagility of isopods by measuring the distance of
woodlice from the releasing point, (2) sheltering behaviour of aggregations un-
der artificial shelters, and (3) activity patterns, or numbers of isopods outside
the shelters. The behaviour of two model species was compared.

Materials and methods
Model species, experimental site and design

Field experiments were carried out in 2011. The main part of the experiment
was the monitoring of sheltering and movement of 1,000 marked individuals
in the field, where a grid of artificial shelters was arranged. A pilot study had
been conducted at the beginning of June. The main experiment was then rede-
signed based on the findings of the pilot study and run twice, once in June 2011
(Experiment 1) and once in September 2011 (Experiment 2). As a model spe-
cies, Armadillidium versicolor Stein, 1859 (Variegated Pill Isopod) and Porcellio
scaber Latreille, 1804 (Common Rough Woodlice) were selected. Several com-
parative studies have examined abilities of woodlice species to survive in ter-
restrial conditions (Edney 1951; Schmidt and W&gele 2001). According to these
studies, A. vulgare, which is considered comparable to A. versicolor (Csonka et
al. 2013), was evaluated to be better adapted to the dry environment.

Both species were collected in Olomouc City (Czech Republic) and kept in
captivity for a few days before the experiment in large plastic boxes with soil and
leaves, at a natural temperature, and natural light regime. Acetone-based moth-
er-bee marking polish was used to identify five different colour groups (Fig. 1).
These colour markings were used for quick counting of the animals during
night inspections to reduce disturbance. White and green colours were used for
P scaber, and red, yellow, and blue colours were used for A. versicolor. There
were 200 individuals marked for each colour group. Marking was done according
to the method described by Drahokoupilova and Tuf (2012), who recommended
making small, but clearly visible dots on dorsal sheet of the first segment of the
pereion (Fig. 2). These markings had no negative effect on survival or feeding
behaviour (Kenne et al. 2019) and is recommended for short-time field studies
of dispersal of terrestrial isopods. Manipulation with individuals was quick and
gentle to minimize stress, and specimens were marked 48 h prior to release.
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Figure 1. A grid of artificial brick shelters at experiment site nearby Korunni pevnlistka fortress (photograph RF) and
B experimental design scheme with numbered orange bricks and releasing points of 200 coloured woodlice marked by
larger boxes of relevant colours.

Figure 2. Marked individuals of A Armadillidium versicolor and B Porcellio scaber (photographs RF).

The field study took place in a 36 m? flat, square area in front of the Korunni
Pevnistka fortress in Olomouc, near a large park (49.5919°N, 17.2585°E). The
study area consisted of a small grassy area with a regularly mowed lawn in
front of the brick walls of the fortress. The site was selected as an optimal place
for various terrestrial isopods, including A. versicolor and P. scaber, following
Riedel et al. (2009), who described such a site as a natural habitat for various
species of terrestrial isopods. The presence of bricks was also a consideration.

A grid of 49 shelters (7 x 7), each 1 m apart, was established to observe sheltering
behaviour of 1,000 labelled animals. Bricks (29 x 15 x 6.5 cm) were used as shelters.
Beneath each brick, a small space was dug out (15 x 10 x 1 cm) to avoid killing ani-
mals when manipulating the brick. Shelters had been put in place 10 days before the
release of animals. Five shelters were used as release points when the experiment
started. Each colour group (200 specimens) was released under one shelter (Fig. 1).

The study site was visited regularly three times each night: at dusk, in the
middle of the night, and at dawn. In Experiment 1, isopods were monitored for
three nights (June 24-27, 2011, checks at 1:00, 5:00, 21:00) and in Experiment
2 for seven nights (September 22-29, 2011, checks at 0:00, 7:00, 19:00). Each
shelter was briefly opened (the brick was lifted), and the number and identity
(colour group) of individuals present were recorded by a camera using weak,
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white illumination. Cole’'s comments (Cole 1946) on the counting procedure,
that is, count animals on the ground surface and on the underside of the brick,
do not count animals hidden in soil crevices, were following.

Data processing and analysis

Data sets from each monitoring check were processed according to the co-
lour groups and species. The individual records were then matched with the
distances achieved from the release point, distances achieved for each colour
group, and then the distance for each species was calculated.

The Wilcoxon nonparametric paired test was used to compare vagility of two
species and, therefore, two equal groups were needed. This meant comparing
only 400 individuals of A. versicolor with the 400 individuals of P. scaber. The Ar-
madillidium colour group selection was carried out according to the sum of the
average distances (in meters) of two colour groups, the middle sum was chosen
as a representative. Blue and red colour groups were selected by this method.

Firstly, it was necessary to count subtractions of mean achieved distances
for each night (“dusk distance mean” minus “dawn distance mean”). The lim-
it of 10 individuals was set to decrease random effects. These figures were
counted for each species. Secondly, obtained figures were used for the Wilcox
nonparametric paired test. Experiments 1 and 2 were tested separately. Prism
6 software by GraphPad Software Inc was used to compute the test.

The effect of activity pattern of woodlice was tested by evaluating the abun-
dances in the three periods during the night (dusk, night, and dawn). Because
time was expected to significantly affect the abundances, the generalized linear
mixed model (GLMM) was used to justify effect of two fixed variables, such as
time (quantitative: 1-3 in Experiment 1, 1-7 in Experiment 2) and day period (cat-
egorical: dusk, night, or dawn). It was set Poisson error distribution and logarith-
mic link function to model the effect of both predictors. While creating the model,
we considered predictor time for replication because of the repeated measure-
ments. SAS v. 9.2 (SAS Institute Inc. 2007) was used for the statistical analysis.

To enable comparison, blue and red groups for A. versicolor were used to cre-
ate graphs based on similar process, as described above for vagility comparison.

Results

Movement

In both experiments, shelters at distances of 1-5m from the release point were
inhabited by specimens of both species after 20 h. The maximum recorded
distance was 5.56 m travelled by P. scaber in 5 h and the same distance was
travelled by A. versicolor in 12 h in Experiment 2 (Table 1).

Vagility

There was no significant difference in vagility between the two species (Fig. 3). In Ex-
periment 1, vagility of both species was similar (mean, _, _=0.54m,mean, . =
0.57m;pg, > 0.9999). Non-significantly higher vagility of A. versicolor was observed

in experiment 2 (mean,__, . =0.007 m, mean =0.5140 m; p,, , = 0.0938).

ab A.versicolor
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Table 1. Maximum observed distance (m) measured from releasing point achieved by
isopods during start of experiment.

Experiment 1 Experiment 2
Time P. scaber A. versicolor Time P. scaber A. versicolor

4h 412 m 4.47 m 5h 5.56 m 3.16 m
20h 447 m 4.47 m 12h 5.56 m 5.56 m
24 h 5.56m 4.47 m
28h 5.56m 5.56m

2.0- A 2.0+ B

1.5 1.54

1.04 1.04

0.5 0.5+ E
0.0+ 0.0 {

0.5 ' ' -0.5 ' >
P scaber A. versicolor P scaber A. versicolor

mean distance subtraction (m)

Figure 3. Species vagility comparison of results represented by mean distance subtrac-
tions (mean + SE) during A Experiment 1 and B Experiment 2.

Sheltering pattern

Abundance of sheltering individuals differed in each experiment, as well be-
tween the species (Figs 4, 5). Individuals were more abundant in Experiment 1
(289 pillbugs and 179 woodlice recorded in the 15t and 2" evening), compared
to 111 and 102 individuals in Experiment 2. Individuals of A. versicolor were
more frequently detected than P. scaber (Fig. 6).

Time (each night was considered to be a category of time) was confirmed
to negatively affect the abundance of individuals observed under the shelters
(Fig. 4) as the individuals of both species dispersed out of the experimental
area (Experiment 1: F,__ =333.93,p,_ . <0.001;F, __ =500.64,P,. . ccobor
<0.001; Experiment 2: F, .. =477.14,p,_ ....<0.001;F, . . =411.49,p, .
woior < 0.007). In Experiment 1, 1,000 individuals were released and 198 individu-
als were observed 24 h later; in Experiment 2 only 111 remained after the same
time. The small number of marked individuals found (25 and 28 in Experiments
1 and 2, respectively) limited the duration of the experiment.

Significant differences in abundances between the day periods (dusk, night,
and dawn) were found (Experiment 1: F__ . =77.27,p, ... <0.001,F,
o = 128.54, p, . ccoor < 0.001; Experiment 2: F, = 19535, p, ... < 0.007;
Frversicoior = 240.80, P, ..oy < 0-001). In comparing abundances according to
day period, the results between experiments differed (Fig. 5). The results also
varied between species in Experiment 1. Dusk was found to be the main shel-
tering period for A. versicolor in Experiment 1 and for both species in Experi-
ment 2. Night was least popular for sheltering for both species in Experiment 2.
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Figure 4. Number of re-detected individuals according to monitoring time controls (note the logarithmic scale of the
Y-axis) in A Experiment 1 and B Experiment 2.
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Figure 5. Influence of day period (dusk, night, and dawn) on number of woodlice (mean
+ SE) in shelters during A Experiment 1 and B Experiment 2.

This contrasted with the behaviour of P scaber in Experiment 1, where night
was most popular for sheltering. Dawn was the least frequent sheltering period
in Experiment 1 for both species.

Shelters were not inhabited equally, and their use varied in both time and
in aggregation size. Some shelters were never inhabited (Experiment 1: bricks
11, 21, 36; Experiment 2: bricks 6, 45, 47), whereas individuals of all five colour
groups were observed at the same time under some shelters (Experiment 1:
bricks 6, 16, 20, 27, 36; Experiment 2: bricks 15, 24).

The sum of individuals under each shelter (aggregation size) varied among
shelters and according to time. The aggregation size was categorised accord-
ing to the sum of individuals (categories: 0, 1, 2-5, 6-10, 11-25, 26 and more;
Fig. 7). The frequency of observing empty shelters increased as time pro-
gressed. Aggregations of 2-5 individuals were more frequent than one individ-
ual, mainly in Experiment 1. Aggregations of 6—10 individuals were observed in
almost every check, except the last one. The very large aggregations of 11-25
individuals were found under some shelters (Experiment 1: bricks 12,19, 20, 25,
31; Experiment 2: bricks 10, 19, 24).
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Figure 7. Frequency of aggregation of different size categories (according to sum of individuals of both woodlouse spe-
cies aggregated) observed under each shelter in A Experiment 1 and B Experiment 2.

Discussion

We studied the movement and sheltering behaviour of Porcellio scaber and
Armadillidium versicolor in a field experiment. Changes in distribution of marked
individuals in artificial shelters were monitored during three nights in June and
eight nights in September.

Dispersal activity

Brereton (1957) noted that P. scaber was not nomadic and the same individuals
were found on the same tree for a long time. On the other hand, he also recorded
some immigrants in his study. Paris and Pitelka (1962) stated that the population
of A. vulgare was very mobile; they released 243 marked animals but only eight
animals (3.3%) were recaptured 24 hours later within a circular area (12.5 m?)
with radius of 2 m. In our study, the recapture rates were higher; of the 1,000
individuals released in an area of 36 m?, 19.8% were observed 24 h later in Experi-
ment 1 and 11.1% in Experiment 2 . However, our study is not entirely comparable
because the isopods were sampled only under artificial shelters. In another study,
Paris (1965) labelled 1,000 A. vulgare by using the P*? isotope and released them
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in a circular grid of artificial shelters. He detected them at a distance of 1 m within
4 min and 3 m within 50 min. The maximum dispersal rate was 13 min 12 h and
maximum distance of 25 m was observed on day 20; greater dispersal rates were
observed during a dry season. Our observed distances of 4.4 m/4 h (A. versicol-
or) and 5.6 m/5 h (P. scaber) were consistent with Paris’s (1965) field experiment.

Other factors influencing natural behaviour, such as colour marking, should be
also considered, as they might negatively affect woodlice activity (Drahokoupi-
lové and Tuf 2012; Kenne et al. 2019). Translocation and handling might also
negatively influence movement behaviour. Heidinger et al. (2009) found that
animals dispersed over longer distances in the first day after release and tend-
ed to move further after release in general. Therefore, it is highly probable that
woodlice do not usually move as far as observed in our study unless disturbed.

Vagility

We found no significant differences in vagility between the two species,
although we observed slightly a higher vagility rate for A. versicolor in Experi-
ment 2. These results do not support the hypothesis by Dailey et al. (2009), who
suggested that A. vulgare, as a conglobating isopod (Schmalfuss 1984), relies
on passive defence, whereas P, laevis uses active escape strategies for avoiding
harsh conditions and predators. The hypothesis of higher vagility in P scaber
might be consistent with its lower abundance in our experiments, as compared
to A. versicolor. In our experiments a greater number of P. scaber individuals
had run away from the experiment area and, thus, they were not recorded. It
is possible that a decline in the abundance of P scaber, probably caused by
migration away from the site, is indirect evidence of the higher vagility of this
species, which was underestimated in the design of the study area’s of size.

Sheltering behaviour

Abundances of shelter inhabitants were uneven, similar to the other studies (Davis
and Sutton 1977; Hornung and Warburg 1996). Den Boer (1961) suggested that
good hiding sites were occupied by many individuals every night because of bet-
ter conditions in the shelters and due to active searching behaviour of woodlice
for exactly such conditions. Hornung and Warburg (1996) proposed that moisture
conditions in the shelters can be important in the uneven distribution. This expla-
nation is not supported by recent studies, where the presence of conspecifics is
much more important for sheltering of P. scaber than the quality of shelter alone
(Devigne et al. 2011; Broly et al. 2012; Zidar and Fiser 2022). This explanation
is consistent with olfactory effects of an aggregation pheromone (Kuenen and
Nooteboom 1963; Takeda 1980; Ebisuno et al. 1982). Moreover, the aggregation
pheromone attracted individuals of woodlice of the same species as well as oth-
er terrestrial isopods. This likely means that the empty shelters did not offer at-
tractive conditions and were observed more often than the shelters with at least
one individual. The individuals tend to join others in already inhabited hiding sites
(Hassall and Tuck 2007) in accordance with the hypothesis that the risk of poor
conditions at the site where many other conspecifics have already aggregated is
lower. Therefore, the shelter that offered suitable conditions and had been found
was more likely to be the one used throughout the whole monitoring period.
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Broly et al. (2012) discovered the social aspect of aggregation behaviour
of P. scaber, noting 60-70 individuals per aggregation as the maximum. The
number of individuals found in shelters in our field study was usually much
lower, but we counted isopods only during the night when locomotory activity
outside the shelters usually occurs.

Temporal pattern of sheltering behaviour

Our woodlice were outside shelters mainly during the night and dawn in
Experiment 2, which is in accordance with other studies on P. scaber (Den
Boer 1961), A. vulgare (Cloudsley-Thompson 1952, 1956; Paris 1963;
Refinetti 2009), and A. versicolor (Tuf and Weissova 2022). Temperature
and humidity were not recorded during our study, but it is expected that, by
dawn, the humidity of the air increased as the temperature dropped; these
are conditions favourable for woodlice foraging. The results of Experiment
1 do not fit the described pattern of night activity, as the experiment was
short and, therefore, more affected by the high woodlice activity after their
release (Heidinger et al. 2009).

The results of this study suggest that terrestrial isopods can use artificial
shelters in natural conditions at least for short research periods. Over the
course of several nights, the number of hiding woodlice was observed, and this
pattern may be due to increased locomotor activity outside of the shelters, as
well as to the animals moving away from the experiment area or using natural
shelters in the soil. Our study confirms the temporal activity patterns of wood-
lice, the abundance of individuals in the shelters, and the simultaneous use of
shelters by the two species. For more detailed studies of shelter fidelity and
experiments with individual marking of animals will be necessary.
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Abstract

Aposematism is a distinctive or warning signal that provides the animal with protection
against a potential predator. Aposematic colouration is easier for a predator to remem-
ber and to avoid a dangerous and/or unpalatable prey in the future. We investigated
whether distinctive colouration has an aposematic function in terrestrial isopods. The
common rough woodlice (Porcellio scaber) were used as a model species of terrestrial
isopods and the Italian wall lizard (Podarcis siculus) as a predatory species. To imitate
the distinctive colouration on isopods we marked their dorsal plates with yellow dots.
The control group of the woodlice were marked with grey spots. Differences in behaviour
(observation, manipulation and consummation) and the lizards’ behaviour changes to-
wards aposematically and cryptically coloured prey were analysed. Differences were
found in prey observation both between sexes and between prey colours.

Key words: Podarcis siculus, Porcellio scaber, terrestrial isopods

Introduction

To leave the sea and fully transition to a terrestrial way of life, terrestrial isopods
had to develop many adaptations (Hornung 2011). Different ecomorphological
types can be distinguished in this group (Schmalfuss 1984). The first type are
the “clingers”, which have strong, short pereopods and their body is broad and
flat, so they move relatively slowly (genera Trachelipus, Porcellio). Another type
is the “runners”, which, on the other hand, move very fast because they have
long pereopods and slender bodies (families Ligiidae, Philosciidae). The spe-
cies that inhabit the soil belong frequently to the group of “creepers”, they are
smaller, have an elongated body and ribs on the dorsal surface. These species
need high ambient humidity. The fourth group are the “rollers”, which use con-
globation, have a convex body and can roll up (families Armadillidae, Eubeli-
dae). In tropical and subtropical areas, “spiny forms” of isopods are found. They
have spikes or thorns on their bodies to protect them from predators and live
outside the topsoil (genera Panningillo, Echinodillo).

Terrestrial isopods have a large number of natural predators. The main
predators include centipedes, spiders, various insects, but also insectivorous
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vertebrates. Predation pressure has helped the isopods to develop various de-
fence and protection mechanisms, whether it be morphological adaptations
or behavioural changes (Tuf and Durajkova 2022). Increased consumption by
birds and reptiles is due to an increased need for calcium necessary for egg-
shell formation (Bure$ 1986; Kristin 1992).

Colouration of terrestrial isopods

The body colouration of animals has three main purposes; these are thermo-
regulation, intraspecific communication, and reduction of predation risk. Body
colour and colour pattern play a major role in intraspecific communication, e.g.,
mate recognition or courtship. Colouration is also important in relation to pre-
dation; the animal wants to avoid, deter, or confuse the predator (Endler 1978).

Crustacean chromatophores usually contain a variety of pigments. There are
different forms of chromatophores (polychromatic, monochromatic, bichromat-
ic) (Knowles and Carlisle 1956). The brown-black pigment in the melanophores
of crabs is melanin, but the dark chromatophore pigments in other crustaceans
are ommochromes (Fingerman 1965). The pigments in erythrophores and xan-
thophores are carotenoids, but there are some exceptions; the most common
carotenoid in chromatophores is astaxanthin (Fingerman 1965). Pigments may
be distributed freely in the exoskeleton or in chromatophores (Chang and Thiel
2015). Chromatophores are often clustered into larger groups, these multicellu-
lar clusters are called chromatosomes. Crustacean chromatophores are asym-
metric and mononuclear (Chang and Thiel 2015).

The purpose of cryptic colouration in animals is to reduce the possible
detection by predators. In many cases, this colouration can indicate that the
animal is trying to blend in with its surroundings (Merilaita 1998). Within ter-
restrial isopods, such colouration is typical for epigeic species with dusk or
daytime activity (e.g., Porcellio scaber, Porcellionides pruinosus, Trachelipus
rathkei, Hemilepistus reaumurii). During the day, cryptic species usually hide
in shelters in or on the soil surface (Davies et al. 2012). Some species are ca-
pable of colour-change or pattern transformation on the body. Colour-change,
which is based on chromatophores (melanophores and leucophores), is trig-
gered by sensory detection from the surrounding environment (Nery and de
Lauro Castrucci 1997). The littoral isopod Ligia oceanica uses melanophores
to change colour within a circadian rhythm (Hultgren and Mittelstaedt 2015).

In cryptic polymorphism, different colour forms occur within the same spe-
cies (Vesely et al. 2024). This is because the predator has a certain image in
memory (the search image) by which it searches for its prey (Punzalan et al.
2005). Thus, if a predator detects one morph, other individuals with a different
pattern are in relative safety (Hughes and Mather 1986; Vesely et al. 2024).
This principle protects individuals with rarer colouration, as the predator mainly
targets the more numerous colouration pattern of prey. Thus, polymorphism
is maintained in the population by predation, as the preference for a particu-
lar pattern is determined by the current commonness or rarity of the coloura-
tion. However, this principle does not apply to morphs with a high degree of
divergence in conspicuousness. Albinos are always conspicuous, even if they
are rarer. Within crustaceans, albinism is a relatively rare phenomenon (Geiser
1932). In the isopods, this phenomenon is common in species that live in caves
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or deeper in the soil. In some species, albinos are also rarely found in natural
conditions, but they are regulated by a higher level of predation (Achauri 2009).

Aposematism is a conspicuous warning colouration or other type of warning
signal by which an individual alerts potential predator to its (real or perceived)
inedibility or toxicity. There are colour combinations that are typical: black or
dark brown in combination with yellow, red or orange, or sometimes even white.
Stripes or spots on the bodies of aposematically coloured individuals are also
common (Davies et al. 2012). Aposematic colouration uses colour contrast,
where we can observe as differences in shades or saturations of colour be-
tween a given organism and the environment in which it lives. It can also make
use of luminance contrast, where the amount of light reflected from the organ-
ism and its surroundings varies. Colour contrast is considered important for
the effectiveness of aposematism, especially in the case of avian predators
and diurnal lizards (e.g., Lacertidae), which have tetrachromatic vision. Con-
versely, for colour-blind predators, luminance contrast is an important factor
that enables them to detect aposematic prey (Prudic et al. 2007). Aposematic
colouration is very conspicuous to predators, they can easily spot and recog-
nise it, but also remember it very easily (Prudic et al. 2007). Predators avoid
such distinctive individuals, either through innate neophobia (individual avoids
things it does not already know) or learned avoidance of a particular pattern or
colour (Vickers et al. 2021).

The light spots on the bodies of woodlice are typical for some species. They
are often found on species that are active on vertical surfaces, such as rocks or
tree trunks, and are typical of the morphotype “clingers” (Oniscus asellus, Porcellio
spinicornis), but also “rollers” (Armadillidium pictum, A. opacum). Vividly coloured
are also the vegetation-dwelling “spiny forms” (e.g. Pseudolaureola atlantica).

One theory of the origin of aposematic colouration is that the cryptically
coloured toxic species was accidentally consumed by predators who mistook
it for a harmless species. They preferentially avoided the more conspicuous
specimens that they could readily identify. Through this selection, the conspic-
uous pattern gradually dominated the prey population (Davies et al. 2012). This
theory appears to be applicable to Mediterranean terrestrial isopods, where a
similar colour pattern also occurs in unrelated species. The shared colour pat-
tern in syntopic species of millipede, pillbug, and spider was pointed out by Levi
(1965) as Miillerian mimicry. If several species have the same predators, there-
fore the more similar species there are, the more likely the predator will learn to
recognize them and not attack them (Davies et al. 2012).

Evidence that distinctive colouration has an aposematic function in terrestri-
al isopods is still lacking (Tuf and Durajkové 2022). Yellow and white patches
are relatively common in the genera Armadillidium and Porcellio, but a pattern
of a combination of black (dark purple-brown) and white has been observed in
related species in West Africa (Schmalfuss and Ferrara 1982) too.

Cognitive abilities of vertebrate predators

The cognition encompasses a set of mental processes that include perception,
learning, long-term memory, working memory, attention and, last but not least,
decision making (Dukas 2004; Shettleworth 2010). By learning and then remem-
bering aposematic prey, predators can avoid it in the future (Shettleworth 2001).
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Birds and diurnal lizards are primarily visual creatures. Both groups have tet-
rachromatic vision, with four types of cones (Chen and Goldsmith 1986; Pérez
i de Lanuza and Font 2016). Taste receptors are relatively poorly developed in
birds, with taste buds located at the root of the tongue, in the posterior palate,
and in the pharyngeal mucosa (Bill 2007). Olfaction in reptiles is provided by
the vomeronasal organ (via the forked tongue) and the olfactory mucosa in the
paired nasal cavity (Vitt and Caldwell 2014).

The main aim of this work is to find out whether the colour of the woodlice
has an aposematic meaning. We wanted to find out how reptilian predators
would react to presented prey and whether colouration would play a role in
prey selection. We also investigated whether predatory behaviour and foraging
motivation would change in a model predator species over the course of the ex-
periment. We tested the following hypotheses: 1) there is difference in lizards’
behaviour towards aposematic and cryptic prey, 2) isopods with aposematic
colouration are less consumed than isopods with cryptic colouration, 3) there
is no difference in prey consumption between males and females of lizards,
and 4) predatory behaviour and foraging motivation of lizards can change
throughout the experiment.

Material and methods
Model species

The model prey species was the common rough woodlouse (Porcellio scaber).
This species has a cosmopolitan distribution (Capinera 2001). It is coloured in
shades of brown and grey but may show small patches of colour (black, red,
orange, yellow) (Capinera 2001). A number of colour forms have been bred in
hobby breeding. Birds, lizards, newts, spiders, beetles, centipedes, and shrews
are considered to be the main predators of woodlice.

The collection of woodlice took place in the autumn of 2022 in Olomouc.
They were subsequently kept in plastic boxes with lids, inside there was sail,
leaves, and shelters (bark, stones), the substrate was kept moist in places, with
a constant temperature (18-22 °C). Individuals of 8-10 mm in length were
used in the experiments to make them attractive to the predators of interest.

The model reptile predator species was the Italian wall lizard (Podarcis sicu-
lus). Adults can reach lengths of up to 25 cm and weights of 15 g. The original
distribution area is thought to be the Apennine Peninsula (Rivera et al. 2011),
but it is now also widespread in the Iberian Peninsula and North Africa. This
species is popular among breeders, and the lizards are fed mainly by meal-
worms and crickets.

Experiments were conducted with four young immature lizards (2 males and
2 females). These lizards were naive and kept in captivity from their birth. Ani-
mals were housed in a terrarium (120 cm x 50 cm) with an 8:16 light regime at
the time of the experiment, and the ambient room temperature, but the terrari-
um also contained a heating pad. Inside the terrarium was a sandy lignocel mix-
ture as a substrate, a water bowl, and bark pieces as a shelter. Before the start
of the experiment, the animals were fed by crickets. During the experiment, the
lizards were fed only during individual trials to see if their feeding behaviour
would change.
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Experiment

The experiments were conducted from 24 October to 30 November 2022 ac-
cording to standard procedures (Exnerova et al. 2006; Vesely et al. 2006; Do-
lenska et al. 2009). Prior to the experiment, predators had to be placed in empty
transparent plastic boxes (57 x 39 x 28 cm) at least two hours before the exper-
iment to ensure habituation and that the experiment was not influenced by fear
of the unfamiliar environment (Exnerova et al. 2006). The predators had access
to water throughout the two hours. Furthermore, it was necessary to paint the
woodlice. Six yellow dots were made on the dorsal plates with nail polish (remi-
niscent of the colouration of Porcellio haasi). The control group consisted of iso-
pods with the same number of spots, painted with grey nail polish (Fig. 1). Thus,
both groups were equally altered and differed only in vivid (aposematic) and
cryptic colouration. After drawing dots on the isopods, the polish was allowed to
dry for at least an hour so that its odour would not interfere with the experiment.
As polish nail can affect activity of isopods for more than week (Drahokoupilova
and Tuf 2012), fresh new isopods were dotted before each experiment. Its activ-
ity one hour after dotting resembled that one of unpainted isopods.

We used selection tests to test whether the isopods’ vivid colour has an
aposematic function. The selection tests consisted of releasing five aposemat-
ically (grey—yellow experimental group) simultaneously with five cryptically
(grey—grey control group) painted isopods into the box where one predator was
placed, and then observing and recording the predator’'s behaviour. Before the
insertion of the painted prey, the predator was presented with a mealworm to
control feeding motivation. In one experiment each lizard experienced a series
of ten tests in the following order: mealworm - painted (grey and yellow) iso-
pods — mealworm - painted isopods, etc. Unpainted prey (P scaber without
drawn dots) was also presented to predators, always at the beginning and end

Figure 1. Individuals of common rough woodlouse (Porcellio scaber) grey painted as cryptic (A) and yellow painted as
aposematic prey (B).
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of the experiment. One test lasted for seven minutes. Each predator was tested
in this way twice a week for five weeks. Altogether 10 experiments consisting
of 10 tests were performed with each lizard giving a total of four hundred ob-
servations for each behaviour. Experiments were done during day hours in lab-
oratory with ambient light and temperature. All four lizards were tested on the
same days with a time interval of 1.5 hours. Entire experiments were recorded
on camera (Niceboy VEGA X PRO) for control possibility.

Predator behaviour was divided into three categories: 1) prey consummation,
which involved the direct eating of prey 2) prey manipulation, which involved
biting the isopod or devouring it and then spitting it out, and 3) prey observa-
tion, which involved turning the head to follow the prey or chasing the isopod.
Unless consummation was preceded by a prolonged examination of the prey,
this behaviour was not considered as observation. The trials with mealworms
were not analysed, they were just used to control for foraging motivation during
the whole session.

Data analysis

Graphical representations of behavioural changes (consummation, manipula-
tion, observation) in predators over the course of the experiment were made
using MS Excel.

The aim of the two-factor analysis of variance (ANOVA) was to determine
whether there were differences between the behavioural factors (consumma-
tion and observation). The significance level for the analysis of variance was set
at 5%. Predator sex (&, @) and prey colour (A, C) were designated as factors. A
separate ANOVA was conducted for each behavioural type. A normality check
was performed using graphical display and Levene's test to verify that the as-
sumptions of the ANOVA were met. Due to the failure of the data to follow a
normal distribution for one type of behaviour (manipulation), a Kruskal-Wallis
test (non-parametric one-factor ANOVA) was performed. The Kruskal-Wallis
test tests one factor at a time and compares whether there are differences
in variances between the selected groups. The factors tested were predator
sex (M, F) and prey colour (A-aposematic, C-cryptic). Two such tests were per-
formed on each factor, and the significance level was set at 5%.

Tukey's test (multiple comparisons test) was performed to determine
which factors (and combinations of factors) may influence predator behaviour
change. R-Studio software was used to analyses of variance and Kruskal-Wal-
lis tests, followed by graphical representations.

Results

We presented the naive lizards with yellow painted (aposematic colouring),
grey painted (cryptic colouring) as well as with unpainted (P scaber without
drawn markings) isopods. During the observed period (i.e., five weeks), the con-
sumption rate of unpainted prey decreased from 65% to 5%.

The most frequent type of lizards’ behaviour was the observation of prey
regardless of its colouration (Fig. 2), while manipulation of the presented iso-
pods was the least frequent. Consumption of cryptic prey was higher if it

ZooKeys 1225: 141-153 (2025), DOI: 10.3897/z00keys.1225.121574 146



Lenka Skockové et al.: Predator responses to painted woodlice

3,0 Consummation
4,5 —— —— Observation C i
v . r IC pre
wag | 0 mmmmeeeee Manipulation JPHE Prey
s a .
D 3,5 N /
el P ~
| 2 ~ ’
30 |« »
g= ~ 7 ~ F )
~ ~
G 2,5 % P N 7 ~ /
[ ™
2 20
E
315
1,0
0,5
0,0 e." “ead i i - i s i
O O 0O O O O O O ™ ™ ™ ™ ™ ™ ™ v = = = = = = = = = - = e - -
— — — — — — — - ~— - — — — - — — - — — — — - — — — — — — — — —
g N U N 0 B O = o N M < N 8N 000 H N M S 0N 00 0 - N oM

Figure 2. Average number of measured interactions of all tested predatory behaviours of Italian wall lizards (Podarcis
siculus) towards aposematically or cryptically coloured common rough woodlice (Porcellio scaber).

followed a longer time interval (four or more days between experiments) (Fig.
2). For aposematic prey, this relationship was not as apparent. Due to an in-
jury to one female, two of her last trials (24.11. and 30.11.) were not included
in the behavioural display.

Differences in lizard behaviour

Two hundred of tests for both males and females (two individuals of each sex,
10 experiments of 10 tests) presented to both types of prey simultaneously
were compared. Normality of the data was not confirmed by graphical display,
which is not a major obstacle in ANOVA. The analysis of variance is robust to a
small failure to meet this assumption, especially if the samples have a size of at
least 20, which samples met with exception of data about prey manipulations.

There were statistically significant differences between predator sexes
in consummation (ANOVA, F = 15.72, p < 0.001) but no differences between
aposematic and cryptic prey. Significant differences in behaviour are only with-
in predator sex (Fig. 3). Females consumed more prey, both cryptic (significant-
ly) and aposematic (unsignificantly).

The manipulation was relatively rare category thus frequency was tested
by the Kruskal-Wallis test, nevertheless, there were no differences between
males and females manipulating prey, as well as between aposematic and
cryptic prey manipulated (p > 0.05).

On the other hand, observation of prey differs significantly between male and
female lizards (ANOVA, F = 5.65, p = 0.020), when females were more interest-
ed in observing potential prey as well as between cryptic and aposematic prey
(F=7.10,p = 0.009), when aposematic prey was more focused. Males observed
less cryptic prey than aposematic prey (Fig. 4, p = 0.047). Furthermore, there
was also a significant difference between females more observed aposematic
prey than males observed cryptically coloured prey (p = 0.004).
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Figure 3. Visualisation Tukey’s post hoc tests of consummation of painted common rough woodlice (Porcellio scaber) by
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Figure 4. Visualisation Tukey’s post hoc tests of observation of painted common rough woodlice (Porcellio scaber) by
males and females of Italian wall lizard (Podarcis siculus). The mean difference between means of both categories with
95% Cl and p-values are presented. Treatment of prey: A — aposematic, C — cryptic.

Discussion

We tested the effect of prey colouration on predator behaviour by using choice
tests in which lizards were presented with yellow painted woodlice to deter-
mine whether it would have an aposematic function.

Already during the interaction with the unpainted prey, it was evident that the
predators found the isopods unpalatable; the lizards spat out the prey and chewed
it for a long time. This behaviour was also observed in the anole (Anolis caro-
linensis) after consuming the bugs Neacoryphus bicrucis and Lopidea instabilis
(McLain 1984). Woodlice are themselves disgusting, as they produce ammonia,
which they excrete from the body via vapours (Sutton 1972) and also a smelly
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sticky secretion from repugnatory glands. Many animals that exhibit aposematic
signals also aid in deterring predators with chemical compounds such as alkaloids
(Holloway et al. 1991) or cardenolides (Reichstein et al. 1968). When presented
with unpainted prey at the beginning of an experiment, predators consumed more
of it than at the end of the experiment. This could have been due to being hungry
or curious at the beginning, they certainly did not show the neophobia typical of
avian predators (Vesely et al. 2024). In contrast, by the end of the experiment,
they had experienced large amounts of presented isopods as distateful prey, and
although their foraging motivation (tested on mealworms) was often proven, they
were mostly no longer willing to consume the isopods. In experiments with reptil-
ian predators, they orient themselves not only by sight but also by smell, so they
may perceive different aposematic signals than birds (Reznick et al. 1981; Hase-
gawa and Taniguchi 1994; Bonacci et al. 2008; Lee et al. 2018).

For all lizard individuals, the most common behavioural type was observation,
with aposematically coloured and also cryptically coloured prey. Less frequently,
manipulation or direct consummation of isopod occurred. Prey must move to
get their attention, hence the high number of sightings (Sexton 1964). During ac-
tual consumption, the odour of the prey plays a large role. Prey odour may be one
of the components of aposematic signals in some species (Tseng et al. 2014).

Throughout the experiment, there was no increase in food motivation with
the intensity we expected. McLain (1984) conducted experiments with anoles
(Anolis carolinensis) that he starved for three days before each subexperiment
to induce increased appetite. In this condition, the lizards could disregard the
odour of prey and attend more to its colouration. Although the rate of interac-
tion with prey increased slightly over the course of the experiments, we did
not observe any major changes in their behaviour. On average, males showed
less interest in prey than females, which may be due to the different metabolic
energy requirements of males and females. Namely, the size of females during
the breeding season may affect the number of clutches per year (Galan 1997).

One female lizard had a hind limb injury, so she missed two partial trials
(31.10. and 2.11.). At that time the female was fed mealworms to give her
enough energy to recover. In subsequent trials she showed a marked increase
in interest in the presented isopods, which was probably due to the increased
energy required for full recovery.

In experiments with Taiwan japalure (Diploderma swinhonis), researchers
found that there was a difference in prey generalization between males and fe-
males (Ko et al. 2020). The individuals used in the experiments were from the
wild. As part of the experiments, they were presented with crickets that were dyed
red and green, and were infused with chemicals that ensured that the prey was
unpalatable. They were also presented with control prey (black). The females
were more cautious after exposure to the toxic prey, and avoided the control
group of crickets as well. Males, on the other hand, took more risks and tried the
prey even assuming that it might be unpalatable. The researchers explain these
differences in behaviour between males and females by the fact that males liv-
ing in the wild have to defend their territory, which is energetically demanding
for them; they are also restricted to hunting only in their territory, so they have
to take more risks when choosing food because of limited resources. Females
may move across territories of different males, so may be more conservative in
their food choices (Ko et al. 2020). In contrast, we observed greater activity by fe-
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males within as well as outside of sub-trials. Females observed and consumed
presented prey to a greater extent than males. The feeding motivation of our
female lizards seemed to be more influenced by their young age. These young
males had yet to defend any territory. Although the difference in the observation
of cryptic and aposematic prey was significant, it was significant only for males.

The predator’s size influences feeding behaviour too. Exnerova et al. (2003)
found in experiments with Pyrhocoris apterus bugs that smaller insectivorous
birds (Parus major, Cyanistes caeruleus, Erithacus rubecula, Sylvia atricapilla)
discriminate well between aposematically and cryptically coloured prey, in con-
trast to larger (Turdus merula) or granivorous birds (Fringilla coelebs, Chloris
chloris, Emberiza citrinella). The smaller birds showed nausea when consuming
large quantities of unpalatable prey. Perhaps even lizards, after reaching a larg-
er size, will stop being picky and will consume or even discriminate more readily.

In conclusion, the results show that there are differences in prey consump-
tion between the sexes of lizards. Differences were also found in prey observa-
tion both between sexes and between prey colour.

In future experiments on this topic, it would be useful to conduct more exper-
iments with different sized lizards. It would also be useful to combine painted
prey and preferred prey, such as cockroach nymphs, in selection tests. It would
be appropriate to use a different type of prey colouring, such as mixtures of
tapioca starch and food colouring, which are free of distinctive taste and odour
(Ko et al. 2020).
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