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16ICM was the first myriapodological congress to be held in the Czech Republic. 
The 84 participants and 18 accompanying persons came from 24 countries on five 
continents, making the 16th Congress a truly international and global meeting of 
myriapod specialists (Figs 1, 2).

The organisers of the 16ICM are very grateful to the Palacký University, Olo-
mouc, which provided us a pleasant area for all scientific as well as social parts of the 
Congress. We also thank the Biology Centre CAS and partial support from several 
unnamed colleagues who allowed the participation of young students at this Congress.

Many thanks to Lyubomir Penev and the friendly staff at Pensoft Publishers for 
making the 16ICM papers freely available to a global online audience.
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Abstract
The centipede collection in the National Museum in Prague contains type material of 16 taxa (14 spe-
cies and two subspecies), of which 15 were described by Luděk J. Dobroruka and one by Karl W. Ver-
hoeff: Allothereua wilsonae Dobroruka, 1979; Chinobius alenae Dobroruka, 1980; Lithobius corrigendus 
Dobroruka, 1988; L. creticus Dobroruka, 1977; L. erythrocephalus mohelensis Dobroruka, 1959; L. evae 
Dobroruka, 1958; L. magurensis Dobroruka, 1971; L. purkynei Dobroruka, 1957; L. tatricus Dobroruka, 
1958; L. tatricus monounguis Dobroruka, 1958; Monotarsobius homolaci Dobroruka, 1971; M. krali Do-
broruka, 1979; Pachymerium dilottiae Dobroruka, 1976; P. hanzaki Dobroruka, 1976; Scolopendra az-
tecorum Verhoeff, 1934 and Strigamia olympica Dobroruka, 1977. Of these 16 taxa, five were described 
from the Czech Republic, three from Slovakia and eight from other countries (Greece, Iraq, Kyrgyzstan, 
Mexico, Nepal, Russia and Uzbekistan). The eight taxa described from the Czech and Slovak Republics 
are now considered as junior synonyms but the eight taxa described from the other countries are still valid.

Keywords
Zoological collection, Luděk Jindřich Dobroruka, Allothereua, Lithobius, Pachymerium, Scolopendra, Strigamia
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Introduction

The most important part of the zoological collection of National Museum in Prague 
(NMP) is the type material. Up to now, catalogues of the type material of spiders 
(Růžička et al. 2005), vertebrates (Mlíkovský et al. 2011) and horsehair worms 
(Dolejš 2012) were published. The process of cataloguing the zoological type mate-
rial is ongoing with this catalogue of centipede type material. There are no types of 
other myriapod classes despite 19 millipede and two symphylan taxa were described 
from the territory of the Czech Republic (Bezděk 2011). The centipede type material 
was deposited to the NMP in three distinct periods: 1930–1936 (material collected 
during expeditions organized by the NMP and people who were collaborating with 
the NMP), 1975–1978 (material collected by various collectors and provided to L. 
J. Dobroruka) and 2012–2014 (material found in Dobroruka’s personal collection). 
Majority of the material was collected by Czechs and the new taxa originated from 
these collections were described by L. J. Dobroruka and K. W. Verhoeff. The lat-
ter author described new Scolopendra species based on material collected by Czech 
acarologist Prof. Jaroslav Štorkán (20 April 1890 – 1 June 1942) who was collecting 
for the NMP in 1920s and 1930s. Thus, it is not surprising that a part of material 
collected by him came back to the NMP.

The collection of centipedes (containing ca. 1500 specimens representing ca. 150 
species and subspecies from about 40 countries) is perfectly organized and catalogued 
thanks to RNDr. Ing. Luděk Jindřich Dobroruka (20 October 1933 – 4 July 2004) 
who worked in the NMP as a curator of Invertebrates in 1956 and continued with 
his work on centipedes in the NMP also in 1970s. His work resulted in publishing of 
catalogues of non-type Bulgarian (Dobroruka 1977a), Greek (Dobroruka 1977b) and 
Brazilian (Dobroruka 1979a) centipedes deposited there. Despite collaborating with 
the NMP, some types described by him remained in his personal collection and a part 
of them were deposited to the NMP after the work of Tuf et al. (2008). Unfortunately, 
the destination of several Dobroruka’s types is still unknown. More information about 
L. J. Dobroruka can be found in Felix (2004a, b), Hanák (2004), Kellnerová (2004), 
Růžička (2005), Tuf (2005) and Bartoš (2006).

Methods

All the specimens are preserved in 80% ethanol. Nomenclatural issues follow the In-
ternational Code of Zoological Nomenclature (ICZN 1999, 2012). Orig. = original 
combination (as proposed in the original publication), the first page with descriptions 
including figures and sex of the illustrated animal. Now = current status of the taxon. 
For grid squares of Czech and Slovak localities, see Buchar (1982) and Pruner and 
Míka (1996). Condition of the type material is provided as follows: excellent – good 
– reasonable – poor.
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Results

Order: Scutigeromorpha
Family: Scutigeridae

Allothereua wilsonae Dobroruka, 1979

Orig. Allothereua wilsonae Dobroruka, 1979b: 101, figs 1–5 (♀).
Now. Allothereua wilsonae Dobroruka, 1979. The status of this species has never 

been revised since its original description.
Holotype. NMP P6E-1761, ♀ in poor condition (in two pieces, legs detached), 

collected by Jane M. Wilson on 14 October 1971 in one of the tents of the camp, near 
Mahendra Cave, Pokhara Valley, Nepal; 28°14.00'N, 83°59.00'E.

Order: Scolopendromorpha
Family: Scolopendridae

Scolopendra aztecorum Verhoeff, 1934

Orig. Scolopendra aztecorum Verhoeff, 1934: 49.
Now. Scolopendra aztecorum Verhoeff, 1934. Valid species according to Cupul-

Magaña (2013).
Syntype. NMP P6E-1303, one adult specimen in good condition, collected by 

Jaroslav Štorkán in 1930 under decaying cactuses, La Paz, Baja California Sur Region, 
Mexico; 24°8.28'N, 110°18.58'W.

Note. Other syntypes are deposited in the Zoologisches Museum der Humboldt-
Universität, Berlin, Germany under number ZMB 13378 (Moritz and Fischer 1979); 
in the Bavarian State collection, Munich, Germany under numbers ZSM/Myr-
20051044 and ZSM/Myr-20051045 (SysTax 2015); and in the Naturalis Biodiversity 
Center, Leiden, the Netherlands under number RMNH.CHIL.154 (C. A. Martínez-
Muñoz in litt.). Both Shelley (2006) and Cupul-Magaña (2013) erroneously regarded 
the specimen from Berlin as a holotype despite Verhoeff (1934) did not designate any 
type specimen and despite Moritz and Fischer (1979) referred to it as “Syntypus”.

Order: Geophilomorpha
Family: Geophilidae

Pachymerium dilottiae Dobroruka, 1976

Orig. Pachymerium dilottiae Dobroruka, 1976: 259, figs 1A–D (♂♀).
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Now. Pachymerium dilottiae Dobroruka, 1976. The status of this species has never 
been revised since its original description.

Holotype. NMP P6E-1326, ♀ in reasonable condition (in two pieces, head 
mounted separately on a permanent slide), collected by Vlasta Kálalová-di Lotti in 
1929 in Baghdad, Iraq; 33°20.43'N, 44°24.05'E.

Paratypes. NMP P6E-1327, 1♂ in good condition and 1♂ in reasonable condi-
tion (missing the caudal part of the body), same data as holotype.

Pachymerium hanzaki Dobroruka, 1976

Orig. Pachymerium hanzaki Dobroruka, 1976: 260, figs 2A–E (♂).
Now. Pachymerium hanzaki Dobroruka, 1976. The status of this species has never 

been revised since its original description.
Holotype. NMP P6E-1328, ♂ in reasonable condition (head mounted separately 

on a permanent slide), collected by Vlasta Kálalová-di Lotti in 1929 in Baghdad, Iraq; 
33°20.43'N, 44°24.05'E.

Family: Linotaeniidae

Strigamia olympica Dobroruka, 1977

Orig. Strigamia (Strigamia) olympica Dobroruka, 1977b: 163, figs 5–8 (♀).
Now. Strigamia olympica Dobroruka, 1977. Valid species according to Bonato et 

al. (2012).
Holotype. NMP P6E-1352, ♀ in reasonable condition, collected by Karel Tábor-

ský on 5 June 1935 in Óros Ólympos Mt., Greece; 40°3.72'N, 22°20.70'E.

Order: Lithobiomorpha
Family: Lithobiidae

Lithobius (Chinobius) alenae (Dobroruka, 1980)

Orig. Chinobius alenae Dobroruka, 1980: 92, figs 1–6 (♀).
Now. Lithobius (Chinobius) alenae (Dobroruka, 1980). The status of this species 

has never been revised since its original description.
Holotype. NMP P6E-3912, ♀ in reasonable condition, collected by Alena 

Čepická on 5 July 1977 under bark of fallen trees in Voronezhskove, 30 km NE from 
Khabarovsk, Khabarovskiy Kray, Russia; 48°41.67'N, 135°13.20'E.

Paratype. NMP P6E-3913, ♀ in good condition, same data as holotype.
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Lithobius (Lithobius) corrigendus Dobroruka, 1988

Orig. Lithobius corrgendus (sic!) Dobroruka, 1988: 6 (nomen novum for Lithobius par-
vus Folkmanová, 1946).

Now. Junior synonym of Lithobius (Lithobius) lucifugus L. Koch, 1862 (Tuf et al. 2008).
Neotype. NMP P6E-3901, ♂ in reasonable condition, collected by Luděk J. Do-

broruka on 12 August 1997 on the left bank of the Dyje river by Devět mlýnů, Podyjí 
National Park, Znojmo District, Jihomoravský Region, Czech Republic; 48°49.08'N, 
15°58.38'E (7161d); designated by Tuf et al. (2008).

Note. Another (non-type) female specimen in excellent condition (NMP P6E-
3902) determined by Dobroruka as L. corrigendus was revised as Lithobius (Lithobius) 
latro Meinert, 1872 by Jolanta Wytwer, Ivan H. Tuf and Karel Tajovský in 2006.

Lithobius (Lithobius) creticus Dobroruka, 1977

Orig. Lithobius creticus Dobroruka, 1977b: 161, figs 1–4 (♀).
Now. Lithobius (Lithobius) creticus Dobroruka, 1977. Valid species according to 

Zapparoli (2002).
Holotype. NMP P6E-1350, ♀ in good condition, collected by Josef Mařan and 

Otakar Štěpánek in 1937 in Óros Ídi Mt., Crete, Greece; 35°14.04'N, 24°46.84'E.
Paratype. NMP P6E-1351, ♂ in good condition, same data as holotype.

Lithobius (Lithobius) erythrocephalus mohelensis Dobroruka, 1959

Orig. Lithobius erythrocephalus mohelensis Dobroruka, 1959: 105, figs 3 (♂), 4 (♀).
Now. Lithobius (Lithobius) erythrocephalus C. L. Koch, 1847 (Tuf et al. 2008).
Syntypes. NMP P6E-3078, 2♂♂ and 1♀ in poor condition (legs detached), col-

lected by Luděk J. Dobroruka in April and June 1955 in Serpentine Steppe of Mohelno, 
Třebíč District, Vysočina Region, Czech Republic; 49°6.47'N, 16°11.25'E (6863c).

Lithobius (Lithobius) evae Dobroruka, 1958

Orig. Lithobius (Lithobius) evae Dobroruka, 1958b: 26, figs 1 (♂), 2 (♀).
Now. Junior synonym of Lithobius (Lithobius) tenebrosus Meinert, 1872 (Tuf et al. 2008).
Type material. NMP P6E-3079, 2♂♂ and 4♀♀ in poor condition (legs detached), 

collected by Eva M. Homoláčová and Miloš E. Homoláč on 14 September 1956 among 
fallen beech leaves in Bukovec Hill near Jizerka, Jizerské hory Mts., Jablonec nad Nisou 
District, Liberec Region, Czech Republic; 50°48.86'N, 15°21.47'E (5158c).

Note. Male holotype and three female paratypes were not labelled and thus indis-
tinguishable among the type material mentioned.



Petr Dolejš  /  ZooKeys 510: 5–14 (2015)10

Lithobius (Monotarsobius) homolaci Dobroruka, 1971

Orig. Monotarsobius homolaci Dobroruka, 1971: 262, fig. 2 (♂).
Now. junior synonym of Lithobius (Sigibius) burzenlandicus Verhoeff, 1931 (Tuf 

et al. 2008).
Holotype. NMP P6E-1454, ♂ in good condition, collected (sifted from beech leaf 

litter) by Miloš E. Homoláč in September 1959 in Spišská Magura Mts., Kežmarok 
District, Prešov Region, Slovakia; 49°17.04'N, 20°22.38'E (6788a).

Paratype. NMP P6E-1455, ♀ in reasonable condition, same data as holotype.

Lithobius (Monotarsobius) krali (Dobroruka, 1979)

Orig. Monotarsobius krali Dobroruka, 1979c: 161, figs 1–3 (♂♀), 4 (♀).
Now. Lithobius (Monotarsobius) krali (Dobroruka, 1979). Valid species according 

to Dányi and Tuf (2012).
Holotype. NMP P6E-1762, ♂ in good condition, collected by Josef Král on 8 

July 1976 in Ala Archa, Chüy Region, Kyrgyzstan; 42°38.70'N, 74°28.73'E.
Paratype. NMP P6E-1763, ♀ in reasonable condition, collected by Josef Král 

on 3 July 1976 in Gora Chimgan Mt., Toshkent Region, Uzbekistan; 41°40.45'N, 
69°42.90'E.

Lithobius (Lithobius) magurensis Dobroruka, 1971

Orig. Lithobius magurensis Dobroruka, 1971: 261, fig. 1 (♂).
Now. Junior synonym of Lithobius (Lithobius) muticus C. L. Koch, 1847 (Tuf et 

al. 2008).
Holotype. NMP P6E-1452, ♂ in excellent condition, collected by Miloš E. 

Homoláč in September 1959 in Spišská Magura Mts., Kežmarok District, Prešov Re-
gion, Slovakia; 49°17.04'N, 20°22.38'E (6788a).

Paratype. NMP P6E-1453, ♀ in good condition, same data as holotype.

Lithobius (Lithobius) purkynei Dobroruka, 1957

Orig. Lithobius (Lithobius) purkyněi Dobroruka, 1957: 174, figs 1A–B (♀).
Now. Junior synonym of Lithobius (Lithobius) macilentus L. Koch, 1862 (Tuf et 

al. 2008).
Type material. NMP P6E-3080, 5♀♀ in poor condition (legs detached), collected 

by Luděk J. Dobroruka on 17 and 22 June 1956 in Boreč, Litoměřice District, Ústí nad 
Labem Region, Czech Republic; 50°30.85'N, 13°59.31'E (5449d).
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Note. Female holotype and four female paratypes were not labelled and thus 
indistinguishable among the type material mentioned. Other (non-type) male and 
female specimens (NMP P6E-1290) determined by Dobroruka as L. purkynei were 
mentioned in Dobroruka (1977c).

Lithobius (Lithobius) tatricus Dobroruka, 1958

Orig. Lithobius (Archilithobius) tatricus Dobroruka, 1958a: 115, figs 1-2 (♂♀), 3 (♀).
Now. Junior synonym of Lithobius (Lithobius) mutabilis L. Koch, 1862 (Tuf et 

al. 2008).
Type material. NMP P6E-3081, three specimens in a poor condition (legs de-

tached), collected by Luděk J. Dobroruka on 26 June 1955 from sieved material and 
under bark of fallen trees in Bielovodská dolina Valley, Belanske Tatry Mts., Poprad 
District, Prešov Region, Slovakia; 49°13.31'N, 20°6.14'E (6786d).

Note. Male holotype, three male and one female paratypes were not labelled and 
thus indistinguishable among the type material mentioned. Other (non-type) male and 
female specimens (NMP P6E-1376, P6E-1380, P6E-1427, P6E-1439 and P6E-3082) 
determined by Dobroruka as L. tatricus were mentioned in Dobroruka (1977c, 1998).

Lithobius (Lithobius) tatricus monounguis Dobroruka, 1958

Orig. Lithobius (Archilithobius) tatricus monounguis Dobroruka, 1958b: 27.
Now. Junior synonym of Lithobius (Lithobius) latro Meinert, 1872 (Tuf et al. 2008).
Holotype. NMP P6E-3082, ♂ in poor condition (legs detached), collected by Eva 

M. Homoláčová and Miloš E. Homoláč on 14 September 1956 under moist beech 
leaves in Bukovec Hill near Jizerka, Jizerské hory Mts., Jablonec nad Nisou District, 
Liberec Region, Czech Republic; 50°48.86'N, 15°21.47'E (5158c).

Conclusions

The zoological collection of the National Museum in Prague hosts (among others) 
type material of 16 centipede taxa. Both sctutigeromophs (Scutigeridae) and scolo-
pendromorphs (Scolopendridae) are represented by one species, geophilomorphs 
(Geophilidae and Linotaenidae) by three species and lithobiomorphs (Lithobiidae) by 
11 species and subspecies. Five species from the first three orders (Allothereua wilsonae, 
Scolopendra aztecorum, Pachymerium dilottiae, P. hanzaki and Strigamia olympica) and 
three species from Lithobiomorpha (Lithobius alenae, L. creticus and L. krali) are cur-
rently valid. The eight remaining lithobiomorph species and subspecies (Lithobius cor-
rigendus, L. erythrocephalus mohelensis, L. evae, L. homolaci, L. magurensis, L. purkynei, 
L. tatricus and L. tatricus monounguis) are now considered as junior synonyms.
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Abstract
As part of the German Barcode of Life (GBOL) Myriapoda program, which aims to sequence the COI bar-
coding fragment for 2000 specimens of Germany’s 200 myriapod species in the near future, 44 sequences 
of the centipede order Geophilomorpha are analyzed. The analyses are limited to the genera Geophilus 
Leach, 1814 and Stenotaenia Koch, 1847 and include a total of six species. A special focus is Stenotaenia, 
of which 19 specimens from southern, western and eastern Germany could be successfully sequenced. The 
Stenotaenia data shows the presence of three to four vastly different (13.7–16.7% p-distance) lineages of 
the genus in Germany. At least two of the three lineages show a wide distribution across Germany, only 
the lineage including topotypes of S. linearis shows a more restricted distribution in southern Germany. In 
a maximum likelihood phylogenetic analysis the Italian species S. ‘sorrentina’ (Attems, 1903) groups with 
the different German S. linearis clades. The strongly different Stenotaenia linearis lineages within Germany, 
independent of geography, are a strong hint for the presence of additional, cryptic Stenotaenia species in 
Germany.
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Introduction

The German Barcode of Life – Myriapoda project aims to sequence part of the mito-
chondrial cytochrome c oxidase subunit I gene known as the barcode fragment for all 
approximately 200 Myriapoda species in Germany (Voigtländer et al. 2011). Intro-
duced species, mainly from greenhouses (Decker et al. 2014), will also be included. 
Myriapod barcoding is still in its infancy. While some studies incorporate COI data, 
this is mostly done on the species-level (e.g. Oeyen et al. 2014), and occasionally in 
genus-level studies (e.g. Stoev et al. 2010, Wesener et al. 2014). In Germany, a study 
of Bavarian myriapods (Spelda et al. 2011) pioneered research in this field.

Here, we show the preliminary results of one of the largest barcoding datasets com-
piled for centipedes of the order Geophilomorpha, with a special focus on the recently 
revised Stenotaenia Koch, 1847 (Bonato and Minelli 2008). Stenotaenia is distributed 
in Europe and the adjacent Mediterranean area and now includes 15 valid species. 
Stenotaenia linearis (Koch, 1835) is the type species of the genus, and the only species 
recorded from Germany (Voigtländer et al. 2011). After the resurrection of the genus 
in 2008, some redescriptions were undertaken (Dányi 2010), and the species S. linearis 
was recorded from Belgium for the first time (Lock 2009).

The taxonomic situation of the type species of Stenotaenia, S. linearis, is slightly 
confused, as the original Koch type specimens from Regensburg, Germany are ap-
parently lost (Bonato and Minelli 2008). Seven species are currently synonymized 
under the name S. linearis (Bonato & Minelli, 2014). Another four valid species, S. 
asiaeminoris (Verhoeff, 1898), S. giljarovi (Folkmanova, 1956), S. naxia (Verhoeff, 
1901), and S. palaestina (Verhoeff, 1925), spanning the entire geographical range of 
the genus, are difficult to distinguish from S. linearis (see Bonato and Minelli 2008). 
A correct definition of S. linearis is therefore a crucial necessity for any further taxo-
nomic work in the genus.

Molecularly, little was done in Stenotaenia. One specimen of S. linearis was used 
for the Fauna Bavarica project (Spelda et al. 2011). Of other Stenotaenia species, 
only one sequence of Stenotaenia ‘sorrentina’ (Attems, 1903), a putative synonym 
(ICZN 2014) of Geophilus forficularius Fanzago, 1881, which was part of a recent 
phylogenetic study (Bonato et al. 2014) can be found. The discovery of unusually 
large genetic distances between different clades in German S. linearis, not found in 
any other German Geophilomorpha, and potentially independent of biogeography, 
prompted us to focus our attention on this species. In this study, the genetic distances 
in between German Stenotaenia linearis specimens are geographically analyzed and 
interpreted.
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Material and methods

Specimen collection and preparation

Specimens were determined and collected by the authors of the study by hand, and 
either directly or after a few days transferred to vials containing 95% undenatured 
ethanol. The vials contain an individual GBOL number with which the specimens 
can be connected to the accompanying data. After conservation the specimens were 
either sent to the GBOL facility at the Museum Koenig, Bonn, Germany (ZFMK) or 
to the corresponding laboratory at the Bavarian State collection of Zoology, Munich, 
Germany (ZSM). Upon arrival, all specimens were photographed (images will be up-
loaded to BOLD, http://www.boldsystems.org/), and a tissue sample was removed for 
DNA extraction. All specimens will later be stored as vouchers in 95% undenatured 
ethanol, either at the ZFMK, the SMNG (Senckenberg Museum für Naturkunde, 
Görlitz) or the ZSM (see Table 1). For this specific GBOL subproject, DNA extrac-
tion was attempted for more than 35 specimens of Geophilus and 24 Stenotaenia, all 
specimens from Germany.

DNA extraction and sequencing

At the ZFMK, DNA was extracted from the tissue samples using the BioSprint96 
magnetic bead extractor by Qiagen (Germany). After the extraction, samples were out-
sourced for PCR and sequencing (BGI China). For PCR and sequencing, HCO/LCO 
primer pairs (Folmer et al. 1994) were utilized. Because of a low PCR and sequencing 
success (<50%) for the Myriapoda, the degenerated primer pair HCOJJ/LCOJJ (Astrin 
and Stüben 2008) was used for further sequencing attempts, resulting in a much higher 
success rate (>75%). At the ZSM, a tissue sample was removed from each specimen and 
transferred into 96 well plates for subsequent DNA extraction at the Canadian Center 
for DNA Barcoding (CCDB) where they were processed using standard barcoding pro-
tocols. All protocols for DNA extraction, PCR amplifications and Sanger Sequencing 
procedures are available online under: http://www.dnabarcoding.ca/pa/ge/research/pro-
tocols.for DNA. DNA was extracted from the whole voucher at the CCDB. All sam-
ples were PCR amplified with modified Folmer primers CLepFolF, and the same prim-
ers were employed for subsequent Sanger sequencing. All voucher information and the 
DNA barcode sequences, primer pairs and trace files were uploaded to BOLD (http://
www.boldsystems.org).

However, for more than five S. linearis and more than 10 Geophilus specimens 
no sequences could be obtained. Sequences were obtained for 19 Stenotaenia and 25 
Geophilus specimens. Sequence identities were confirmed with BLAST searches (Alts-
chul et al. 1997). All 44 new sequences were deposited in GenBank (see Table 1 for 
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accession numbers). The only available COI sequence of Stenotaenia (KF569300.1), 
labelled as S. sorrentina, was added to the dataset. In order to rule-out the accidental 
amplification of nuclear copies of the mitochondrial COI gene, the whole dataset was 
translated into amino acids following the ‘invertebrate’ code in MEGA6 (Tamura et 
al. 2013); internal stop codons were absent in our dataset. There were a total of 658 
positions in the final dataset, gaps were absent.

Phylogenetic analysis

Sequences were aligned by hand in Bioedit (Hall 1999). The final dataset included 
45 nucleotide sequences with 658 positions (44 newly sequenced and the one of 
S. ‘sorrentina’ from GenBank). Phylogenetic analyses were conducted in MEGA6 
(Tamura et al. 2013). A Modeltest, as implemented in MEGA6 (Tamura et al. 
2013), was performed to find the best fitting maximum likelihood substitution 
model. Models with the lowest BIC scores (Bayesian Information Criterion) are 
considered to describe the best substitution pattern. Codon positions included were 
1st+2nd+3rd+Noncoding. Modeltest selected the Tamura-Nei model (Tamura and 
Nei 1993) with gamma distribution and invariant sites as best fitting model (lnL 
-4245.19958, Invariant 0.55674, Gamma 1.176355, R 3.46, Freq A: 0.288843, T: 
0.282885, C: 0.262778, G: 0.16546).

The evolutionary history was inferred by using the maximum likelihood method 
based on the selected Tamura-Nei model (Tamura and Nei 1993). The tree with the 
highest log likelihood (-4247.0145) is shown (Nei and Kumar 2000). The percentage 
of trees in which the associated taxa clustered together is shown next to the branches. 
Initial tree(s) for the heuristic search were obtained automatically by applying Neigh-
bor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the 
Maximum Composite Likelihood (MCL) approach, and then selecting the topology 
with superior log likelihood value. A discrete Gamma distribution was used to model 
evolutionary rate differences among sites (5 categories (+G, parameter = 1.1347)). 
The rate variation model allowed for some sites to be evolutionarily invariable ([+I], 
55.5093% sites). The tree is drawn to scale, with branch lengths measured in the 
number of substitutions per site.

Distance analysis

The number of pairwise base differences per site were calculated in MEGA6 (Tamura 
et al. 2013). Codon positions included were 1st+2nd+3rd+Noncoding. In the distance 
analysis, all positions containing ‘N’s were removed for each sequenced pair. There 
were a total of 658 positions in the final dataset. To further evaluate the divergence 
within the genera Geophilus and Stenotaenia, the frequency distribution of the pairwise 
intra- and inter-specific distances were analysed.
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Results

Phylogenetic analysis

Geophilus is not clearly separated from Stenotaenia in our analysis (Fig. 1). The basal-
most node of the tree supports three monophyletic groups: G. flavus (de Geer, 1778), 
a species formerly separated in a different genus, Necrophloeophagus Newport, 1842, 
all other Geophilus, and Stenotaenia. However, the other Geophilus receive little statisti-
cal support (34%). The monophyly of the individual Geophilus species, as well as the 
Stenotaenia lineages L1–L3, all receive 100% bootstrap support (Fig. 1).

All 13 specimens of G. flavus show little genetic distance (0 –2.4%) to one another. 
Within the group containing the remaining Geophilus species, G. ribauti Brölemann, 
1908, a species formerly treated as a member of the genus Brachygeophilus Brölemann, 
1908, is in a basal position to a weakly supported clade (64% statistical support) in-
cluding G. electricus (Linné, 1758), G. carpophagus Leach, 1814, and G. alpinus Mein-
ert, 1870. In this clade, G. electricus (100% statistical support) is opposed to the sister-
taxa G. carpophagus and G. alpinus (83% statistical support). Inside G. electricus, the 
one specimen from western Germany is opposed to the three from Saxony-Anhalt 
(Table 1 and Fig. 1). G. alpinus is the only analyzed Geophilus species with widely sepa-
rated intraspecific groups (Fig. 1). A basal trichotomy (Fig. 1) divides the five analyzed 
specimens into three groups that can not be separated geographically.

Within Stenotaenia, a basal trichotomy separates the specimens into (1) S. linearis 
L1, (2) S. ‘sorrentina’, and (3) the weakly supported (56% bootstrap support) S. lin-
earis L2 (including the topotypes) together with S. linearis L3 (Fig. 1). S. linearis L1 
includes three specimens, one from Bonn, another from Euskirchen, both in western 
Germany and one from Leipzig in eastern Germany. S. linearis L2 contains a single 
specimen from Dachau, one close to Ulm, as well as two topotypes from Regensburg, 
all in southern Germany, while the majority (12) of analyzed German S. linearis speci-
mens are recovered in S. linearis L3 (Fig. 1). The L3 group is divided into two clusters 
(L3a and b), one including seven specimens representing a single haplotype from seven 
different localities in western and eastern Germany, and the other one including five 
specimens also representing a single haplotype from four different localities (Esslingen, 
Hegnach, Badenweiler, and Stuttgart) in south-western Germany.

Distance analysis

The distance analysis shows a first cluster of intraspecific distances ranging from 0–2.8%, 
with a G. electricus outlier at 4.9% (Fig. 2), a second cluster at 9.4–10.2%, and a third 
cluster, which overlaps with the interspecific distances, at 13.7–16.7%. Interspecific 
distances inside German Geophilus and Stenotaenia are high, varying from 16.3–22.0%. 
The highest observed genetic distance is between Stenotaenia and Geophilus species 
(16.6–22.7%), while the Geophilus species differ from one another by 17.2–21.7%.
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Figure 1. Maximum likelihood tree, 1000 bootstrap replicates. L1–L3 = S. linearis lineages 1–3; NRW 
= North Rhine-Westphalia; Baden-W = Baden-Württemberg. S. ‘sorrentina’ comes from GenBank and 
might refer to S. forficularis. For exact locality data, see Table 1.
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Discussion

Distance analysis

Clear intraspecific distances in German Geophilomorpha range from 0–5% (Fig. 2). A 
potential barcoding gap, however, is filled by the relatively high intraspecific distances 
(Fig. 2) of G. alpinus and Stenotaenia L3 (9.4–10.2% range). The genetic distances 
(13.7–16.7%) between the different Stenotaenia lineages (L1, L2 & L3) fall partly in 
the interspecific range of variation of the German Geophilomorpha (Fig. 2). The large 
interspecific distances (16.6–22.7%) observed among German Geophilomorpha are 
an indication that all species can be easily separated using the COI barcode marker. 
The distance analysis is partly biased towards interspecific distances because only a few 
specimens per species were analyzed. To explain the high nucleotide variability, excluding 
cryptic species, the presence of the maternally inherited endosymbionts (Hurst et al. 
2005), as well as the origin of the lineages from different glacial refugia (Babik et al. 
2005) followed by a subsequent fusion to a single species, need to be checked.

Three lineages of Stenotaenia in Germany

The three German Stenotaenia lineages are only weakly geographically separated 
(Fig. 3). Stenotaenia L1 is represented in our dataset with one specimen from Bonn, 
one from Euskirchen, and a third specimen from Leipzig (Fig. 1), the first two locali-
ties are separated from the third by more than 400 km apart (Fig. 3). This clade can 
be described as the Stenotaenia specimen from central Germany. All three specimens 
show the same haplotype.

Figure 2. Frequency distribution of pairwise intraspecific (blue) and interspecific (red) distances. Blue 
circle = intraspecific distances of G. alpinus and among S. linearis L3; Red circle = interspecific distances 
and distances between S. linearis lineages. Basic table see Suppl. material 1.
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Figure 3. Map of S. linearis samples studied during GBOL (large dots), as well as other S. linearis records 
from Edaphobase, the ZSM and ZFMK collection (small dots, status 10.2014). Yellow = S. linearis L1; 
Blue = S. linearis L2; Green = S. linearis L3. (A) S. linearis in the field, photo: J. Spelda, specimen from 
Stuttgart-Hofen, Zuckerberg.
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Stenotaenia L2 represents topotypic material from Regensburg, a specimen from 
the Kiesental near Ulm, as well as a single specimen from Dachau in southern Ger-
many. All three localities are more than 100 km apart but only the specimen from 
Dachau differs by 1.4%. S. L2 differs significantly (13.7–16.7%) from other German 
Stenotaenia. This clade might be characterised as of southeastern German origin along 
the Danube river system.

Both clades of lineage 3, one from western and eastern Germany (L3a), the other 
from SW Germany (L3b) show identical haplotypes, but differ from one another by 
9.4% (Fig. 3). The intraspecific difference is similar to the differences observed in some 
Geophilus species (9.4–10.2% in G. alpinus), but significantly larger than the differ-
ences observed in the widespread G. flavus (0.2–2.4%), which often come from the 
exact same localities as the Stenotaenia specimens (Table 1).

Whether or not the apparent sympatric distribution of the three different lineages 
of Stenotaenia in Germany (Fig. 3) might have been influenced by human-induced 
introduction or dispersal is not known. Virtually all collection localities are close to hu-
man habitats, but differ strongly in their current direct exposure to human activities.

Potential analysis problems and what we can learn for future work

Such a large project faces a set of predictable technical problems, which can potentially 
cause wrong results.

Specimen collections: According to the main aim of the project (get approx. 10 
specimens from at least five localities for each species to capture the estimated German-
wide COI variation), the different collectors preferred localities where they could find 
many myriapod specimens easily – a potential collection bias. The amount of success-
fully sequenced S. linearis specimens as well as G. alpinus specimens and their different 
positions and deep splits within the maximum likelihood tree (Fig. 1) tell us that a 
larger amount of specimens from many more regions in Germany (Fig. 3) would be a 
desirable object for future taxonomic and/or biogeographical studies on these species. 
Bergsten et al. (2012) showed that up to 70 individuals are required to sample 95% of 
the intraspecific variation.

Specimen determination: As done by Bonato et al. (2014) for all Geophilomorpha 
species, a data matrix of additional morphological characters, presumably morphomet-
ric characters, should be created for the detection of usable characters for determining 
the possible cryptic S. linearis taxa. However, it is not feasible to have such morpho-
logical studies as part of a large barcoding project like GBOL.

Taxonomic implications

Our analysis shows the importance of COI barcode data in the detection of taxonomic 
problems inside the centipede order Geophilomorpha. However, it also illustrates that 
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barcode data alone does not clarify taxonomic problems. Only a thorough morpholog-
ical study of the Stenotaenia species, including the types, plus the addition of nuclear 
markers, may be able to solve the complex picture of this genus.

As a result of the voucher-based barcoding effort, all analyzed specimens, and even 
their DNA extracts, are available for loan and should be incorporated into any future 
study of Stenotaenia.
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Introduction

Stenotaenia Koch, 1847 is one of the largest and most widespread genera of geophilid 
centipedes occurring in the Western Palearctic. Species of Stenotaenia have been re-
corded mainly from the Italian region, through the Balkan peninsula and the Aegean 
islands, to Anatolia (Bonato and Minelli 2008). However, there are also sparse records 
reaching the British isles, to the west (Barber 2009), the Alborz mountains in Iran (R. 
Zarei, unpublished data), to the east, and the Atlas chain plus Crete, Cyprus and Israel, 
to the south (Chipman et al. 2013, Simaiakis et al. 2013).

Like in most other centipedes, taxonomic recognition and delimitation of species 
in Stenotaenia have so far been based on scanty morphological evidence. However, all 
Stenotaenia species are remarkably similar in body anatomy and several fine morphologi-
cal details, including most of the characters that are traditionally considered diagnostic at 
the species level in other geophilid genera (e.g., details of the labrum and the maxillary 
complex, shape and denticulation of the forcipules, arrangement of the sternal pore areas 
along the trunk, structure and shape of the legs of the ultimate pair and the associated 
metasternite, and arrangement of the coxal pores). On the contrary, Stenotaenia exhibits 
high variability in the number of trunk segments and adult body size, so that species-level 
current taxonomy is based almost exclusively on these two characters. Extreme morpholo-
gies are represented by S. romana (Silvestri, 1895), which is reported being less than 17 
mm long when fully grown, with some specimens having only 43 leg-bearing segments, 
and S. sturanyi (Attems, 1903), reaching 77 mm in length, with specimens having up to 
115 leg-bearing segments (Bonato and Minelli 2008). According to a recent critical reas-
sessment of all available morphological information, no more than fifteen species have 
been recognized in Stenotaenia and more than half of these should be considered valid 
only provisionally, because supporting evidence is inadequate (Bonato and Minelli 2008).

For a better understanding of Stenotaenia species-level taxonomy, we have ex-
plored the possibility of using molecular data. As a preliminary assay, we analyzed two 
genes in a sample of populations from a significant part of the geographic range of the 
genus. Our aim was to estimate how many species could be recognized on the basis of 
DNA sequences, especially in comparison with the taxonomic scheme currently in use. 
We adopted a DNA-barcoding approach, complemented by a phylogenetic analysis 
coupled with divergence time estimation.

Material and methods

Sampling and DNA extraction

The target of our study was the genus Stenotaenia according to the taxonomic concept 
and circumscription currently in use (Bonato and Minelli 2008).

Our sampling focused on the western part of the known range of the genus. This 
area is centred on the Italian region s.l., which extends from the Alps and Istria, through 
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the entire Italian peninsula, to the Italian islands (Fig. 1). So far, this area has been in-
vestigated much more intensively than the remaining range of the genus (Bonato and 
Minelli 2008) and it represents the only part of the range for which a consistent taxo-
nomic scheme for Stenotaenia has been developed. We sampled ten specimens from ten 
different populations within this area and two specimens from localities at the eastern 
borders of the known range of the genus, i.e. from Cyprus and from Iran (Table 1). Most 
of the specimens were obtained directly by recent sampling in the field, because most of 

Figure 1. Sampling localities of Stenotaenia in the Italian region. Greek letters refer to the species tentatively 
recognized after the analyses (see text).
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the material already available in collections has proved unsuitable for DNA extraction, 
amplification and sequencing; in fact, the DNA of materials stocked in ethanol 70% or in 
other solutions used for morphological studies (i.e., lactophenol) easily degrades.

After a preliminary species identification based on morphology (Table 1) follow-
ing Bonato and Minelli (2008), the specimens were fixed in absolute ethanol to pre-
serve DNA from degradation. Total genomic DNA was extracted from a dissected 
intermediate portion of the trunk of each specimen, using the DNeasy Blood and 
Tissue kit (Qiagen, Hilden, Germany).

DNA amplification and sequencing

We sequenced a portion of the cytochrome c oxidase subunit I (COI) using the primer 
pair LCOI490/HCO2198 (Folmer et al. 1994), which amplifies an approximate-
ly 700 bp long fragment, and a portion of 28S rRNA (28S) using the primer pair 
28SD1F/28SrD4b (Boyer and Giribet 2007, Edgecombe and Giribet 2006), which 
amplifies a 1050 bp long fragment. For COI amplification we employed the following 
PCR conditions: an initial denaturation step at 95 °C for 5 min, followed by a variable 
number of cycles (27–35) including denaturation at 94 °C for 1 min, annealing (rang-
ing from 40 to 47 °C) for 1 min and extension at 72 °C for 1.5 min, then a final step 
at 72 °C for 7 min. For 28S amplification we applied the same thermal cycling profile 
except for the annealing step, ranging from 42 to 50 °C for 1 min. Each PCR product 
was screened for the potential successful amplification by electrophoresis on 1% aga-
rose gel in 1X TAE and purified using MinElute PCR Purification Kit (Qiagen). Then 
it was directly sequenced on both strands with the same primer sets as used for ampli-
fication, using an ABI 3130 XL automatic capillary sequencer (Applied Biosystems, 
Branchburg, USA; service provided by BMR Genomics, Padova, Italy).

We obtained COI sequences for all 12 specimens of Stenotaenia (between 642 bp 
and 647 bp long) and 28S sequences from 11 Stenotaenia specimens (between 952 and 
1005 bp long) (Table 2).

Finch TV 1.4.0 (Geospiza, PerkinElmer) was used to check each chromatogram 
for nucleotide signal intensity and whole sequence signal strength. Sequences were 
edited manually to obtain a more accurate reading. For each specimen, forward and 
reverse sequences of the gene were aligned with default parameters with Clustal W2 
(Larkin et al. 2007) and combined in a single sequence. After that, datasets of COI and 
28S of Stenotaenia specimens were aligned with the same procedure.

Analyses of sequence variation

For delimiting species in our sample through a DNA-barcoding approach, we calculated 
the pairwise distances of the COI sequences between all 12 Stenotaenia specimens in two 
alternative ways, namely by K2P distances (which is a standard for DNA-barcoding; 
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Table 2. GenBank accession numbers, GC-skew and GC-content of the sequences of all specimens of 
Stenotaenia and the outgroup species included in the phylogenetic analysis.

Label Repository 
and code

GenBank accession number GC-skew GC-content (%)
COI 28S COI 28S COI 28S

Valdieri BM 3876 LN811344 LN810434 -0.189 0.051 40.0 61.0
Vernante BM 3830 LN811343 LN810433 -0.183 0.053 39.7 60.9

Barbarano BM 3570 LN811341 LN810431 -0.176 0.054 38.2 59.3
Volpago BM 767 LN811336 - -0.246 - 45.9 -
Giavera BM 1787 LN811339 LN810429 -0.136 0.044 38.6 61.5
Lovran BM 1816 LN811340 LN810430 -0.201 0.051 41.4 57.5

Isola Fossara BM 601 KF569300 KF569278 -0.237 0.047 43.0 59.3
Frasassi BM 1453 LN811337 LN810437 -0.244 0.054 42.5 59.8

Frosinone BM 3668 LN811342 LN810432 -0.244 0.058 41.4 61.1
Randazzo BM 4553 LN811346 LN810435 -0.206 0.056 40.6 61.5
Cyprus BM 1478 LN811338 LN810428 -0.188 0.069 46.8 61.8

Iran TE 4298 LN811345 LN810436 -0.218 0.040 43.9 62.1
Arctogeophilus glacialis - KF569291 KF569268 -0.254 0.049 46.9 55.7
Clinopodes carinthiacus - KF569292 KF569269 -0.156 0.068 41.1 61.0

Geophilus alpinus - KF569294 KF569271 -0.235 0.080 47.3 57.5
Geophilus electricus - AY288750 HM453296 -0.217 0.072 43.4 58.1

Geophilus flavus - KF569296 KF569273 -0.232 0.063 42.4 61.5
Tuoba sydneyensis - AY288751 HM453297 -0.205 0.055 39.3 59.7

e.g., Hebert et al. 2003, Ratnasingham and Hebert 2007, Chevasco et al. 2014) and 
p-distances (which is also used in arthropods; e.g., Montagna et al. 2013), treating gaps 
with partial deletion and estimating standard errors by 500 bootstrap pseudoreplicates. 
The software MEGA 6 (Tamura et al. 2013) was employed. We analyzed the frequency 
distribution of both kinds of pairwise distances in order to recognize the putative bar-
coding gap. This is the interval which is expected to separate within-species distances 
from between-species distances in the distribution of pairwise distances (Hebert et al. 
2003, Ratnasingham and Hebert 2007).

Phylogenetic analysis

For the phylogenetic analysis of the Stenotaenia sequences, we chose as outgroups six 
species of Geophilidae (Table 2) for which sequences of COI and 28S were already 
available. These species were selected as representative of the genera reputed to be the 
most strictly related to Stenotaenia according to previous phylogenetic analyses (Muri-
enne et al. 2010, Bonato et al. 2014) and, as far as possible, including the type species 
of these genera. Because compositional biases may interfere with the phylogenetic sig-
nal of the dataset (Rota-Stabelli and Telford 2008), we checked whether the outgroup 
sequences were ingroup-like in the GC-content and the GC-skew.
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The full set of ingroup and outgroup sequences were aligned using Clustal W2 
(with default parameters) and only the positions shared by all sequences were consid-
ered for the analyses. The single genes and the concatenated sequences were analyzed 
by a maximum likelihood (ML) approach with PHYML 3.1 (Guidon et al. 2010) and 
by a Bayesian approach using BEAST v1.7.2 (Drummond et al. 2012). We estimated 
the best-fitting replacement model according to the Akaike information criterion (Po-
sada and Buckley 2004) implemented in jModelTest v2.1.1 (Darriba et al. 2012). The 
ML analyses were bootstrapped using 100 pseudoreplicates. Newick output trees were 
visualized and manually rooted (assuming, as far as possible, the monophyly of the 
ingroup) with FigTree v1.4.0 (Rambaut 2009).

Molecular dating

To estimate divergence dates between Stenotaenia sequences, we used the Bayesian 
method implemented in BEAST v1.7.2 with XML input files prepared using BEAUti 
v1.7.2 (Drummond et al. 2012). Since no fossil record exists for any of the taxa rep-
resented in our dataset, we relied on both a root prior and a replacement rate derived 
from previous date estimates. As root prior we used an estimate of 200 million years 
(Ma), with a permissive SD=50, for the basal split in the phylogeny obtained, between 
the most basal outgroup and the remaining taxa, according to the dated phylogeny of 
Murienne et al. (2010). As replacement rate we assumed a value of 0.0016 substitu-
tions/site/Ma, with SD = 0.0010, which was previously estimated analyzing a 18S+28S 
dataset from a wide range of arthropods, including myriapods (Rota-Stabelli et al. 
2013). The choice of this rate was motivated by a lack of more taxon-specific rate for 
centipede 28S. We modelled the molecular replacement with the best-fitting model 
selected by the Akaike information criterion, and the rate distribution using a random 
clock model. All other priors were those of BEAST at default settings.

Results

Pattern of sequence diversity

Considering the pairwise distances of COI between the sampled specimens of Steno-
taenia (Table 3), the minimum distance (about 0.5% for both the K2P and the p-
distances) was recorded between two specimens from the Western Alps (Valdieri, Ver-
nante), which had been previously recognized as belonging to a single species based on 
morphology (Table 1). The maximum distance (27.4% for the K2P distances, 22.6% 
for the p-distances) was estimated between a specimen from Cyprus and a specimen 
from the Eastern Alps (Barbarano), previously recognized as belonging to distinct spe-
cies based on morphology (Table 1). Considering the frequency distributions of the 
pairwise distances of both models (Fig. 2), two major intervals of zero frequency might 
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be recognized: a lower one (0.5–6.5% for K2P, 0.5–6.2% for p-distances) and a higher 
one (10.4–16.1% for K2P, 9.5–14.4% for p-distances).

Assuming a barcoding gap corresponding to the lower observed gap, we would ob-
tain 11 species of Stenotaenia from our sample of 12 specimens, of which nine species 
in the Italian region (between Alps, Istria and Sicily), with only two specimens from 
the Western Alps resolved as conspecific. On the contrary, assuming a barcoding gap 
corresponding to the higher observed gap, we would obtain eight species of Stenotae-
nia, of which six in the Italian region.

Figure 2. Frequency distribution of COI pairwise distances. A K2P distances. B p-distances.



Laura Del Latte et al.  /  ZooKeys 510: 31–47 (2015)40

Phylogenetic relationships

After the alignment of ingroup and outgroup sequences, the average nucleotide com-
position of COI turned to be A = 0.289, C = 0.248, G = 0.163, T = 0.299, and that of 
28S resulted as A = 0.219, C = 0.283, G = 0.317, T = 0.181. A bias against G-C in the 
composition of COI has been observed in other Chilopoda as well (Spelda et al. 2011, 
Oeyen et al. 2014). The GC-contents (Table 2) of the sequences of the outgroups 
turned out being within the range of variation of Stenotaenia sequences (38.2–46.8% 
for COI, 57.5–62.1% for 28S), with minor exceptions for A. glacialis and G. alpinus 
(slightly higher for COI, slightly lower for 28S). Also the GC-skew values (Table 2) of 
most of the outgroup sequences turned out within the range of variation of the Steno-
taenia sequences (between -0.246 and -0.136 for COI, between 0.040 and 0.069 for 
28S), but with some exceptions (slightly lower for COI in A. glacialis, higher for 28S 
in G. alpinus and G. electricus).

For the ML phylogenetic analysis, the Generalized Time Reversible model with 
proportion of invariable sites and a Gamma distribution (GTR+I+G) with four dis-
crete categories was selected as the best-fit model for nucleotide substitution with the 
Akaike information criterion. We applied this model for the datasets of the COI se-
quences and the 28S sequences, when analyzed separately and when concatenated.

The ML tree, obtained from the concatenated sequences of the 11 Stenotaenia 
specimens from which we got workable sequences for both genes, is shown in Fig. 
3. Very similar topologies for the ingroup were found in the ML trees obtained 
from the single genes separately and in the Bayesian tree obtained from the concat-
enated sequences (trees not shown, but node supports shown on the ML tree, Fig. 
3). Three groups of Stenotaenia specimens were found to be strongly supported (at 
least when analyzing the two genes together) and corresponded to groups obtained 
by the DNA-barcoding analysis assuming the higher barcoding gap (10.4–16.1% 
for K2P, 9.5–14.4% for p-distances). These are: a group including three specimens 
between the Eastern Prealps and the northern part of the Italian peninsula (Bar-
barano, Frasassi, Isola Fossara), a second group with the two specimens from the 
southern part of the Italian peninsula and Sicily (Frosinone, Randazzo), and a last 
group with both specimens from the Western Alps (Vernante, Valdieri). In addi-
tion, we found strong support for a clade including the first group listed above and 
a specimen from Istria (Lovran), and for another clade including the other two 
groups already listed plus another specimen from the Eastern Prealps (Giavera) and 
a specimen from Iran.

However, the monophyly of the genus Stenotaenia, as currently circumscribed, 
was not recovered in our analyses: the specimen representative of the genus Tuoba was 
found nested within the clade encompassing all Stenotaenia specimens in both ML and 
Bayesian analyses, and also in the ML analysis of 28S, even though in different posi-
tions (Fig. 3); in the ML analysis of COI, instead, the specimen representative of the 
genus Clinopodes was nested within Stenotaenia.
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Divergence time

By applying a molecular clock on a Bayesian analysis of the 28S sequences, we obtained 
a tree topology (Fig. 4) largely consistent with ML and Bayesian trees obtained from 
the concatenated dataset (Fig. 3). Differences are limited to the unstable position of 
Tuoba and two nodes with weak support.

The common ancestor of all Stenotaenia representatives (including Tuoba if it 
comprises a monophyletic group together with Stenotaenia) was dated at about 64 
Ma. The divergence between the two major groups of Stenotaenia present in the Italian 
region (one represented by specimens from the northern part of the Italian peninsula, 
besides from the Eastern Prealps and Istria; another represented by specimens from 
the southern part of Italian peninsula and Sicily, besides from the Western Alps and 
the Eastern Prealps) was dated at about 51 Ma. Within the first group, the lineage of 
the specimen from Istria diverged from the remaining lineages around 33 Ma. The 
estimated age of the subsequent divergences are all younger than 10 Ma. In particular, 
for the groups obtained by the DNA-barcoding analysis of COI sequences assuming a 
higher barcoding gap and well supported in the phylogenetic analyses (see above), the 

Figure 3. Maximum likelihood phylogeny. ML tree obtained from concatenated COI and 28S sequenc-
es, by the GTR+I+G model, and manually rooted. The following support values are indicated at the nodes 
(only for those present in the topology obtained from the concatenated sequences): ML bootstrap for the 
analysis of concatenated genes (upper left); Bayesian posterior probabilities (upper right, in italics); ML 
bootstrap for the analysis of COI sequences (lower left); ML bootstrap for the analysis of 28S sequences 
(lower right). Bootstrap values < 50% and posterior probabilities < 0.50 are not shown. Circles indicate 
ingroup nodes that are highly supported in the tree based on concatenated sequences. Terminal node 
groupings indicated by Greek letters refer to the species tentatively recognized (see text and Fig. 1). The 
specimen from Volpago (species δ) is absent because its 28S sequence was not obtained.
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common ancestor of each group was dated younger than 1.6 Ma, whereas all diver-
gences between these groups and other specimens of Stenotaenia were all dated older 
than 3.4 Ma.

Putative species of Stenotaenia

The results of the DNA-barcoding analysis of COI sequences, of the phylogenetic re-
constructions on the basis of the two genes, and of the divergence date estimation 
based on the 28S sequences, all agree in suggesting that at least six species of Stenotae-
nia are recognizable in our sample from the Italian region (Fig. 1): α (three populations 
between the Eastern Prealps and the northern part of the Italian peninsula), β (two 
populations from the southern part of Italian peninsula and Sicily), γ (two populations 
from Western Alps), δ and ε (each represented by a single population in the Prealps), ζ 
(one population from Istria). Additionally, the two populations from Cyprus and Iran 
probably belong to different species.

Figure 4. Dated phylogeny. Estimates of divergence time, calculated using 28S sequences and two pri-
ors (age of the root and substitution rate) in the package BEAST v1.7.2 (see text). 95% High Posterior 
Density intervals are represented by coloured bars for the most robust nodes, emphasized by a circle. 
Greek letters refer to the species tentatively recognised (see Fig. 1). The tree has the same topology of the 
concatenated ML tree of Fig. 3, but for the position of Tuoba sydneyensis and the relationships within the 
group formed by species β, ε, γ and the specimen from Iran. The specimen from Volpago (species δ) is 
absent because its 28S sequence was not obtained. Time scale is different in the two intervals 0–100 and 
100–200 Ma.
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Discussion

The analysis of the pairwise distances of the COI sequences, following our DNA-bar-
coding approach, suggested two alternative putative barcoding gaps, both consistent 
with the results of our phylogenetic and dating analyses. However, the two gaps entail 
different scenarios for the cladogenesis in Stenotaenia, including a different estimate of 
the minimum number of species inhabiting the Italian region.

Assuming a low barcoding gap (1–6% of K2P distances) would be in agreement 
with a threshold around 1% between intra- and inter-specific distances, as more fre-
quently found and applied in a large assortment of animal taxa, including vertebrates 
and some groups of arthropods (Ratnasingham and Hebert 2007, Chevasco et al. 
2014). However, in this case we should conclude that (i) almost every single specimen 
in our small sample would actually represent a distinct species, (ii) some of these spe-
cies separated as recently as a few hundred thousand years ago, and (iii) at least nine 
species of Stenotaenia actually inhabit the Italian region. In this scenario, a remarkable 
number of species would be expected for the entire geographic range of the genus, in 
face of the morphological uniformity between species and departing dramatically from 
the taxonomic scheme in use (Bonato and Minelli 2008).

As an alternative, assuming a higher barcoding gap (10–16% of K2P distances) 
would be in agreement with gaps estimated in other centipedes, in the very few studies 
so far published: a gap in p-distances between 9% and 14% for the scolopendromorph 
genus Scolopendra (Oeyen et al. 2014), a gap in K2P distances between 7% and 10% 
for the lithobiomorph genus Eupolybothrus (Stoev et al. 2010, 2013) and average in-
traspecific vs. interspecific K2P distances of 7% vs. 18%, for a centipede sample from 
the Bavarian fauna (Spelda et al. 2011). This is also in agreement with the divergence 
time analysis, as under the higher barcoding gap scenario all interspecific nodes would 
be older than one Ma, which is a more reasonable figure (Coyne and Orr 2004). In 
this scenario, we should acknowledge a lower number of species in our sample. On the 
basis of this more parsimonious assumption, the minimum number of six species we 
obtain for the Italian region is nonetheless higher than the four species hitherto rec-
ognized on the basis of morphology, a number which besides is derived by a far more 
extensive geographic sampling (Bonato and Minelli 2008).

Despite evidence being very preliminary, species delimitation suggested by our 
study may be tentatively compared and matched with these four morphospecies.

The putative species α might correspond to Stenotaenia romana (Silvestri, 1895), even 
if it includes also a specimen initially identified as S. sorrentina. S. romana was customarily 
distinguished from all other species in the Italian region by its remarkably minute body size 
(total length not surpassing 17 mm) and a distinctly lower range of variation in the num-
ber of trunk segments (43–49 pairs of legs, Bonato and Minelli 2008). S. romana inhabits 
mainly the Tyrrhenian side of the Italian peninsula, from Liguria to Campania, including 
some minor islands (e.g., Ischia and Elba), and also Sardinia; apparently disjunct popula-
tions are present in the Euganei and Berici hills (unpublished data).
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Species β confidently corresponds to S. sorrentina (Attems, 1903), which is usually 
circumscribed by having intermediate body size (at least 20 mm when fully grown) 
and an intermediate number of trunk segments (usually 53–67 leg pairs, Bonato and 
Minelli 2008). This morphospecies has been frequently recorded in the Italian penin-
sula from Maritime and Ligurian Alps to Gargano and Calabria, and more rarely and 
doubtfully also from the Prealps. It is also reported from several islands, including Sar-
dinia and minor Tyrrhenian islands (e.g., Elba, Ponza, Capri and Ischia). Our sample 
from Sicily (Table 1) confirms the presence of this species in this island, from where 
only old and dubious records were available so far (Bonato and Minelli 2008).

The species ζ may correspond to S. palpiger (Attems, 1903), which was known so 
far only for the holotype (total length 15 mm and 49 leg pairs), collected from Istria, 
about 30 km from the locality of our sample. The species name palpiger has been most 
often ignored and only recently resurrected as a potentially valid species (Bonato and 
Minelli 2008). However, the identity and distribution of S. palpiger remain to be clari-
fied, especially with respect to other nominal species of Stenotaenia reported from the 
Dinaric region, including S. antecribellata (Verhoeff, 1898) and S. cribelliger (Verho-
eff, 1898) (Bonato and Minelli 2008).

The remaining three putative species (γ from Western Alps, δ and ε from Eastern 
Prealps) cannot be assigned confidently to known species. Different number of legs 
in their specimens had initially suggested different tentative identification (see Table 
1). However, according to their origins, it is impossible to tell which of them, if any, 
actually belongs to S. linearis, which is the fourth species traditionally reported for the 
Italian region. The type locality of S. linearis is in Baviera (near Regensburg) and based 
on morphology the species has been reported also from the Alps, as far south as the 
Maritime Alps (Bonato and Minelli 2008).

While the specimen from Cyprus is confidently recognizable as a different species, 
S. naxia (Verhoff, 1901) (Simaiakis et al. 2013), which is also recorded from the Ae-
gean area (Bonato and Minelli 2008), nothing can be said for the specimen from Iran. 
The number of leg-bearing segments and the morphology of the ano-genital region are 
unknown because the posterior part of the trunk is missing. This makes it very difficult 
to associate this specimen to any known species, also because no previous records for 
the genus are known for this geographic area.

Our preliminary evaluation of the phylogenetic relationships and the divergence 
dates between these species have implications on the evolutionary history of the group 
which invite some cautious comments.

All specimens in our sample that are representative of species with smaller body 
size and lower number of legs (S. romana and S. palpiger) apparently represent a single 
derived clade within the genus, suggesting that these features are synapomorphic for 
these two species. Considering the entire clade, as far as known, the body length is less 
than 20 mm long at full growth and the number of leg pairs ranges from 43 (in S. ro-
mana; Bonato and Minelli 2008) to 57 (in the S. romana specimen from Isola Fossara).

The genus Tuoba Chamberlin, 1920, which is currently recognized as distinct from 
Stenotaenia in different respects (morphological features, ecological niche, pattern of dis-
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tribution; Bonato 2011) turned out to be strictly related to the latter, suggesting also the 
possibly that Tuoba is a derived clade within Stenotaenia. The phylogenetic position of 
T. sydneyensis among the Stenotaenia representatives in our sample is unstable and weakly 
supported, and could also be an artefact of our analysis, possibly produced by the attrac-
tion among sequences sharing similar GC-content and GC-skew values (Table 2).

This study is a very preliminary attempt to address the diversity of Stenotaenia with 
genetic data. It was limited by a relatively low efficacy in DNA extraction, amplifica-
tion and sequencing from the available specimens (actually up to 15 specimens from 
14 localities had been originally processed). This prevented us from analyzing a larger 
sample of specimens, and did not permit taking into account variation within popula-
tions. Nevertheless, our results could serve as a basis for forthcoming investigations on 
the genus Stenotaenia, not only in the Italian region, but also in the entire distribution 
range of the genus.
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Abstract
Eupeyerimhoffia archimedis (Strasser, 1965) is redescribed based on several specimens collected at a number 
of sites close to the type locality on Sicily, Italy. Scanning electron microscopy is used to illustrate several 
unusual morphological characters for a member of the Glomerida for the first time. A fragment of the 
mitochondrial COI gene (668bp) is sequenced for the first time in Eupeyerimhoffia to provide a species-
specific barcode and to gain first insights into the genetic distances between the genera in the widespread 
family Protoglomeridae. The novel sequences are compared to representatives of all other genera of the 
family: Protoglomeris vasconica (Brölemann, 1897) from northern Spain, the dwarfed Glomerellina laurae 
Silvestri, 1908 from Italy and Glomeroides primus (Silvestri, 1929) from western North America. The ad-
dition of COI sequences from the two other families of the Glomerida renders the family Protoglomeridae 
paraphyletic with Glomeroides primus being more closely related to Glomeridella minima (Latzel, 1884) 
than to the other genera in the family. The large genetic distances (13.2–16.8%) between Eupeyerimhoffia 
and the other genera in the order, as well as its unusual morphological characters, including unique mor-
phological adaptations to roll into a ball, are probably an indication of the old age of the group.
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Introduction

The pill millipedes of the order Glomerida comprise about 290 species in 34 genera 
(Mauriès 2005, Golovatch et al. 2010, Wesener 2010, 2012) and exhibit a Holarctic 
distribution, with species found in North America, Europe and North Africa, and Asia 
with the exception of India south of the Himalayas (Shelley and Golovatch 2011). The 
Glomerida are currently divided into three families (Mauriès 1971, 2005), the two spe-
cies-poor families Glomeridellidae and Protoglomeridae, and the family Glomeridae, 
which contains the majority of species and genera (~240 species in 27 genera) (Mauriès 
2005, Wesener 2012).

While the two genera of the Glomeridellidae are Mediterranean, the four genera 
and 20 species of the Protoglomeridae show a disjunct distribution, partly European, 
in Spain, the eastern Mediterranean, Algeria and Sicily, and partly in the New World 
from Guatemala to California (Mauriès 2005).

Here we redescribe the little-known species Eupeyerimhoffia archimedis (Strasser, 
1965), and describe the male telopods for the first time. Additionally, we illustrate sev-
eral unusual (and potentially apomorphic) morphological characters of a member of 
the family Protoglomeridae for the first time using scanning electron microscopy. To 
complete our integrative approach, we also analyze the genetic distances between the 
four genera of the family using the common barcoding fragment, COI.

Material and methods

Samples of Eupeyerimhoffia archimedis were collected by hand in July 2013. A single 
male and several females were collected close to the type locality (Ferla; Fig. 1C) and 
further samples were collected at a new locality (East of Palazzolo Acreide, Sicily). Ex-
act coordinates are provided in Table 1. All samples were conserved in 98% EtOH for 
further analyses and deposited in the collection of the Zoological Research Museum 
Alexander Koenig (ZFMK, Bonn, Germany).

Morphological analysis

A female and the single male from the type locality were dissected under an Olympus 
SZX12 stereomicroscope with Dumont 5 Inox B forceps. Samples were dehydrated 
in 100% EtOH for 12 hrs, mounted on aluminum stubs, dried for 12 hrs at 45 °C 
and sputter coated with 50 nm of pure gold in a Hummer VI sputtering system 
(Anatech LTD, USA). Samples were observed with a Hitachi S-2460N SEM (Hi-
tachi LTD, Japan) and digital images were captured using DISS5 (point electronic 
GmbH, Germany).
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Molecular analysis

Muscle tissue was removed from specimens of Onychoglomeris tyrolensis (Latzel, 1884), 
Protoglomeris vasconica (Brölemann, 1897), Glomerellina laurae Silvestri, 1908, and 
Eupeyerimhoffia archimedis (Strasser, 1965). Sequences of Glomeroides primus (Silvestri, 
1929) were downloaded from GenBank. Additionally, sequences from GenBank of 
Glomeridella minima (Latzel, 1884), a member of the basal family Glomeridellidae, as 
well as of Glomeris marginata (Villers, 1789), Geoglomeris subterranea Verhoeff, 1908 
and Trachysphaera sp. from the family Glomeridae (Table 1) were also downloaded. 
Specimens from which DNA was extracted were stored as vouchers at the ZFMK. 
Accession numbers, locality data and voucher information for all samples included in 
the study are displayed in Table 1.

Total genomic DNA was extracted using the Qiagen DNAeasy Blood&Tissue kit 
following the standard protocol. A fragment of the mitochondrial cytochrome c oxidase 
subunit I (COI) gene was amplified via PCR (Saiki et al. 1988) using the Nancy (Simon 

Figure 1. Eupeyerimhoffia archimedis (Strasser, 1965) female in situ and habitat. A E. archimedis female 
rolled up, in situ B E. archimedis female in situ C Habitat of E. archimedis, close to the type locality Ferla.
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et al. 1994) and LCO (Folmer et al. 1994) primer pair following previously published 
protocols (Wesener et al. 2010). Both strands were sequenced by Macrogen (Macrogen 
Europe Laboratory, Amsterdam, The Netherlands), following the Sanger sequencing 
method (Sanger et al. 1977). Sequencing reads were assembled and aligned by hand with 
Bioedit 7.1.3 (Hall 1999) and confirmed with BLAST searches (Altschul et al. 1997). 
Sequences were uploaded to GenBank (Accession numbers: KP205571 to KP205557).

Mean pairwise distances between terminals (transformed into percentages) were 
determined using MEGA5.2 (Tamura et al. 2011). To better illustrate relation-
ships between genera, a maximum likelihood phylogenetic analysis was conducted in 
MEGA5.2 (Tamura et al. 2011). The implemented ModelTest selected the HKY+G+I 
model (Hasegawa et al. 1985) as best-fitting (BIC = 5783.1, -lnL = -2791.2354, 

Table 1. Sample information with voucher numbers (ZFMK = Zoological Research Museum Alexander 
Koenig, Bonn, Germany. ZSM = Bavarian State Collection of Zoology. NHMC = Natural History Mu-
seum of Crete), GenBank accession numbers (Acc.#) and locality information. Samples where sequences 
were downloaded from GenBank are marked with an asterisk.

Species Specimen 
Voucher Acc. # Locality

*Glomeris marginata 
(Villers, 1789)

ZFMK 
MYR0009 FJ409909 Germany, Nordrhein-Westfalen, Bonn, 

Venusberg, coll. T. Wesener, IX.2007

*Glomeridella minima 
(Latzel, 1884)

ZFMK 
MYR0003 JQ074181

Slovenia, Lower Sava, Brežice, Prilipe, dry creek 
valley, 45.8773°N, 15.6246°E, 150 m, coll. H. 

Reip, 17.x.2009.
*Geoglomeris subterranea 

Verhoeff, 1908
BC ZSM 

MYR 00370 JQ350441 Switzerland, Aargau

*Trachysphaera sp. ZFMK 
MYR0006 JQ074180

Italy, Piemonte, Biella, NW Sanctuary of Oropa, 
Fagus forest with stones, 45.62947°N, 7.98168°E, 

1200 m, coll. T. Wesener, 14.iv.2011

*Glomeroides primus 
(Silvestri, 1929)

ZFMK 
MYR0004 JQ074182

U.S.A., California, Mendocino County, between 
Fort Bragg and Whiskey Springs, 39.3976°N, 

123.6946°W, 35 m, coll E. Garcia, C. Richart & 
A. Schönhofer, 29.iii.2011.

Onychoglomeris tyrolensis 
(Latzel, 1884)

ZFMK 
MYR1276 KP205571

Italy, Trentino-Südtirol, Prov. Trient, Madonna 
di Campiglio, Beech forest, 46.2209528°N, 
010.8296250°E, 1553 m, coll. T. Wesener, 

04.x.2012.

Protoglomeris vasconica 
(Brölemann, 1897)

ZFMK 
MYR0934 KP205572

Spain, Galicia, Ribadeo, Trabada, deep and moist 
creek valley with deciduous forest, 43.4295°N, 

7.2290°E, coll. H. Reip, 29.vii.2012.
Glomerellina laurae 

Silvestri, 1908
ZFMK 

MYR2260 KP205573 Europe, Greece, Rhodos, Kapi - Profitis Ilias, coll. 
NHMC, 01.i.2000.

Eupeyerimhoffia archimedis 
(Strasser, 1965) 1

ZFMK 
MYR1876 KP205574

Italy Sicily, Province Syracuse, South of Ferla, 
Southern slope, deciduous forest, 37.1151333°N, 
014.9403667°E, coll. J.P. Oeyen & P. Erkeling, 

10.vii.2013.

Eupeyerimhoffia archimedis 
(Strasser, 1965) 2

ZFMK 
MYR1965 KP205575

Italy, Sicily, Province Syracuse, East of Palazzolo 
Acreide, Ravine, deciduous forest, 37.0997667°N, 

015.0232000°E, coll. J.P. Oeyen & P. Erkeling, 
13.vii.2013.
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freqA = 0.2647, freqC = 0.1366, freqG = 0.2014, freqT = 0.3972, gamma shape = 
0.3364). The bootstrap consensus tree (Fig. 2), inferred from 1000 replicates (Felsen-
stein 1985), is used to represent the evolutionary history of the analyzed taxa. All 
positions containing gaps and missing data were eliminated. There were a total of 668 
positions in the final dataset.

While the genetic marker used does not allow a study of the phylogeny of the 
group, first insights into the separation of the genera are provided.

Results

Distance analysis

The uncorrected pairwise distances between genera included in the present study are 
relatively high. The genetic distances are not lower between species within the same 
family than between species of different families. The distances range from 18.8% 
between Glomerellina laurae (Protoglomeridae) and Glomeris marginata (Glomeridae) 
to 12.0% between Protoglomeris vasconica (Protoglomeridae) and Glomeridella minima 
(Glomeridellidae). The two Eupeyerimhoffia archimedis samples show a 0.2% sequence 
divergence, but also show both the highest (16.8%: G. laurae) and lowest distance 
(13.2 and 13.4%: P. vasconica) to other species within the family.

Tree description

The maximum likelihood tree receives little to no support, most nodes remain unresolved 
and all taxa are separated by long branches (Fig. 2). The family Protoglomeridae (P) 

Figure 2. Maximum likelihood bootstrap consensus tree. Members of the family Protoglomeridae are 
marked in bold.
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could not be recovered. All members of the family are recovered within a major 
polytomy together with species from both Glomeridellidae and Glomeridae (Fig. 2). 
Within the polytomy Glomeroides primus (Protoglomeridae) groups together with 
Glomeridella minima (Glomeridellidae). Glomerellina laurae (P) does not cluster 
with any species within the polytomy and rests on the longest branch within the 
tree. Protoglomeris vasconica (P) and Eupeyerimhoffia archimedis (P) are recovered in 
a polytomy together with Geoglomeris subterranea (Glomeridae). Only the subfamily 
Glomerinae (Glomeris & Onychoglomeris) could be resolved as monophyletic (Fig. 2) 
as the sister group to the polytomy, though with weak support.

Family Protoglomeridae Brölemann, 1913

Diagnosis. Simple telopods with four podomeres distal to syncoxite, forming pincers. 
Telopoditomeres 1–3 lacking trichosteles. Telopoditomere 2 with a non-membranous 
immovable finger located almost parallel to telopoditomere 3. Here we follow the ty-
pological system of Mauriès (2005), despite the fact that no phylogenetic analysis has 
been undertaken to characterize the families in the order.

Eupeyerimhoffia Brölemann, 1913

Eupeyerimhoffia Brölemann, 1913: 166–174 (first description); Jeekel 1971: 13 (note); 
Strasser 1976: 581–583 (synonymization Trinacriomeris); Hoffann 1980: 67 (list); 
Foddai et al. 1995: 11 (list); Shelley et al. 2000: 11 (list); Mauriès 2005: 242 (clas-
sification); Kime and Enghoff 2011: 39 (atlas). 

Trinacriomeris Strasser, 1965: 10–14. syn.

Diagnosis. Tergite 11 fused to anal shield. Telopod simple with four podomeres. 
Process of telopoditomere 2 of telopod short and stout. Male leg-pair 17 with four 

Table 2. Pair-wise uncorrected p-distances (%) of the COI-fragment.

 # Species 1 2 3 4 5 6 7 8 9
1 Glomeris marginata
2 Glomeridella minima 16.0
3 Geoglomeris subterranea 17.4 15.6
4 Trachysphaera sp. 15.0 13.2 15.6
5 Glomeroides primus 16.3 14.2 16.4 15.0
6 Onychoglomeris tyrolensis 14.3 13.2 16.8 13.2 15.3
7 Protoglomeris vasconica 14.8 12.0 15.3 13.5 15.0 13.2
8 Glomerellina laurae 18.8 16.0 18.3 15.3 16.7 16.3 15.8
9 Eupeyerimhoffia archimedis 1 16.1 15.2 15.0 13.1 16.5 15.0 13.2 16.8
10 Eupeyerimhoffia archimedis 2 16.2 15.3 15.0 13.2 16.7 15.2 13.4 16.8 0.2
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podomeres. Coxa of male leg-pair 18 not fused to syncoxite. Lateral palpi of gna-
thochilarium as large as inner palpi. One of the largest Glomerida, 18–22 mm long. 
Mandible with large condylus. Members might be mistaken in habitus, size and color 
with the species of the genus Onychoglomeris Verhoeff, 1909, whose species differ great-
ly in the telopods and many other characteristics.

Type species. Eupeyerimhoffia algerina Brölemann, 1913 from Algeria
Other species included. Eupeyerimhoffia archimedis (Strasser, 1965) from southern 

Sicily.

Eupeyerimhoffia archimedis (Strasser, 1965)

Trinacriomeris archimedis Strasser 1965: 10–14 (first description);
Trinacriomeris archimedis Strasser 1970: 153 (list);
Trinacriomeris archimedis Strasser 1976: 581–583 (synonymization Trinacriomeris);
Eupeyerimhoffia archimedis Foddai et al. 1995: 11 (list);
Trinacriomeris archimedis Shelley et al. 2000: 11 (list).

Material examined. 1 F, MHNG, lectotype (designated herewith), labeled paratype, 
in 70% ethanol, Italie (Sicile): Siracuse: Avola pr. Siracuse. 1 F, MHNG 3460, dried 
and mounted, Italie (Sicile): Siracuse: Avola pr. Siracuse; 1 F, ZFMK MYR01879, 1 
M, ZFMK MYR01875, Italy, Sicily at type locality, south of Ferla, 37.1151333°N, 
014.9403667°E, coll. J.P. Oeyen & P. Erkeling, 10.vii.2013; 1 F, ZFMK MYR 1965, 
Italy, Sicily, Province Syracuse, East of Palazzolo Acreide, Ravine, deciduous forest, 
37.0997667°N, 015.0232000°E, coll. J.P. Oeyen & P. Erkeling, 13.vii.2013.

Comment. A second female type specimen from Ferla, Sicily was, according to the 
first description, stored at the University of Catania, Institute of Zoology, Italy.

Re-diagnosis. Can easily be distinguished from the other Sicilian Glomerida spe-
cies by size and color. It is the largest and only light brown species on the island. It 
can be distinguished from its congener E. algerina in having: (1) Single continuous 
anterior stria on collum, posterior stria divided in lateral parts; (2) thoracic shield with 
single continuous stria reaching the lateral lobes on both sides.

Description. General coloration (living specimen) light brown, almost copper. 
Collum, head, antennae, posterior margin and lateral speckled fields of tergites lighter, 
almost golden cream color (Fig. 1A, B).

Head sparsely covered with minute setae, >10 supralabral setae (Fig. 3A, C). In-
cisura lateralis (IL) directed slightly laterally, not reaching height of organ of Tömös-
váry (TO) or antennal basis (Fig. 3A–C). Lateral marginal bulge thickest at IL, de-
creasing gradually dorsally until terminating at height of dorsal-most ocellus (Fig. 3C). 
A furrow running laterally between ventral-most ocellus and TO, circumventing an-
tennal fossa and terminating at height of IL (Fig. 3C).

Labrum wide, with 19 marginal setae (Fig. 3A, B). Central labral tooth projecting 
beyond lateral margin.
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Figure 3. Eupeyerimhoffia archimedis (Strasser, 1965) male, SEM. A Head, frontal view B Head, ventral 
view C Head, detail of lateral area D Antenna, posterior viewE Antenna, antennomere 6 and 7 F Antenna, 
apical edge of antennomere 3 G Mandible, mesal view H Gnathochilarium, ventral view I Endochilarium, 
dorsal view J Gnathochilarium, lateral and inner palpi, dorsal view K Endochilarium, detail of median area, 
dorsal view. Abbreviations: 1-7 = Antennal segments number 1-7; 4iT = 4-combed inner tooth; AC = Api-
cal cone; AF = Antennal fossa; Ca = Cardine; Co = Condylus; cP = Central pads; CT = Central tooth; eT 
= External tooth; fS = fringed seam; Gu = Gula; iA = Intermediate area; iL = Incisura lateralis; iP = Inner 
palpi; L = Labrum; LL = Lamella linguales; LP = Lateral palpi; M = Mentum; MP = Molar plate; O = Ocel-
laria; O1-O4 = Ocelli 1-4; pL = Pectinate lamellae; pmL = paramedian lobe; TO = Organ of Tömösváry; 
SC = Sensory clusters; St = Stipites. Arrows mark sensilla basiconica. Scale bar: 400 μm (A, B); 200 μm (C); 
150 μm (D); 25 μm (E); 10 μm (F); 100 μm (G); 250 μm (H, I); 40 μm (J); 50 μm (K).

Epipharynx with pronounced central tooth and two lateral membranous lobes, 
covered densely in cuticular scales (Fig. 3B). Incisura lateralis clearly visible, reaching 
margin of head capsule. Two paramedian fringed seams stretching from central tooth 
posteriorly towards hypopharynx.



Integrative redescription of Eupeyerimhoffia archimedis 57

Ocellaria black, 3+1 convex lenses (Fig. 3C).
Antennae with four apical cones (Fig. 3E). Antennomere 3 approximately as long 

as 1 and 2 combined (Fig. 3D). Antennomere 6 approximately 1.9 times longer than 
wide. Antennomeres 1–5 only sparely setose, 6th more densely setose. Multiple sensilla 
basiconica on proximal apical edge of antennomere 3 (Fig. 3F) as well as at apical edge 
of antennomere 7 (Fig. 3E).

Organ of Tömösváry recessed, elongate, curved ventrally (Fig. 3C). 1.9 times 
longer than wide. Bulging cone and slit margins smooth. Cone narrower at midpoint. 
No internal structures visible in SEM.

Gnathochilarium ventrally with 8 large setae on lamella linguales, 12 large setae on 
each stipites (Fig. 3H). Remaining ventral surface glabrous. Cardines large. Inner palpi 
slightly larger than lateral palpi (Fig. 3H–J). Inner palpi with >40 sensory cones stand-
ing in single field (Fig. 3J). Lateral palpi also with field of >20 sensory cones (Fig. 3J).

Endochilarium with large anterior membranous paramedian lobes (pmL), densely 
covered with cuticular scales (Fig. 3I). Fields of long setae posterior to membranous lobes. 
Central pads with single cluster of sensilla directed towards median furrow (Fig. 3I, K).

Mandible with single large outer tooth and four-combed inner tooth (Fig. 3G). Prox-
imal comb of inner tooth slightly ovoid. Six rows of pectinate lamellae. Lateral areas of in-
termediate area covered with small cuticular scales, central part smooth with possible pore. 
Molar plate almost triangular, marginal bulge at anterior edge, no anterior depression and 
posterior tip slightly curved towards mandibular basis. Condylus pronounced (Fig. 3G).

Collum with one continuous anterior and two posterior lateral striae (Fig. 4I). 
Uniformly covered with minute setae, recessed into small pits.

Thoracic shield with very small schism (Fig. 4A). 3 median striae. Marginal fur-
row widest laterally, narrowing medially. Uniformly covered with minute recessed se-
tae. Ventral area of lobe with seven anterior marginal depressions on lobe and a single 
depression at the posterior margin (Fig. 3B, C; see below for function of depressions). 

Tergites 3–10 covered with minute recessed setae, with single complete transverse 
anterior stria and short lateral striae anteriorly circumventing a depression (Fig. 4E, 
G). Lateral edges not projecting posteriorly. Stout pegs on ventral areas projecting 
posteroventrally from lateral most part of anterior edge (Fig. 4D, F).

Ozopore simple, neither with special sutures nor other structures (Fig. 4H).
Tergite 11 and anal shield completely fused but both dorsally and ventrally dis-

tinguishable by a pronounced furrow (Fig. 4J–L). Tergite 11 with 3 short lateral striae 
and a single stria circumventing a lateral depression and stretching across whole tergite 
(Fig. 4L). Tergite 11 and anal shield dorsally evenly covered with minute setae, with 
neither any special notches nor structures.

Pleurites evenly covered with small setae, bulge at anterior edge widest medially 
narrowing towards proximal edge. Pleurite 1.2 times wider than long.

Stigmatic plates reaching around coxa on both anterior and posterior sides. 1.5 
times wider than long, almost pentagonal in shape. Plate with regular margin, lacking 
any projections. Spiracle inconspicuous, protected by small knob.

Midbody legs sparsely covered with minute setae (Fig. 5F). Coxa almost triangular, 
much wider at base than apically. Coxa mesally elongated to process carrying a single spine. 
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Figure 4. Eupeyerimhoffia archimedis (Strasser, 1965) male, SEM. A Thoracic shield, dorso-lateral view 
B Thoracic shield, meso-lateral C Thoracic shield, schism detail, ventro-lateral view D Tergite, detail of 
peg, antero-lateral view E Tergite, detail of depression, lateral view F Tergite, ventral view G Tergite, dor-
so-lateral view H Tergite, ozopore, dorsal view I Collum, dorsal view J Tergite 11 and anal shield, detail 
of furrow, ventro-lateral view K Tergite 11 and anal shield, left side, anterior view L Tergite 11 and anal 
shield, right side, posterior view. Abbreviations: AS = Anal shield; Dp = Depression; F = Furrow; Oz = 
Ozopore; LDp = Lateral depression; P = Peg; Sch = Schisma; stri = striae; T11 = Tergite 11. Arrows point 
anteriorly. Scale bar: 400 μm (A, H, I, K, L); 300 μm (B, F); 100 μm (C, D, J); 50 μm (E); 500 μm (G).
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Figure 5. Eupeyerimhoffia archimedis (Strasser, 1965) male and female, SEM. A Leg-pair 1, male, right 
side, posterior view B Leg-pair 2, female, right side, posterior view C Leg-pair 2, male, left side, posterior 
view D Leg-pair 2, female, right vulva, ventral view E Leg-pair 2, male gonopore, posterior view F Leg-
pair 9, male, right side, posterior view G Leg-pair 17, left side, anterior view H Leg-pair 18, right side, 
posterior view I Telopod with syncoxite, anterior view J Telopod, inner horn of syncoxite K Telopod, 
posterior view. Abbreviations: Cx = Coxa; Pre = Prefemur; Fem = Femur; Post = Postfemur; Tib = Tibia; 
Tar = Tarsus; Vu = Vulva; Go = Gonopore; Mp = Median plate; Lp = Lateral plate; Op = Operculum; 1-4 
= Podomere 1-4; cL = Central lobe; h = Inner horn; Scx = Syncoxite; Tr = Trichostele. Scale bar: 400 μm 
(A, B); 250 μm (C); 100 μm (D, H); 25 μm (E); 200 μm (F, I); 150 μm (G, K); 50 μm (J).

Two coxal furrows originating at center of coxal basis, one stretches apically around coxa, 
the second terminates after 2/3 of coxal height in a meso-apical direction. Tibia, pre- and 
postfemur with a single mesal spine, femur with two. Apical margin of prefemur with a 
single small apical protrusion. Femur almost 3 times longer than wide. Tarsus with no api-
cal, 11 dorsal and 8–11 ventral spines. Tarsus 4.5 times longer than wide. Claw elongated.
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Male sexual characters.
Male tergite 11 and anal shield do not show any special structures (Fig. 4J–L). 

See further and more detailed descriptions above.
Male first leg-pair sparsely covered with minute setae (Fig. 5A). Coxa not wid-

ened at basis, but mesally elongated to a process carrying two spines. Postfemur and 
tibia each with single mesal apical spine, prefemur and femur with two. Apical margin 
of prefemur with a single small protrusion. Tarsus with 7–10 dorsal and 8 ventral 
spines. Claw elongated but stout at basis. Tarsus almost 4 times longer than wide.

Male second leg-pair similar to midbody legs, but with a bulbous medial coxal 
protrusion carrying two spines (Fig. 5C), similar to leg 1. Tarsus approximately 3.8 
times longer than wide.

Male gonopore clam-shaped and mesally protruding from posterior side of coxa 
2 (Fig. 5E). Single elongate membranous opening surrounded by 9 or 10 apical and 4 
basal setae. No division into separate plates.

Male leg 17 reduced with 4 podomeres (Fig. 5G). Coxa with small medial process 
bearing a subapical spine and a wide but narrow, almost triangular, coxal lobe. Apical 
edge of coxa with small protrusion. Podomere 1 with mesal spine. Second podomere 
approximately 1.8 times wider than podomere 3. Podomere 3 very short and incon-
spicuous. Podomere 4 with subapical spine. Complete leg sparsely covered with min-
ute setae.

Male leg 18 reduced, but to a lesser extent than leg-pair 17 (Fig. 5H). Coxa 
slightly damaged during dissection, but apparently without widened coxal lobe and 
not fused to syncoxite. Small mesal coxal process with single subapical spine. Single, 
well-developed medial spine on podomere 1. Apical edge of podomere 1 with apical 
protrusion. Podomere 2 approximately 1.5 times as wide as podomere 3. Podomere 3 
very short, no spines and with very inconspicuous borders to podomere 4. Podomere 
4 with apical spine.

Telopod (male leg 19) stout, syncoxite likewise (Fig. 5I–K). Syncoxal lobe small 
and rounded. Inner horns of syncoxite with numerous hairs of varying length and 
well-developed subapical spine, which is curved almost 90° (Fig. 5J). Telopoditomere 
1 with mesal, highly reduced trichostele (Fig. 5I, J). Telopoditomere 2 mesally elon-
gated into large bulbous process (immovable finger) with knobbed proximal surface. 
Telopoditomere 3 short, approximately 2 times wider than long, devoid of any pecu-
liarities. Telopoditomere 4 with medial field of knobs juxtaposed to process of telo-
poditomere 2, and a large posteriorly oriented spine. Telopoditomere 4 forms chela 
(pincer) against medial process of second telopoditomere.

Female sexual characters.
Female second leg-pair similar to midbody legs, but coxa with two spines on 

separate medial protrusions which are fused basally (Fig. 5B). Tarsus 4 times longer 
than wide.

Female vulva large, attached to posterior side of coxa via membranes (Fig. 5D). 
Operculum recessed between vulva plates. Posterior end of operculum narrower 



Integrative redescription of Eupeyerimhoffia archimedis 61

than anterior one, with two spines. Vulva with ventrally symmetrical mesal and 
lateral plates, carrying altogether 7 or 8 spines. Lateral plate overlaps mesal one api-
cally on posterior side, but both are fused together at their base via a membranous 
connection.

Intraspecific variation. Not enough samples present to describe morphological 
variation. The populations from Ferla and Palazzolo Acreide have two different haplo-
types, differing at one base pair position.

Volvation. As described by Strasser (1965), the genus has a volvation strategy 
which differs from what is known from most other Glomerida. When rolling up into 
a ball the ventral ends of the tergites are not inserted in the schisma of the thoracic 
shield, unlike in Glomeris, but rest on top of it (Fig. 1A). The pegs on the ventral side of 
the tergites (Fig. 4D, F) rest within the depressions on the ventral side of the thoracic 
shield (Fig. 4B, C).

Habitat. All of the samples were collected during the day in deciduous forests. 
Specimens were mainly found in the leaf litter or under small stones. Curiously, some 
were also found in close proximity to ant nests (Hymenoptera) and under moss grow-
ing directly on an exposed rocky surface.

Discussion

Problems during the morphological analysis:

The described position of the vulva operculum might be an artifact, as the structural 
integrity of membranous structures was not preserved by critical point drying. This 
should be considered for future studies of glomerid vulvae.

The sampling within the present study did not allow for a description of the mor-
phological variation within the species. However, the 0.2% sequence divergence be-
tween the two reported localities shows that there is variability within the species, with 
at least two haplotypes present on the island.

Unique morphological characters of Eupeyerimhoffia

Eupeyerimhoffia archimedis shows several interesting characters. The mandible with a 
large condylus and flat molar plate lacking a groove (Fig. 3G) is very atypical of Glom-
erida. Glomerida are generally described as lacking a condylus and always possessing 
a molar plate with a distinct deep groove (Köhler and Alberti 1990). Furthermore, 
contrary to previous descriptions, the Protoglomeridae-like telopods possess a trichost-
ele on the first podomere, which represents another special character of the species, if 
not of the genus. The presence of this trichostele violates the diagnosis of the family as 
proposed by Mauriès (2005).
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Volvation strategy

The volvation strategy of Eupeyerimhoffia is another striking and possibly unique feature of 
the genus inside the order Glomerida. Similar pegs on the tergites have been reported for 
members of the genera Epiromeris (Thaler and Knoflach-Thaler 1998) and Trachysphaera 
(Strasser, 1965). These do not, however, possess the herein described thoracic shield lobe 
with a reduced schisma in combination with ventral depressions (Fig. 4A–C). Both modi-
fications allow Eupeyerimhoffia a unique method of rolling into a ball. To understand this 
phenomenon, further inquiries into the origin and diversification of glomerid volvation 
are necessary and jointly represent a very interesting future research topic on its own.

Relationships of the four genera of the Protoglomeridae and impact on Glomerida 
phylogeny

As stated above, the COI fragment is not well suited to study the group’s phylogeny. 
Therefore it is not surprising that the COI tree lacks resolution and receives little statis-
tical support. Nonetheless, together with the distance analysis, it is sufficient to observe 
that the members of the family Protoglomeridae are not each other’s closest relatives 
(e.g. Glomeroides primus grouping with Glomeridella minima from the separate subor-
der Glomeridelloidea) and possibly that the family does not constitute a monophyletic 
unit. Similar results have also been reported by Wesener (2012) in a study that did not 
include all members of the family. This supports the notion that characters based main-
ly on the telopods are not sufficient to infer relationships within the order Glomerida. 
This is especially true when considering the close relationship between Eupeyerimhoffia 
archimedis and Protoglomeris vasconica, despite the fact that E. archimedis does not con-
form to the diagnosis of the family. Therefore, a phylogenetic analysis based on a much 
broader dataset, including further molecular markers and morphological characters, is 
required to illuminate the evolutionary history of the pill millipedes.
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Abstract
The genus Newportia Gervais, 1847, includes some 60 nominal species distributed in the Caribbean islands 
and from Mexico to central South America. Modern keys to species and subspecies are available, greatly fa-
cilitating identification, but some species are based on few specimens and have incomplete documentation of 
taxonomically-informative characters. In order to explore genetic variability and evolutionary relationships 
within geographically-widespread morphospecies, specimens of N. (N.) stolli (Pocock, 1896) and N. (N.) 
divergens Chamberlin, 1922, two nominal species distinguished principally by differences in suture patterns 
on T1, were sequenced for mitochondrial 16S rRNA and cytochrome c oxidase subunit I (COI) genes from 
populations in southern Mexico, Guatemala, Honduras and Brazil. N. (N.) stolli is paraphyletic with respect 
to N. (N.) divergens within a clade from Guatemala, Honduras, and Chiapas (Mexico), most trees being 
consistent with a single loss of a connection between the anterior transverse suture on T1, whereas specimens 
of “N. (N.) stolli” from Brazil are not closely allied to those from the Mesomerican type area. The widespread 
morphospecies N. (N.) monticola Pocock, 1890, was sequenced for the same loci from populations in Costa 
Rica, Colombia and Brazil, finding that specimens from these areas do not unite as a monophyletic group. 
Samples of N. (N.) oreina Chamberlin, 1915, from different regions of Mexico form geographic clusters that 
resolve as each other’s closest relatives. These results suggest that some widespread species of Newportia may 
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be taxa of convenience more so than natural groupings. In several cases geographic proximity fits the phylog-
eny better than taxonomy, suggesting that non-monophyletic species do not result from use of inappropriate 
molecular markers. Molecular identification is possible for specimens missing taxonomically informative 
morphological characters, notably damaged specimens that lack the ultimate leg pair, a protocol that may 
also apply to other taxonomically difficult genera that are prone to damage (such as Cryptops).

Keywords
Scolopocryptopidae, Newportiinae, Neotropics, phylogeny

Introduction

Newportia Gervais, 1847 is a species-rich Neotropical genus that belongs to the fam-
ily Scolopocryptopidae, encompassing blind Scolopendromorpha with 23 leg-bearing 
segments, pectinate second maxillary claws, and kinked and pineapple-shaped pro-
cesses in the gizzard (Shelley and Mercurio 2005; Koch et al. 2009, 2010). Newportia 
has until recently been classified as one of two genera in the subfamily Newportii-
nae, distinguished from Tidops Chamberlin, 1915, by different forcipular structures 
(Chagas-Júnior 2011). Phylogenetic analyses based on multi-locus molecular sequence 
data have, however, indicated that Tidops nests within Newportia rather than being the 
sister group, as does another clade that had been assigned to a separate subfamily, the 
Mesoamerican Ectonocryptopinae (Vahtera et al. 2013).

The geographic distribution of Newportia (including Tidops, Ectonocryptops Cra-
bill, 1977, and Ectonocryptoides Shelley & Mercurio, 2005 as subgenera: Vahtera et al. 
2013) extends from northern Mexico throughout Central America and the Caribbean 
islands to Paraguay. Most species of Newportia have tarsus 2 of the ultimate leg divided 
into five to nearly 40 tarsomeres, or with indistinct separation of tarsi 1 and 2. Cur-
rently some 60 nominal species or subspecies are recognised (Minelli et al. 2006 and 
onwards; Schileyko 2013). In many species, diagnostic features involve the spinose 
processes on the ultimate prefemora and femora and the number of tarsomeres, all 
inconvenient characters because individuals frequently lose these legs when collected.

We propose a solution to the taxonomic impediment of missing ultimate legs 
by using mitochondrial sequence data to supplement identifications. We also explore 
phylogeographic patterns within and between select species of Newportia from Mexico 
and Central America using parsimony and maximum likelihood methods. The result-
ant phylogenies allow the taxonomic value of purportedly diagnostic morphological 
characters to be evaluated and for the limits of morphospecies to be tested.

Methods

Thirty-four specimens of Newportia from Mexico, Guatemala, Honduras, and Costa 
Rica were sorted mostly from collections made by the LLAMA (Leaf Litter Survey of 
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Mesoamerica) project, deposited in the Museum of Comparative Zoology (MCZ), 
Harvard University, Cambridge Massachusetts, USA and accessible through the dedi-
cated data base MCZbase (http://mczbase.mcz.harvard.edu). All tissues were fixed in 
absolute ethanol and thus were amendable to DNA sequencing.

Identifications were made using the most recent key for N. (Newportia) (Schil-
eyko, 2013), supplemented with taxonomic descriptions in modern literature (Schi-
leyko and Minelli 1998; Chagas-Júnior and Shelley 2003), standard monographs 
(Attems 1930), original descriptions, and examination of type material designated by 
R. I. Pocock in The Natural History Museum (London) and or by R. V. Chamberlin 
in the MCZ.

LLAMA specimens keyed to either N. (N.) monticola Pocock, 1890, N. (N.) stolli 
(Pocock, 1896), N. (N.) oreina Chamberlin, 1915, or N. (N.) divergens Chamberlin, 
1922. All LLAMA specimens were sequenced for two mitochondrial loci: 16S rRNA 
and cytochrome c oxidase subunit I (COI). These loci were selected because they vary 
both within and between species, and even between individuals from geographically 
close populations. The 34 LLAMA samples were supplemented with N. (Newportia) 
and N. (Ectonocryptoides) sequences from our previous work (Vahtera et al. 2013), nine 
new Newportia specimens from five localities in Amazonas and Roraima, Brazil, and 
novel sequences for an individual of N. (N.) pusilla Pocock, 1893, from Ecuador (see 
Table 1 for morphospecies determinations and locality data).

Total DNA was extracted from the legs utilizing the NucleoSpin®Tissue kit (Mach-
erey-Nagel). Samples were incubated overnight. PCR amplifications were performed 
with illustra TM PuReTaq TM Ready-To-GoTM PCR Beads (GE Healthcare). The 
COI fragments were amplified using primer pair HCO1490 (Folmer et al. 1994) and 
HCOout (Carpenter and Wheeler 1999) and the 16S rRNA fragments using primer 
pair 16Sa/16Sb (Xiong and Kocher 1991; Edgecombe et al. 2002). The normal am-
plification cycle for COI consisted of an initial denaturation step (2 min at 95 °C), 
followed by 35 cycles of denaturation (1 min at 95 °C), annealing (1 min at 43 °C) 
and extension (1.5 min at 72 °C), followed by a final extension step (4 min at 72 °C). 
For the 16S rRNA fragment the cycle consisted of an initial denaturation step (2 min 
at 94 °C), followed by 35 cycles of denaturation (30 s at 94 °C), annealing (30 s min 
at 43 °C) and extension (1 min at 72 °C), followed by a final extension step (7 min at 
72 °C). Visualization of the PCR products was done by 1 % agarose electrophoresis 
using Midori Green Advanced DNA Stain and FastGene® GelPic LED Box (Nippon 
Genetics, GmbH).

Samples were purified using ExoSAP-IT (Affymetrix) and sent to FIMM (Institute 
for Molecular Medicine Finland) for sequencing. Chromatograms were visualized and 
assembled using Sequencer 5.0.1 (Gene Codes Corp., Ann Arbor, Michigan, USA). 
Sequence alignment editor Se-Al (Rambaut 1996) was used to visualize the sequences 
simultaneously. GenBank registrations for new sequences are listed in Table 1.

Parsimony analysis was conducted with POY ver. 5.1.1 (Wheeler et al. 2014) run 
in 16 nodes in the high-performance supercluster Taito at CSC (IT-Center of Science), 
Finland. A timed search of three hours was first performed on the unaligned data set. 



Gregory D. Edgecombe et al.  /  ZooKeys 510: 65–77 (2015)68

T
ab

le
 1

. S
pe

ci
m

en
s s

eq
ue

nc
ed

 in
 th

is 
stu

dy
 a

nd
 th

ei
r G

en
Ba

nk
 a

cc
es

sio
n 

nu
m

be
rs

. I
ns

tit
ut

io
na

l a
bb

re
vi

at
io

n:
 M

C
Z

, M
us

eu
m

 o
f C

om
pa

ra
tiv

e 
Z

oo
lo

gy
, H

ar
va

rd
 

U
ni

ve
rs

ity
. B

ol
d 

fo
nt

 in
di

ca
te

s n
ew

 se
qu

en
ce

 d
at

a.

Sp
ec

ie
s

Vo
uc

he
r I

D
 n

um
be

r
La

b 
co

de
Vo

uc
he

r
C

ou
nt

ry
 (S

ta
te

)
16

S
C

O
I

La
t. 

(d
eg

re
es

)
Lo

ng
. (

de
gr

ee
s)

N
ew

po
rti

a 
ad

isi
13

07
70

-
M

C
Z

Br
az

il 
(A

m
az

on
as

)
K

F6
76

46
5

K
F6

76
50

6
2.

93
35

5S
59

.9
66

11
W

N
. (

Ec
to

no
cr

yp
to

id
es)

 q
ua

dr
im

er
op

us
13

08
26

-
M

C
Z

M
ex

ico
 (J

ali
sc

o)
H

Q
40

24
94

H
Q

40
25

46
-

-
N

. c
oll

ar
is

18
82

7
95

a
M

C
Z

Br
az

il 
(R

or
aim

a)
K

P0
99

54
7

K
P0

99
50

4
0.

99
18

5N
62

.1
59

15
W

N
. d

iv
er

ge
ns

98
07

8
72

M
C

Z
H

on
du

ra
s

K
P0

99
52

4
K

P0
99

48
1

14
.4

57
48

N
89

.0
68

19
W

N
. d

iv
er

ge
ns

99
12

9
75

M
C

Z
H

on
du

ra
s

K
P0

99
52

5
K

P0
99

48
2

14
.4

56
03

N
89

.0
69

04
W

N
. d

iv
er

ge
ns

98
97

8
81

M
C

Z
H

on
du

ra
s

K
P0

99
52

6
K

P0
99

48
3

15
.6

94
49

N
86

.8
63

39
W

N
. d

iv
er

ge
ns

99
15

4
82

M
C

Z
H

on
du

ra
s

K
P0

99
52

7
K

P0
99

48
4

14
.4

81
39

N
87

.5
32

25
W

N
. d

iv
er

ge
ns

88
19

1
85

M
C

Z
G

ua
te

m
ala

K
P0

99
52

8
K

P0
99

48
5

14
.5

35
77

24
N

90
.6

94
27

78
2W

N
. d

iv
er

ge
ns

89
34

3
10

1
M

C
Z

G
ua

te
m

ala
K

P0
99

52
9

K
P0

99
48

6
14

.9
47

04
N

89
.2

76
27

W
N

. d
iv

er
ge

ns
89

47
4

10
5

M
C

Z
G

ua
te

m
ala

K
P0

99
53

0
K

P0
99

48
7

14
.5

32
56

65
9N

90
.1

52
52

62
2W

N
. e

rn
sti

 er
ns

ti
18

82
8

94
M

C
Z

Br
az

il 
(R

or
aim

a)
K

P0
99

52
2

K
P0

99
47

9
1.

01
11

3S
62

.1
14

09
W

N
. e

rn
sti

 er
ns

ti
10

59
17

-
M

C
Z

D
om

in
ica

n 
Re

pu
bl

ic
JX

42
26

92
JX

42
26

69
-

-
N

. l
on

gi
ta

rsi
s s

tec
ho

w
i

13
07

74
LP

28
71

AM
N

H
Fr

en
ch

 G
ui

an
a

JX
42

26
93

JX
42

26
70

4.
50

62
77

N
52

.0
58

30
5W

N
. m

on
tic

ola
13

07
78

-
M

C
Z

C
ol

om
bi

a
JX

42
26

94
JX

42
26

71
5.

70
95

08
02

42
N

73
.4

60
14

69
61

7W
N

. m
on

tic
ola

80
06

5
40

M
C

Z
C

os
ta

 R
ica

K
P0

99
53

1
K

P0
99

48
8

8.
40

66
7N

83
.3

28
33

W
N

. m
on

tic
ola

80
74

3
49

M
C

Z
C

os
ta

 R
ica

K
P0

99
53

2
K

P0
99

48
9

8.
78

65
8N

82
.9

59
87

W
N

. m
on

tic
ola

81
35

5
55

M
C

Z
C

os
ta

 R
ica

K
P0

99
53

3
K

P0
99

49
0

8.
94

99
7N

82
.8

33
75

W
N

. m
on

tic
ola

21
66

6
91

M
C

Z
Br

az
il 

(R
or

aim
a)

K
P0

99
53

4
K

P0
99

49
1

1.
01

11
3S

62
.1

14
09

W
N

. o
re

in
a

94
26

5
57

M
C

Z
M

ex
ico

 (T
am

au
lip

as
)

K
P0

99
53

5
K

P0
99

49
2

23
.0

34
4N

99
.1

86
97

W
N

. o
re

in
a

94
72

6
58

M
C

Z
M

ex
ico

 (O
ax

ac
a)

K
P0

99
53

6
K

P0
99

49
3

17
.8

98
44

N
96

.3
62

53
W

N
. o

re
in

a
94

18
5

59
M

C
Z

M
ex

ico
 (T

am
au

lip
as

)
K

P0
99

53
7

K
P0

99
49

4
23

.0
23

3N
99

.2
88

3W
N

. o
re

in
a

93
76

5
60

M
C

Z
M

ex
ico

 (T
am

au
lip

as
)

K
P0

99
53

8
K

P0
99

49
5

23
.0

61
1N

99
.2

15
64

W
N

. o
re

in
a

93
66

6
62

M
C

Z
M

ex
ico

 (T
am

au
lip

as
)

K
P0

99
53

9
K

P0
99

49
6

23
.0

08
35

N
99

.2
85

11
W

N
. o

re
in

a
95

18
1

66
M

C
Z

M
ex

ico
 (O

ax
ac

a)
K

P0
99

54
1

K
P0

99
50

0
17

.6
59

34
N

96
.3

34
26

W
N

. o
re

in
a

93
98

1
68

M
C

Z
M

ex
ico

 (O
ax

ac
a)

K
P0

99
54

0
K

P0
99

49
7

17
.8

98
44

N
96

.3
62

53
W

N
. p

us
ill

a 
18

75
8

86
M

C
Z

Ec
ua

do
r

K
P0

99
54

2
K

P0
99

49
8

0.
60

83
33

3S
77

.8
82

5W
N

. p
us

ill
a 

18
82

4
90

M
C

Z
Br

az
il 

(A
m

az
on

as
)

K
P0

99
54

3
K

P0
99

49
9

2.
93

34
9S

59
.9

68
95

W



Species limits and phylogeography of Newportia (Scolopendromorpha)... 69

Sp
ec

ie
s

Vo
uc

he
r I

D
 n

um
be

r
La

b 
co

de
Vo

uc
he

r
C

ou
nt

ry
 (S

ta
te

)
16

S
C

O
I

La
t. 

(d
eg

re
es

)
Lo

ng
. (

de
gr

ee
s)

N
. s

p.
81

28
2

54
M

C
Z

C
os

ta
 R

ica
K

P0
99

54
4

K
P0

99
50

1
8.

94
99

7N
82

.8
33

75
W

N
. s

p.
18

82
2

89
b

M
C

Z
Br

az
il 

(R
or

aim
a)

K
P0

99
54

5
K

P0
99

50
2

0.
99

53
9S

62
.1

59
04

W
N

. s
p.

18
82

5
92

M
C

Z
Br

az
il 

(R
or

aim
a)

K
P0

99
54

6
K

P0
99

50
3

1.
02

89
7S

62
.0

87
22

W
N

. s
to

lli
10

65
16

37
M

C
Z

G
ua

te
m

ala
K

P0
99

51
0

K
P0

99
46

7
14

.9
18

52
N

91
.1

04
58

W
N

. s
to

lli
81

36
1

42
M

C
Z

G
ua

te
m

ala
K

P0
99

51
1

K
P0

99
46

8
15

.1
14

4N
89

.6
80

46
66

7W
N

. s
to

lli
81

36
0

44
M

C
Z

M
ex

ico
 (C

hi
ap

as
)

K
P0

99
50

5
K

P0
99

46
2

16
.1

38
53

33
3N

90
.9

01
46

66
7W

N
. s

to
lli

79
98

2
47

M
C

Z
M

ex
ico

 (C
hi

ap
as

)
K

P0
99

50
6

K
P0

99
46

3
16

.9
63

85
N

91
.5

93
13

W
N

. s
to

lli
80

14
3 

48
M

C
Z

G
ua

te
m

ala
K

P0
99

51
2

K
P0

99
46

9
15

.0
58

33
33

N
89

.6
76

66
7W

N
. s

to
lli

80
17

5
50

M
C

Z
M

ex
ico

 (C
hi

ap
as

)
K

P0
99

50
7

K
P0

99
46

4
17

.1
75

36
N

93
.1

49
39

W
N

. s
to

lli
81

36
3

52
M

C
Z

M
ex

ico
 (C

hi
ap

as
)

K
P0

99
50

8
K

P0
99

46
5

16
.9

74
16

66
7N

91
.5

85
91

66
7W

N
. s

to
lli

80
20

8
53

M
C

Z
M

ex
ico

 (C
hi

ap
as

)
K

P0
99

50
9

K
P0

99
46

6
16

.7
51

81
N

92
.6

82
67

W
N

. s
to

lli
99

22
5

71
M

C
Z

G
ua

te
m

ala
K

P0
99

51
4

K
P0

99
47

1
15

.0
84

05
N

89
.9

49
91

W
N

. s
to

lli
99

27
9

78
M

C
Z

G
ua

te
m

ala
K

P0
99

51
3

K
P0

99
47

2
15

.0
77

08
N

89
.9

47
95

W
N

. s
to

lli
18

82
6

88
a

M
C

Z
Br

az
il 

(R
or

aim
a)

K
P0

99
52

0
K

P0
99

47
7

1.
02

89
7S

62
.0

87
22

W
N

. s
to

lli
18

83
0

93
a

M
C

Z
Br

az
il 

(R
or

aim
a)

K
P0

99
52

1
K

P0
99

47
8

1.
01

11
3S

62
.1

14
09

W
N

. s
to

lli
18

82
7

95
b

M
C

Z
Br

az
il 

(R
or

aim
a)

K
P0

99
52

3
K

P0
99

48
0

0.
99

18
5N

62
.1

59
15

W
N

. s
to

lli
89

56
6

99
M

C
Z

G
ua

te
m

ala
K

P0
99

51
5

K
P0

99
47

0
15

.2
12

41
13

5N
90

.2
14

80
79

9W
N

. s
to

lli
89

32
1

10
0

M
C

Z
G

ua
te

m
ala

K
P0

99
51

6
K

P0
99

47
3

16
.4

45
68

93
1N

89
.5

49
81

72
8W

N
. s

to
lli

89
30

6
10

2
M

C
Z

G
ua

te
m

ala
K

P0
99

51
7

K
P0

99
47

4
17

.2
40

33
73

6N
89

.6
20

94
01

7W
N

. s
to

lli
89

35
5

10
3

M
C

Z
G

ua
te

m
ala

K
P0

99
51

8
K

P0
99

47
5

15
.2

13
18

93
9N

90
.2

19
21

31
6W

N
. s

to
lli

89
60

6
10

4
M

C
Z

G
ua

te
m

ala
K

P0
99

51
9

K
P0

99
47

6
16

.4
41

47
06

4N
89

.5
34

47
W

N
. s

to
lli

13
07

87
-

M
C

Z
G

ua
te

m
ala

K
F6

76
46

7
K

F6
76

50
8

15
.0

83
33

33
N

89
.9

44
16

66
W

Cr
yp

to
ps

 p
un

icu
s

13
06

04
-

M
C

Z
Ita

ly
K

F6
76

46
1

K
F6

76
50

3
40

.0
14

71
N

9.
22

26
1E

Sc
olo

po
cr

yp
to

ps
 m

ex
ica

nu
s

10
56

26
-

M
C

Z
Ec

ua
do

r
JX

42
27

03
JX

42
26

79
1.

33
61

11
N

77
.2

63
05

5W



Gregory D. Edgecombe et al.  /  ZooKeys 510: 65–77 (2015)70

The resulting tree was used as the starting tree for the next round in which an additional 
timed search of six hours was performed. Parameter set 111 (indel/transversion and 
transversion/transition costs all equal) was used throughout the searches and branch 
lengths were reported using the newly implemented command “report (“file_name.
tre”, trees:(total, branches:true))”. Nodal support was calculated using parsimony jack-
knifing (Farris et al. 1996).

Additional analyses used a probabilistic approach with the maximum likelihood 
program RAxML ver. 8.0.22 (Stamatakis 2014). For these, multiple sequence 
alignments (MSA) were first estimated with MUSCLE ver. 3.6 (Edgar 2004) and 
then trimmed using Gblocks ver. 0.91b (Castresana 2000; Talavera and Castresana 
2007) to remove areas of ambiguous alignment. Since COI sequences showed no 
length variation, they were not trimmed in Gblocks. The amount of 16S rRNA data 
that remained after trimming was 59% of the original 585 positions. The two data sets 
were concatenated using SequenceMatrix (Vaidya et al. 2011) and the concatenated 
data were analyzed with RAxML in the CIPRES Science Gateway (Miller et al. 
2010). A unique general time reversible (GTR) model was specified for each partition 
independently. Nodal support was estimated using the rapid bootstrap algorithm 
(applying the Majority Rule Criterion) using the GTR-CAT model (Stamatakis et 
al. 2008).

Results

The combined analysis of both COI and 16S fragments using parsimony as the opti-
mality criterion resulted in two most parsimonious (MP) trees of length 4625 steps. 

N. adisi

N. collaris

N. divergens

N. ernsti ernsti

N. monticola 

N. oreina

N. pusilla

Newportia sp.

N. stolli

N. longitarsis
stechowi

Figure 1. Map of Mesoamerica, the Caribbean and northern South America showing geographic distri-
bution of Newportia specimens analyzed herein (see Table 1 for coordinates of samples).
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The strict consensus tree (Fig. 2) shows these two trees are almost identical, differ-
ing only in the placement of two Brazilian specimens of N. (N.) stolli in relation to 
each other. Comparing strongly supported clades, the maximum likelihood tree (lnL 
-14054.372302: Fig. 3) shows the same major geographic and taxonomic groupings as 
the parsimony tree. This congruence is noteworthy because the data sets analyzed under 
these two optimality criteria were different (unaligned in POY and analyzed using the 
concept of dynamic versus static homologies with some regions removed in RAxML), 
as are the resampling methods (jackknifing and bootstrapping, respectively). Parts of 
the trees that are incongruent between the two analyses involve nodes that received low 
resampling supports in both analyses (e.g., the positions of N. (N.) adisi and Brazilian 
specimen 89b relative to other species). Both analyses depict substantial branch lengths 
both within and between species, with only a few instances of no (or minimal) variation 
between specimens from the same or geographically close populations.

As in previous analyses based on sparser sampling for Newportia (Vahtera et al. 2013), 
Tidops (T. collaris) and Ectonocryptoides (E. quadrimeropus) nest within Newportia in all 
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Figure 2. Strict consensus of two optimal cladograms for Newportia under parameter set 111 for par-
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analyses. Specifically, they unite with Newportia (Newportia) spp. that inhabit the same 
geographic region i.e., N. (T.) collaris from the Brazilian Amazon groups within a clade 
composed of species of Newportia (Newportia) from there, whereas N. (E.) quadrimero-
pus from Jalisco, Mexico, groups with the Mexican N. (N.) oreina. These results reinforce 
proposals to classify Tidops, Ectonocryptoides and presumably allied Ectonocryptops within 
Newportia and to regard Ectonocryptopinae as subordinate to Newportiinae (Vahtera et 
al. 2013). The traditional classification of N. (Tidops) and N. (Ectonocryptoides) as sepa-
rate genera because of their obvious phenotypic differences from N (Newportia) might 
have predicted that they would be markedly different from N. (Newportia) genetically. 
However, neither N. (Tidops) collaris nor N. (Ectonocryptoides) quadrimeropus depict long 
branch divergences from their closest relatives with respect to the studied loci, indeed 
being shorter than some population-level branches within species.

Newportia oreina consists of two geographical clades and this division is found 
in both parsimony and likelihood analyses; one clade consists of all specimens from 
Tamaulipas (JK, BS 100) and the other of ones from Oaxaca (JK 100, BS 98). Inter-
estingly, N. (Ectonocryptoides) quadrimeropus forms a well-supported (JK 99, BS 73) 
clade with the N. (N.) oreina populations from Oaxaca, rendering N. (N.) oreina para-

Figure 3. Maximum likelihood tree (lnL = -14054.372302). Abbreviations for countries as in Fig. 2.
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phyletic with respect to Ectonocryptoides (and presumably Ectonocryptops). A previous 
scolopendromorph phylogeny (Vahtera et al. 2013) had also indicated affinity between 
N. (N.) oreina and N. (Ectonocryptoides) quadrimeropus; analyses based on combined 
molecular and morphological data resolved them as sister-groups, although only one 
individual of each was then available. We note that N. oreina possesses a shorter tarsus 
than most congeners. The phylogeny interprets the ancestral condition of the ultimate 
leg tarsi of Newportia as being elongate and divided into tarsomeres, with the rela-
tively short tarsus 2 of N. (N.) oreina being a possible precursor to the stout tarsi of 
the submerged taxon, “Ectonocryptopinae”. This transformation series increases the 
plausibility of the subclavate “ectonocryptopine” ultimate legs being derived from an 
ancestor with flagelliform tarsi, a result that was already strongly signaled by molecular 
phylogenies (Vahtera et al. 2013) and is reinforced by the current trees.

A Mesoamerican clade uniting N. (N.) stolli and N. (N.) divergens from Mexico 
(Chiapas), Guatemala and Honduras is recovered in both parsimony and likelihood 
analyses (Figs 2, 3), though resampling methods did not strongly support it (JK <50, 
BS 57). N. (N.) divergens is resolved as monophyletic in the POY analyses but is nested 
within a paraphyletic N. (N.) stolli, implying a single loss of the median part of the 
anterior transverse suture on T1 (Fig. 2). However, there is no jackknife support for 
the divergens clade. In contrast, the likelihood analysis did not support monophyly 
of N. (N.) divergens; six individuals from Guatemala and Honduras resolve as a well-
supported clade (BS 98), but two others from Honduras (81, 82) are grouped with two 
Mexican N. (N.) stolli specimens, albeit with weak nodal support.

Specimens identified as N. (N.) stolli from the Brazilian Amazon do not unite with 
supposed congeners from Mesoamerica but are instead most closely related to other 
taxa from the same region, i.e., a specimen identified as N. (N.) monticola (91) and N. 
(Tidops) collaris. This result implies that N. (N.) stolli is polyphyletic and an indistinct 
segmentation of ultimate tarsus 2 has multiple (convergent) origins. This character 
had once served as the basis for recognising a subgenus N. (Scolopendrides), e.g., in the 
classification of Bücherl (1974), but this taxon is not used in current classifications 
(Schileyko and Minelli 1998). We re-examined the N. (N.) stolli specimens again in 
light of the signal for non-monophyly in the phylogenetic analysis, attempting to rec-
ognize any morphological character(s) that would separate the specimens from Brazil 
from those from Mesoamerica. However, we found no distinctive characters between 
the samples; the specimens appear to be morphologically indistinguishable and using 
the existing keys they would all be identified as N. (N.) stolli with confidence.

Costa Rican specimens of N. (N.) monticola unite as a monophyletic group (JK 
100, BS 99) in both analyses. In the maximum likelihood tree (Fig. 3) a Colombian 
specimen of N. (N.) monticola (103974) is resolved as a sister taxon to the Costa Ri-
can clade but this relationship is not found in the parsimony tree (Fig. 2). In neither 
analysis did a Brazilian specimen identified as N. (N.) monticola unite with the other 
supposed conspecifics.

The two included specimens of N. (N.) pusilla, one from Ecuador (specimen 86) 
and the other from Brazilian Amazonas (specimen 90), likewise do not form a clade 
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but instead are situated in different parts of the tree. The Brazilian specimen conforms 
to “Amazonian type pusilla” of Schileyko and Minelli (1998), characterized by rudi-
mentary paramedian sutures on T1 (in contrast to their complete absence in other 
populations). Both analyses group this Brazilian specimen together with N. (N.) lon-
gitarsis stechowi but since there is no strong resampling support in either analysis (JK 
<50, BS 69), the question about its identity and closest relative remains unclear.

We also included a few Newportia specimens that could not be identified mor-
phologically since they lacked ultimate legs, were juveniles, or did not key out to any 
known species. A specimen (54) from Costa Rica has a unique character combination 
and is apparently a distinct species but lacks its ultimate legs. In the POY analysis it 
groups together, although with weak support, with the Costa Rican N. (N.) monticola 
clade. A very distinctive Brazilian specimen (89b) with all tarsi bipartite and tarsus 2 
of the ultimate leg undivided groups at the base of the Mexican N. (N.) oreina/N. (E.) 
quadrimeropus clade in the parsimony analysis. However, there is poor resampling 
support for this grouping and it is instead allied to species with indistinctly segmented 
ultimate tarsus 2 and the Brazilian clade in the likelihood tree. The poor support values 
and topological instability under different analytical conditions render the affinities of 
this undescribed species uncertain.

Discussion

Some of the specimens used in this study were either of small size because of the collec-
tion methods employed (and thus may not have been appropriate for keying using tra-
ditional criteria formulated for mature specimens) or were missing their taxonomically-
informative ultimate legs. Nonetheless, several such specimens could be identified with 
a high degree of accuracy because their sequence data placed them within clades whose 
nomenclature could be established based on standard external morphological characters. 
An example is provided by a juvenile from Brazil (92) that is in poor condition and can-
not be identified to species. However, the analysis shows it to be a juvenile of a Brazilian 
clade assigned to N. (N.) stolli. This approach is likely to be valuable in other groups of 
taxonomically-difficult centipedes that rely heavily on characters of the ultimate leg pair 
but often lack those legs in fixed specimens, such as Cryptops, where the numbers of tibial 
and tarsal saw teeth are fundamental taxonomic characters. The identification of develop-
mental stages or adults without key taxonomic characters is becoming standard for many 
groups of animals, including other arthropod groups, such as insects (Monaghan et al. 
2009; Gattolliat and Monaghan 2010) and arachnids (Fernández et al. 2014).

Some morphologically delimited species were found to be monophyletic groups, like 
N. (N.) divergens in the parsimony analysis, but others were paraphyletic or polyphyletic. 
This could be interpreted as a failure of the taxonomic characters traditionally used to 
delimit species or a failure in reconstructing an accurate tree by the markers selected. The 
second option is unlikely for the reasons outlined below, especially the biogeographical 
patterns exhibited in many clades where “distinct” species from the same regions tend 
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to cluster together and not with their supposed conspecifics from other geographical re-
gions. In particular N. (N.) stolli formed a series of geographic groupings that in part were 
paraphyletic with respect to sympatric species (specifically, to N. (N.) divergens in Mes-
oamerica) or in other cases were found to be distantly related (Brazilian “N. (N.) stolli”). 
The first pattern is consistent with N. (N.) stolli being a grade united by a plesiomorphy (a 
continuous anterior transverse suture on T1), some parts of which are most closely related 
to a species defined by an apomorphic state (i.e., loss of the median extent of the anterior 
transverse suture). The tree topology, however, suggests that the Brazilian specimens iden-
tified as N. (N.) stolli are misidentified. Newportia (N.) monticola is likewise a questionable 
taxon, the monophyletic Costa Rican group never uniting with a specimen of the same 
putative species from Brazil and only variably so with one from Colombia. Brazilian N. 
(N.) monticola and N. (N.) stolli unite in a well-supported clade (JF and BS 100), indicat-
ing that, in this instance, geography is a better predictor of relationships than taxonomy. It 
is noteworthy that N. (N.) stolli and N. (N.) monticola are among the most geographically 
widespread “species” of Newportia, but our results suggest that the wide distribution is 
partly an artifact of morphologically-based identifications. The same evidently applies to 
N. (N.) pusilla, a morphospecies that is regarded as ranging from St. Vincent through Co-
lombia to the Brazilian Amazon (Schileyko and Minelli 1998; Chagas-Júnior et al. 2014). 
Polyphyly of this species in the molecular trees suggests that its diagnostic characters (ab-
sent or rudimentary paramedian sutures on T1 and a lack of ventral spinose processes on 
the ultimate leg femora) evolved convergently in different regions.

Centipede systematics, still strongly influenced by mid 20th Century conceptu-
alisations of species (see Edgecombe 2007), primarily assumes polymorphic and geo-
graphically widespread entities. The existing concepts that N. (N.) monticola and N. 
(N.) stolli are widespread throughout much of Central and South America exemplify 
where morphospecies do not appear to correspond to clades but rather are classes de-
fined by combinations of characters. In these instances, molecular tools may prove to 
be invaluable for species delimitations, and novel morphological characters will need 
to be identified to rediagnose polyphyletic species.
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Abstract
The diversity of Diplopoda in caves of southern China is remarkably high, often 5–6 species per cave, 
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the collecting and taxonomic exploration efforts still focus on cavernicoles. The Oriental Region is the 
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Introduction

The class Diplopoda, or millipedes, is among the largest of the terrestrial arthropod 
groups globally, with about 8,000 described species in nearly 1,900 genera, 147 fami-
lies and 16 orders (Shear 2011). However, the diversity of the Diplopoda is sometimes 
estimated at up to 80,000 species (Hoffman 1980), currently between 15,000–20,000 
using some modern statistics (Brewer et al. 2012). The earliest millipedes are known 
from the Silurian (early Palaeozoic) and show remarkable ordinal-level diversity, with 
six orders recorded so far since the Carboniferous (late Palaeozoic) (e.g. Shear and 
Edgecombe 2010). Being so ancient and diverse taxonomically, widespread (present on 
all continents except Antarctica), virtually fully terrestrial (even fossils show spiracles), 
poorly vagile (with highly limited dispersal capacities) and highly limited in compensa-
tory ecological faculties (strongly restricted by a single limiting ecological factor even if 
the others are favourable), millipedes have long been considered as an exemplary group 
for biogeographical studies and reconstructions (e.g. Shelley and Golovatch 2011).

Diplopods are largely detritivores, only a few species can be considered omnivores, 
even fewer as carnivores. The environment that can be postulated as the most typical 
of the Diplopoda as a whole is temperate (especially deciduous), subtropical or tropical 
forest (in particular, humid ones). The most typical habitats are leaf litter, the litter/soil 
interface, the uppermost soil, and dead wood. Being mainly hygro- to mesophilous, 
millipedes tend to be absent from or only marginal in most of the extreme habitats 
such as tundra or desert (Golovatch and Kime 2009).

Several basic millipede morphotypes are known: polyxenoid (Polyxenida), glom-
eroid (Glomerida and Sphaerotheriida), juloid (virtually all Juliformia), polydesmoid 
(Polydesmida, some Chordeumatida) and platydesmoid (Colobognatha). Similarly, 
five life-forms, or ecomorphotypes, have been delimited in millipedes (Kime and Golo-
vatch 2000, Golovatch and Kime 2009). Thus, stratobionts, restricted to litter and the 
uppermost soil, are dominant in the Diplopoda and represented by all five morpho-
types. Pedobionts, or geobionts, mainly restricted to mineral soil and represented by 
the smaller juloid, glomeroid and polydesmoid morphotypes, usually show body min-
iaturization or elongation, the shortening of appendages, often also decoloration of the 
teguments and the loss of eyes. Troglobionts, likewise represented almost entirely by 
the juloid, glomeroid and polydesmoid morphotypes, usually demonstrate a drastic 
elongation of the extremities, depigmentation of the teguments, blindness, sometimes 
mouthpart modifications and often also “cave gigantism”. Under-bark xylobionts, or 
subcorticoles, are also represented by all five morphotypes, but tend to be either par-
ticularly flat-bodied (polydesmoids, platydesmoids) or miniature (polyxenoids, glom-
eroids), often also especially thin (juloids). Finally, epiphytobionts, again with all five 
morphotypes involved, seem to be characteristic of suspended soil in warm humid 
forests and are characterized by very small body sizes. The life-form of epiphytobionts 
is still too poorly delimited to be sure. Moreover, since life-forms of arboricoles (= 
dendrobionts), symbionts of ants or termites, deserticoles etc. are habitually even less 
conspicuous, none of them seems to warrant the recognition of a separate life-form.
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Figure 1 schematically depicts the main trends in, and pathways of, diplopod eco-
logical evolution (Kime and Golovatch 2000). The biomes are arranged according to 
their age along two vectors of past climatic/biotic change, one showing deterioration 
from poor to worse conditions (overcooling from subtropical to boreal forest), and the 
other from warm to hot conditions (overheating, from subtropical to tropical forest) 
since the end of the so-called “warm Earth”, i.e. terminal Oligocene. Generally speak-
ing, all derivative life-forms, i.e. subcorticoles, epiphyto-, troglo- and geobionts, may 
have evolved from the main stratobionts more or less simultaneously, relatively recent-
ly and perhaps since the onset of the Plio-Pleistocene glaciations. The few and rather 
indistinctly defined life-forms in Diplopoda seem to support this opinion. Yet one 
must distinguish the age of a taxon from that of a derivative life-form, because there 
are quite a number of relictual high-level diplopod taxa scattered across the world, 
including cavernicoles, whose origins seem to date back to the early Cenozoic or even 
Mesozoic times. We can assume that early in their evolution Diplopoda were gener-
ally detritivores living on the forest floor, and that this still applies to the majority. 
Cylindrical burrowers (juloids), flat-backed litter-splitters (polydesmoids) and rollers 
(glomeroids) are known already since the Palaeozoic. These were mainly large, spiny or 
crested forms, unequivocally stratobionts (Kime and Golovatch 2000).

Figure 1. Main trends in the ecological evolution of Diplopoda. All are life forms except for arbori-
coles. 1 stratobionts 2 trunk and crown arboricoles, as well as subcorticolous xylobionts 3 epiphytobionts 
4 troglobionts 5 geobionts. NB: The thickness of numbered arrows roughly corresponds to the share of 
the respective ecological grouping along a gradient of biome succession with age (uppermost arrows, the 
gap between them indicates the primary subtropical biome whence developed all the main extant biomes). 
After Kime and Golovatch (2000). Drawing courtesy S. Dashdamirov.
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To summarize, only a few millipede life-forms can be distinguished. Diplopoda as 
a group of soil/litter macrofauna are somewhat to markedly sensitive to water deficit 
and are often calciphilous as well. In general, they appear to have failed, both morpho-
physiologically and ecologically, to conquer environments and habitats significantly 
deviating from a forest floor (Kime and Golovatch 2000, Golovatch and Kime 2009).

The fauna of China in the context of that of Southeast Asia

Holt et al. (2012), based on the modern distributions and phylogenies of amphibians, 
birds and non-marine mammals (altogether, 21,000+ species), have recently advanced 
a new terrestrial zoogeographical regionalization of the world, recognizing 20 major 
zoogeographical regions grouped into 11 larger realms. Among other novelties, a new, 
independent, Sino-Japanese region has been discriminated which also covers southern 
China and which appears to show closer phylogenetic affinities to the Palaearctic than 
to the Oriental realm. Eventually, that paper represents one of the most consistent, but 
no less unsuccessful attempts at uncritically combining the landscape-typological (= 
zonal) and faunogenetic approaches to biogeography which must be clearly separated 
at least as regards the biotas of older biomes (e.g. Chernov 1975). In addition, past 
distributions and the fossil record have been totally neglected, whereas some rivaling 
phylogenies preferred over others. As a result, based on the present-day borders of the 
tundra, steppe (= grassland) and desert zones, Holt et al. (2012) incorporated most of 
the tundra-clad northern North America into the Palaearctic and also distinguished a 
separate, arid, Saharo-Arabian region.

Heiser and Schmitt (2013), based on the distribution of the insect order Odonata 
in Eurasia and using various statistics, have recently provided an attempt at drawing 
a refined boundary between the Palaearctic and Oriental realms. The result was pre-
dictably clear and fully agreeing with common wisdom, as it shows a broad transition 
zone between these realms. Hardly surprisingly, this zone roughly corresponds to the 
Sino-Japanese region as delimited by Holt et al. (2012), naturally with southern China 
considered as its part.

Speaking of the Diplopoda, Southeast Asia is the only biogeographic region glob-
ally that supports all of its 16 orders (Shelley and Golovatch 2011). Because China 
together with the adjacent parts of Indochina alone encompasses at least 14 of these, 
its southern and central parts not only represent the northern periphery of the Oriental 
realm bordering on and intermingling with the Palaearctic one, but also a huge refuge 
harbouring numerous relict elements at various levels.

The following examples illustrate the declining millipede orders Siphoniulida and 
Siphonocryptida, neither reported from continental China yet.

All 2–3 species of Siphoniulida are only known from Sumatra (1) and 
Mexico+Guatemala (1–2). The pattern demonstrated by the Siphonocryptida is also 
quite peculiar. This small order contains two genera with three species in each. Hiru-
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dicryptus Enghoff & Golovatch, 1985 has a species living on Madeira and the Canaries, 
where it is largely confined to the relict laurisilva biome, one species from a 2500 m 
elevation in Nepal, and one from Taiwan. Siphonocryptus Pocock, 1894 contains one 
species from Sumatra, Indonesia, and two from the southern half of Malay Peninsula. 
Such patterns seem to date back at least to the Oligocene times of the so-called “Warm 
Earth” and have firm causal explanations (Golovatch 1997, Zherikhin 2003). Being 
so vastly disjunct, they are best accounted for by extinction events, extinction being as 
an integral part of evolution, both phylogenetic and spatial, as speciation. In contrast, 
most if not all of the remaining orders of Diplopoda are currently in an expansive stage 
of their evolution (Hoffman 1980, Shelley 2011).

Troglobionts versus other life-forms

Faunistic records in southern China (not only of Diplopoda, but of many other ar-
thropod groups) appear to be strongly biased towards caves; many if not most of the 
species are suspected or confirmed troglobionts, often with up to 5 or 6 troglomorphs 
per cave, for example in the Mulun Karst in Guangxi which hosts perhaps the richest 
cave fauna at least in China (Deharveng et al. 2008). We can easily predict that actually 
a far richer millipede diversity is represented by the other life-forms combined, both 
endogean, i.e. pedobionts, and above-ground, i.e. strato-, xylo-, epiphytobionts and, 
especially, stratobionts. Troglobionts, however common in the so cave-rich, karst-dom-
inated, southern provinces of China, still constitute there only a subordinate fraction 
of the region’s overall diplopod diversity. This must never be forgotten when collecting 
anywhere, including China.

The cave millipedes of Southeast Asia, including the adjacent areas of south-
ern China, in contrast to their epigean faunas, appear to be strongly biased and 
restricted to rather few lineages. In other words, even though the Oriental Region 
does support perhaps the richest and most diverse diplopod fauna globally (Table 
1), the cavernicolous millipedes, however common in terms of abundance (quite 
often) and species richness, are represented by surprisingly few families and genera. 
Like elsewhere in the world, most/all of the troglobionts as a distinct life-form actu-
ally belong to the orders Spirostreptida, Glomerida, Chordeumatida, Callipodida 
and Polydesmida. The proportions of the few troglobitic species of Polyxenida, 
Glomeridesmida or Spirobolida known at the present are negligible (currently zero 
in the entire Oriental realm).

Biogeographically, the millipede fauna of southern China, including cavernicoles, 
is clearly dominated by Oriental elements, whereas the influence of the Palaearctic is 
low. Such a pattern fully agrees with common wisdom. The same concerns the obvi-
ous preponderance of troglobitic Diplopoda to particularly local endemism, mostly 
restricted to a single cave or cave system, even as compared to the low-vagile and also 
mostly highly locally distributed epigean counterparts (Golovatch 1997).
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The main lineages of cave-dwelling Diplopoda in the Oriental Region 
and southern China

The most common, often also highly abundant group clearly dominating the cave mil-
lipede fauna of Southeast (and partly South) Asia is the family Cambalopsidae (Spiros-
treptida). The most speciose genera are Glyphiulus Gervais, 1847 (Golovatch et al. 2007a, 
2007b, 2011b, 2011c, Golovatch, Geoffroy et al. 2012b) and Plusioglyphiulus Silvestri, 
1923 (Golovatch et al. 2009a, 2011a), followed by Trachyjulus Peters, 1864 (Golovatch, 
Geoffroy et al. 2012a) and Hypocambala Silvestri, 1895 (Golovatch et al. 2011d). All of 
them largely contain epigean species, however at least two dozen Glyphiulus species (e.g. 
Fig. 10), plus one Hypocambala, are presumed troglobionts in southern China. The real 
diversity of Cambalopsidae in Chinese caves is difficult to estimate, but the number of 
likely troglobitic species of Glyphiulus alone may well amount to a hundred.

The huge, Eurasian, basically warm-temperate to tropical genus Hyleoglomeris Ver-
hoeff, 1910 (Glomeridae, Glomerida) currently contains nearly a hundred species, 
including at least two dozen cavernicoles. Unlike the glomerid fauna of the adjacent 
Indochina which harbours a considerable proportion of endemic genera (60% in Vi-
etnam, see Golovatch, Geoffroy and VandenSpiegel 2013), continental China cur-
rently supports only 23 species of Hyleoglomeris, of which over a dozen occur in caves 
alone (Golovatch, Geoffroy and VandenSpiegel 2012). According to our estimates, 
this figure may easily double or even triple with further studies on the cave Diplopoda 
of China.

Table 1. Millipedes of Southeast Asia (and the world) versus those in southern China.

Orders Distribution pattern Troglobionts
Polyxenida Cosmopolitan very few troglobionts, but none in E & SE Asia

Glomeridesmida Pantropical very few troglobionts, but none in E & SE Asia
Glomerida Holarctic + Oriental numerous troglobionts, including E & SE Asia

Sphaerotheriida Old World no troglobionts
Siphoniulida Neotropical + Oriental no troglobionts

Siphonophorida Pantropical no troglobionts
Siphonocryptida Palaearctic + Oriental no troglobionts

Polyzoniida 
Platydesmida Subcosmopolitan no troglobionts

Chordeumatida Holarctic + Neotropical + Oriental no troglobionts
Callipodida Subcosmopolitan, but mainly Holarctic numerous troglobionts, including E & SE Asia

Stemmiulida mainly Holarctic + Oriental
rather few troglophiles, but hardly any true 

troglobionts, which are mostly restricted to SE 
Asia

Julida
Pantropical no troglobionts

mainly Holarctic + Oriental numerous troglobionts, including E Asia, 
but excluding SE Asia

Spirostreptida Pantropical numerous troglobionts, including E & SE Asia
Spirobolida Pantropical very few troglobionts, but none in E & SE Asia
Polydesmida Cosmopolitan numerous troglobionts, including E & SE Asia
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Species of the large order Chordeumatida dominate the Holarctic, being much 
more subordinate in Australasia (including southern India and Sri Lanka in the West, 
through Malay Peninsula and Indonesia, to tropical and subtropical eastern Australia 
and New Zealand), Madagascar (absent from the remaining Afrotropical areas), Cen-
tral America (only north of Panama) and South America (only Chile). In Southeast 
Asia together with the adjacent areas of southern China, the fauna is restricted to a 
few genera only. The most important is Nepalella Shear, 1979 (Megalotylidae), with 
23 species or subspecies from Nepal (10), Thailand (2), Myanmar (2), Vietnam (1) 
and southern China (8, several presumed troglobionts, e.g. Figs 2–4) (Golovatch et al. 
2006a, 2006b). The oligotypic genera Vieteuma Golovatch, 1984 and Lipseuma Golo-
vatch, Geoffroy & Mauriès, 2006 (both Kashmireumatidae), include one and two 
presumed troglobionts in southern China, respectively (Mauriès and Nguyen Duy-
Jacquemin 1997, Golovatch et al. 2006a, 2006b). The small Oriental family Hetero-
chordeumatidae (two genera and four species) is as yet unknown from southern China 
and contains no cavernicoles (Shear 2000). The same can be stated as regards the close-
ly related, but much larger Metopidiotrichidae, with seven genera and over 50 spe-
cies ranging from Japan, Taiwan, Indochina, Myanmar, Malaysia and the Philippines, 
through Indonesia, to Papua New Guinea, eastern Australia and New Zealand (Shear 

Figures 2–4. Habitus of Nepalella grandoides Golovatch, Geoffroy & Mauriès, 2006, a completely un-
pigmented, blind, long-legged and long-antenned troglobiont from Sichuan, length nearly 38 mm. After 
Golovatch et al. (2006b). Photos courtesy L. Albenga.
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2002). The only family-level endemic of southern China is the troglobitic monobasic 
genus Guizhousoma Mauriès, 2005 (Guizhousomatidae). Finally, also of relevance is 
the small family Pygmaeosomatidae which hosts only a few species in southern India, 
Sri Lanka and Madagascar, albeit none of them is cave-dwelling.

The rather small, mostly Holarctic order Callipodida is represented in the Oriental 
realm by 3–4 genera and three families. Perhaps the most interesting is Sinocallipus 
Zhang, 1993, with six described species, largely cavernicolous, from Indochina and 
the adjacent parts of southern China (Stoev and Enghoff 2011). This genus forms a 
distinct family and suborder, i.e. Sinocallipodidae and Sinocallipodidea, respectively, 
possibly the basalmost component in the entire order. Similarly, the genus Paracortina 
Wang & Zhang, 1993 (= ? Angulifer Zhang, 1997) is tropical or subtropical. At the 
moment it harbours 12 species, mostly cave-dwelling, in southern China and north-
ern Vietnam, and it represents still another Oriental family of its own, Paracortinidae 
(review: Stoev and Geoffroy 2004). In contrast, the genus Bollmania Silvestri, 1896 
(Caspiopetalidae) is chiefly Central Asian (south to Punjab in Pakistan). It contains 
only eight described species, mainly epigean, including a single troglobiont from Yun-
nan, southern China (Stoev and Enghoff 2005).

Hardly surprisingly, the order Polydesmida, which is the largest globally, is also the 
most diverse in the Oriental Region. However, only a few families are represented in 
caves while even fewer seem to comprise troglobionts. The most common is the prin-
cipally Holarctic family Polydesmidae only marginally represented in tropical Asia, 
reaching Indochina in the South. Two polydesmid genera dominate the fauna of Chi-
na and adjacent areas, showing lots of cavernicoles as well. Thus, Epanerchodus Attems, 
1901 is the largest genus of Polydesmida in Central to East Asia, including south-
ern China. Altogether it contains 70+ species, mainly in Japan from where numerous 
troglobionts are known. Only 17 species of Epanerchodus have hitherto been recorded 
in mainland China (Golovatch 2014a, 2014b, Golovatch and Geoffroy 2014); at least 
6 of them are presumed troglobionts which are all encountered only in southern China 
(Geoffroy and Golovatch 2004, Golovatch, Liu et al. 2012, Golovatch and Geof-
froy 2014). The distribution of Pacidesmus Golovatch, 1991 (Figs 5 and 9) is even 
more spectacular: one species has been found at 2200–2500 m elevations in northern 
Thailand, whereas the remaining eight known congeners are troglobionts in southern 
China (Golovatch, Geoffroy and Mauriès 2010, Golovatch and Geoffroy 2014). Most 
of the few species of the basically Himalayan genus Glenniea Turk, 1945 are epigean, 
including one congener found in Guangxi (Golovatch, Liu et al. 2012); however, two 
species of Glenniea, one of which is fairly troglomorphic, have only been encountered 
in caves of Sichuan (Golovatch and Geoffroy 2014).

The family Paradoxosomatidae (Polydesmida) is among the largest in the entire 
class Diplopoda (nearly 200 genera and >950 species, amounting to about 60% of the 
total species diversity in the Oriental fauna), but it is highly uncharacteristic of caves. 
Like the Cambalopsidae (probably another 10% of the total species richness of Ori-
ental Diplopoda), the Paradoxosomatidae are largely epigean, in part because much of 
the collecting and taxonomic exploration efforts still focus on cavernicoles alone. Only 
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the large (35 species, mainly epigean), basically Southeast Asian genus Desmoxytes 
Chamberlin, 1923, often referred to as “dragon millipedes”, encompasses 11 unques-
tioned troglobionts (e.g. Fig. 6), all confined to southern China (Golovatch, Geoffroy 
and Mauriès 2010a, Golovatch, Li et al. 2012, Liu et al. 2014). The small Indochinese 
genus Piccola Attems, 1953 is represented in southern China by one troglomorphic, 
likely troglobitic species (Liu and Tian, in preparation). Similarly, the rather small, 
Australasian family Haplodesmidae is largely represented by epigean species as well, 
however several presumed troglobionts (Figs 7, 8), especially from the largest genus 
Eutrichodesmus Silvestri, 1910 (with 45 described species), are known from Indochina 
and southern China (Golovatch et al. 2009b, 2009c, 2015, Golovatch, Mikhaljova et 
al. 2010, Liu and Tian 2013). The quite large, mainly tropical family Cryptodesmidae 
is also dominated by epigean species, but a few are presumed troglobionts both in the 
Neotropical and Oriental regions, including a species of Trichopeltis Pocock, 1894 in 
southern China (Golovatch et al. 2010).

In contrast, species of the small, generally Oriental family Opisotretidae (Polydes-
mida) also occur epigeically in the karst regions of southern China, but the few likely 
troglobionts have only been encountered in Sulawesi, Indonesia and in Papua New 
Guinea (Golovatch, Geoffroy et al. 2013). Furthermore, apparently none of the very 
few, partly still unidentified species of the family Trichopolydesmidae (Polydesmida), 

Figures 5–8. Habitus photos of Pacidesmus armatus Golovatch, Geoffroy & Mauriès, 2010, Desmoxytes 
scolopendroides Golovatch, Geoffroy & Mauriès, 2010, Eutrichodesmus filisetiger Golovatch, Geoffroy, 
Mauriès & VandenSpiegel, 2009, and E. aster Golovatch, Geoffroy, Mauriès & VandenSpiegel, 2009, all 
presumed trogloionts from Guangxi, Guangxi, Vietnam, and Vietnam, respectively. After Golovatch et al. 
(2009c, 2010a, 2010b). Photos courtesy L. Deharveng & A. Bedos.
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the order Glomeridesmida (both these groups pantropical), or the order Julida (basi-
cally Holarctic), which have occasionally been encountered in caves in Southeast Asia, 
seem to represent troglobionts.

Not only is the fauna of cavernicolous diplopods of China clearly biased to rather 
few lineages, but also the morphotypes they represent appear to be fewer compared to 
epigean counterparts. Thus, only juloid, glomeroid and polydesmoid morphotype mil-
lipedes occur among troglobionts in southern China.

The representation of millipede orders in the fauna of southern China, also rough-
ly showing the proportion of presumed troglobionts, is summarized in Table 1.

Conclusions

Generally speaking, southern China harbours a very rich and diverse fauna of Diplopo-
da, probably numbering several hundred species. It consists of not only clearly dominat-
ing Oriental elements, but also a proportion of Palaearctic ones. Yet only a highly lim-

Figure 9. Distribution of Pacidesmus species. After Golovatch and Geoffroy (2014). Map courtesy L. 
Deharveng & A. Bedos.
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ited number of lineages appear to have successfully colonized the cave environment, not 
only in China, but in the entire Oriental realm. Biogeographically, these lineages, how-
ever few, also demonstrate the dominance of presumably Oriental groups (Kashmireu-
matidae, Megalotylidae, Cambalopsidae, Sinocallipodidae, Paracortinidae, Hyleoglom-
eris, Desmoxytes, Pacidesmus, Glenniea, Trichopeltis, Piccola) over the clearly Palaearctic 
ones (Bollmania, Epanerchodus). In full agreement with common wisdom, the fauna is 
actually a mixture of components from both these realms, definitely with numerous 
further troglobitic species still to be revealed. Because truly cave-dwelling genera, tribes 
or families are nearly absent among the Chinese or even entire Oriental Diplopoda, 
future explorations seem far more likely to yield lots of further new species, but barely 
anything else of a higher taxonomic rank. The only remarkable exceptions in southern 
China are the endemic family Guizhousomatidae, monobasic, and the oligotypic genus 

Figure 10. Habitus of Glyphiulus difficilis Golovatch, Geoffroy, Mauriès & VandenSpiegel, 2011, a pre-
sumed troglobiont from Guangxi. Scale bar: 1.5 mm. After Golovatch et al. (2011b). SEM micrograph 
courtesy D. VandenSpiegel.



Sergei I. Golovatch  /  ZooKeys 510: 79–94 (2015)90

Lipseuma, both these taxa likely highly relictual troglobionts. Continental China may 
well prove to support about 1,000 millipede species of various origins, mainly Oriental 
and Palaearctic. Most of this impressive diversity is expectedly confined to the warmer, 
highly montane, humid tropical and subtropical parts of the country where numerous 
karst massifs are also known to often dominate the landscapes.

The exceptional biotic richness and abounding local endemism of the karsts and 
their caves in southern China (Deharveng et al. 2008), where millipedes are among 
the dominant terrestrial groups showing particularly high rates of diversification (e.g. 
Deharveng and Bedos 2012), are certainly among the most vulnerable elements of bio-
diversity from a conservation point of view. Global change, coupled with an increas-
ingly powerful anthropogenic pressure such as the removal or fragmentation of native 
woods often replaced by timber eucalypt or pine plantations (both inevitably followed 
by soil and water acidification), land development, woodworking, mining/cement and 
similarly detrimental industries, environmental pollution, water removal etc., must 
be regarded as the main targets and concerns of nature conservation in the region. 
Because we still know too little, it is highly difficult to impossible to provide meaning-
ful estimates of the current threats faced by cave biodiversity in southern China, but 
the problems are certainly quite acute and the stakes pretty high. Not just millipedes, 
albeit one of the major components of cave and karst environments, but rather the 
karsts themselves deserve conservation, especially those where aboriginal woody and 
shrub vegetation still dominates, through a network of national or regional nature 
reserves and parks. This work is being planned or already underway, in Guangxi under 
the supervision and with the ongoing support of the Biodiversity Conservation Office, 
Department of Environmental Protection, Guangxi Regional Government, Nanning, 
China (e.g. Liu et al. 2014, Tian et al. 2014).
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Abstract
A new geophilomorph centipede, Geophilus hadesi sp. n., is described from caves in the Velebit Mountain, 
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Introduction

Centipedes are common cave inhabitants. However, most species find shelter there only 
occasionally, thus representing trogloxenes or troglophiles at most. True troglobites – 
species with an entire life cycle confined to cave environments – are much rarer in the 
group (see review of cave myriapods by Culver and Shear (2012)). Such species are 
usually pallid, eyeless (or with reduced numbers of ocelli) and with long appendages 
that bear elongated setae, characters which have evolved in relation to the underground 
lifestyle. Other troglomorphic characters known for lithobiomorph centipedes include 
enlargement of Tömösváry’s organ and coxal pores.

Troglobites are currently described only in three out of the five extant orders of 
Chilopoda, namely Lithobiomorpha, Scolopendromorpha and Geophilomorpha, 
and an instance has been recorded in Scutigeromorpha as well (Howarth and Stone 
1990; GDE, pers. obs.). However, they are not equally represented in these orders: 
lithobiomorphs seem much more prone to penetrate and adapt to this environment 
than the members of the other two orders, where only a handful of species are known 
(most of which belong to the blind scolopendromorph genus Cryptops Leach, 1815). 
Troglobitic centipedes are mainly known from the Northern Hemisphere, in particular 
southern Europe (the Balkan peninsula, the Pyrenees and Sardinia), in areas with vast 
coverage of limestone and high number of caves. Few troglobites are known from 
elsewhere, with only isolated examples south of the equator (Negrea and Minelli 1994; 
Edgecombe 2005, 2006; Ázara and Ferreira 2013, 2014a, b).

More than twenty years have elapsed since Negrea and Minelli (1994) provided 
a global overview of the cave-inhabiting centipedes. During that period, active 
biospeleological work has been carried out in several poorly explored regions of 
the world, delivering remarkable novelties. To name a few, the first troglomorphic 
geophilomorph was discovered in the Pyrenees (Foddai and Minelli 1999). Highly cave-
adapted species of the genus Cryptops – the first descriptions of troglobitic centipedes 
on their respective continents – were found from caves in Australia (Edgecombe 
2005, 2006) and Brazil (Ázara and Ferreira 2013, 2014a). New troglobitic species of 
Scolopocryptopidae (Scolopendromorpha) from the genera Newportia Gervais, 1847 
and Scolopocryptops Newport, 1844 were described from Mexico (Chagas-Júnior and 
Shelley 2003), Puerto Rico (Schileyko 2013) and Brazil (Ázara and Ferreira 2014b, 
Chagas-Júnior and Bichuette 2015). New troglobitic species of Lithobiomorpha were 
found recently in Sardinia (Zapparoli 1997), Corsica (Iorio 2010), and North Africa 
(Stoev et al. 2010). Furthermore, the unique Movile cave in Romania was reported to 
harbor a troglobitic population of the common European centipede Cryptops anomalans 
(Negrea, 1993), a phenomenon which still needs to be further explored, taking into 
account the high number of endemic taxa reported from this underground ecosystem.

The centipede order Geophilomorpha is known to encompass about 1000–1250 
extant species distributed on all continents except for Antarctica (Bonato et al. 2011, 
Bonato et al. 2014a). All species lack sight, have a more or less distinctly dorsoventrally 
flattened trunk, and are well adapted to an underground mode of life. Burrowing 
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locomotion is typical for geophilomorphs but species that dwell on the surface are 
also known in the group. Some ‘extreme’ habitat adaptations are demonstrated, for 
example, by species that inhabit surge zones of seashores, periodically inundated forests 
in Amazonia or deserts.

Although geophilomorphs can occasionally be found in caves, very few of them 
seem to be highly adapted to this environment. Members of the genus Thracophilus 
Verhoeff, 1926 (Himantariidae) have been for example most often recorded from 
caves in Europe but none of the species exhibit particularly troglomorphic traits. 
Ityphilus cavernicolus (Matic, Negrea & Fundora Martínez, 1977) (Ballophilidae), 
found in several caves in Cuba, was speculatively presumed to be a troglobite or a 
regular troglophile (Matic et al. 1977, Lewis 1981), though no sound evidence for 
this has yet been presented. True troglobites were unknown for the order until 1999, 
when Geophilus persephones Foddai & Minelli, 1999 was described from the large cave 
system of Pierre Saint-Martin in southern France.

Here we describe a new troglobitic species of Geophilus Leach, 1814, G. hadesi sp. 
n., characterized by relatively elongated trunk segments and appendages, including 
unusually long claws of the legs. The new species was recently found by Croatian 
biospeleologists at a great depth in some vertical caves in Velebit Mountain, central 
Croatia (Fig. 1). Specimens apparently belonging to the same species have been found 
also in the 15th deepest cave in the world, Lukina jama – Trojama system (-1431 m) 
(Fig. 2), where one was collected in a large chamber at -980 m and another has been 
observed at an unreachable spot at -1100 m, the latter representing the world’s deepest 
record of a centipede known to date.

Material and methods

Four specimens have been encountered during the exploration of three caves: Muda 
labudova, Munižaba and Lukina jama – Trojama cave system. With the exception 
of a specimen that was not reachable, the other three specimens were collected by 
hand, one from each cave, and preserved in 70% or 96% ethanol. Before collection, 
one of them was photographed in situ using a Canon 400D camera, with a 65 mm 
macro objective. All three specimens were compared by P.S. and A.K. using respec-
tively a Zeiss and a Leica MZ16A stereomicroscopes. Additionally one specimen was 
documented by N.A. using scanning electron microscopy: all body parts were cleaned 
with ultrasound, transferred to 96% ethanol then to acetone, air-dried, mounted on 
aluminium stubs, coated with platinum/palladium and studied in a JEOL JSM-6335F 
scanning electron microscope. Images were edited in Adobe Lightroom 5 and Adobe 
Photoshop CS6. The specimens are shared between the Croatian Biospeleological 
Society Collection which is a part of Natural History Museum, Zagreb (CBSS) and the 
Naturrhistorisches Museum Wien (NHMW). All images included in this publication 
have been deposited in MorphBank (http://www.morphbank.net). Terminology for 
external anatomy follows Bonato et al. (2010).
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Results

Taxonomy

Family Geophilidae Leach, 1815
Genus Geophilus Leach, 1814

Geophilus hadesi Stoev, Akkari, Komerički, Edgecombe & Bonato, sp. n.
http://zoobank.org/1D7108A5-11D9-49C0-8D4E-EF39DBD80957
Figs 2–19

Material examined. Holotype: female, 28 mm long, with 33 pairs of legs; Croatia, 
Zadarska županija (Zadar County), Southern Velebit Mountain, Crnopac massif, city 
Gračac, Munižaba cave, N44°15'57.4", E 15°52'09"; circa -250 m below the surface 
(cave entrance at 915 m a.s.l.); hand collected, 19 February 2011, leg. B. Jalžić (CBSS, 
collection code: CHP 532).

Figure 1. Map of Croatia showing the localities of Geophilus hadesi sp. n.
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Paratype: female (damaged), approx. 22 mm long, with 33 pairs of legs; same area 
as the holotype, Muda labudova cave, N44°15'38.5", E15°51'18.2"; -500 m below the 
surface (cave entrance at 1020 m a.s.l.); hand collected, 2-3 July 2011, leg. J. Bedek 
(NHMW, collection code: NHMW8363, 3 SEM stubs)

Other specimen examined: male, approx. 27 mm long, with 33 pairs of legs; 
Croatia, Ličko-senjska županija (Lika-Senj County), Northern Velebit Mountains, 
Hajdučki i Rožanski kukovi Strict Reserve, Lukina jama – Trojama cave system, 
N44°46'01.6", E15°01'52.7"; -980 m below the surface (cave entrace at 1475 m a.s.l.); 
hand collected on boulder, 1–3 August 2011, leg. J. Bedek (CBSS: CHP515).

Origin of name. The specific epithet derives from Hades, god of the underworld 
in Greek mythology and husband of Persephone, in analogy with the name of the only 
other known troglobite in the genus.

Diagnosis. A species of Geophilus with a slender body, adult circa 2.2–2.8 cm 
in length; antennae circa 4.5–5 times as long as the head; second maxillary pretarsus 
very small, tubercle-like with a short tip; exposed part of the forcipular coxosternite 
more than 1.8 times as wide as long, coxopleural sutures strongly diverging forwards 
all along their length, chitin-lines incomplete; trunk metasternites elongate, with 
carpophagus pit; sternal pore-fields on both anterior and posterior parts of trunk; 
legs elongate, 33 pairs, with long claws; metasternite of the ultimate leg-bearing 
segment wider than long; coxal pores only on the ventral side, most of them close 

Figure 2. Geophilus hadesi sp. n. Habitus of male specimen (CBSS: CHP515). Photo taken in situ in 
the Lukina jama – Trojama cave system, at -980 m below the surface (Fig. 22), 1–3 August 2011. Photo 
credit: J. Bedek.
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Figures 3–6. Geophilus hadesi sp. n. 3 cephalic capsule, dorsal 4 clypeus, ventral 5 right antenna, article 
IV, dorsal 6a right antenna, ultimate articles, dorsal 6b right antenna, close up of sensilla basiconica 
cluster, mesal. SEM micrographs taken from female paratype NHMW8363 from cave Muda labudova.
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to the margin of the metasternite, also a single one isolated posteriorly; legs of the 
ultimate pair with claws.

From the other European species of Geophilus with a similarly low number of legs, 
it can be readily distinguished by a number of traits (see Table 1 and Discussion below).

Description of the holotype. Length 28 mm (damaged paratype: circa 22 mm).
Cephalic plate. Cephalic plate as long as wide (also in paratype: Fig. 3), anterior 

margin slightly angulated, lateral margins evidently convex and convergent forward 
for their anterior two thirds, posterior margin almost straight; transverse suture absent. 
Most setae 100–120 µm long.

Antennae. Circa 4.6 times as long as the maximum width of the head (also in 
paratype: Figs 5, 6); all but first article longer than broad, proportions between articles: 
V=VI>VII=IV>VIII>IX>III>II=X>XI>I>XIV>XIII>XII. Ultimate article twice as long 
as penultimate (also in paratype: Fig. 6a). Antennae densely covered with setae, which 
are nearly as long as antennal breadth on the basal articles, gradually shorter and more 
dense from basal towards the distal articles. Apical sensilla slender, spear-like, circa 
14 μm long, slightly narrowing towards the tip. Club-like sensilla (sensilla basiconica) 
in two groups, one on the internal side and the other on the external side on article 
XIV (also in paratype: Fig. 6b).

Clypeus. Uniformly areolate, without finely areolate clypeal areas; three pairs of 
setae including a paramedian pair close to the anterior margin and two pairs of larger 
setae in the middle of clypeus (also in paratype: Fig. 4).

Labrum. About eight triangular denticles on the intermediate part of the margin, 
and some longer and thinner bristles on the lateral parts (also in paratype: Fig. 7).

Maxillary complex. First maxillae: coxosternite entire; coxal projections 
subtriangular, bearing four large setae and one subapical spine-like seta; telopodites 
almost the size of the coxal projections, with the intermediate articulation weakly 
distinct; lappets apparently absent or very short (also in paratype: Fig. 8). Second 
maxillae: coxosternite entire, uniformly areolate, the anterior margin widely concave, 
with setae close to the anterior margin; telopodite composed of three articles, gradually 
narrowing towards the tip; basal article with three long setae close to the inner margin, 
article 2 with one seta, article 3 with 13–15 setae; pretarsus small, tubercle-like with a 
small apical tip (also in paratype: Fig. 8).

Forcipular segment. Forcipules, when closed, not exceeding the anterior margin 
of the head. Tergite wider than long, lateral margins evidently convex. Ventrally 
exposed part of the coxosternite 1.8–1.9 times as wide as long, anterior margin without 
denticles (also in paratype: Figs 9, 10); coxosternal denticles replaced by a prominent 
coxosternal ridge, with a pair of long setae exceeding the coxosternal margin (Fig. 
10); coxopleural sutures strongly diverging forwards all along their length; chitin-lines 
incomplete and pointing lateral from the condyles. Trochanteroprefemur with external 
side almost twice as long as the internal side. Tarsungulum with a small denticle at the 
base, abruptly narrowing and bent basad, then gradually tapering. No denticles on the 
other forcipular articles.
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Leg-bearing segments. A total of 33 leg-bearing segments (also in paratype). Tergites 
wider than long (Fig. 11), tergite 1 slightly wider than metatergite 2. Metasternites 
longer than wide, both in the anterior and the posterior part of trunk. Those in the 
anterior part of the trunk, with the exception of the first segment, with anterior 
carpophagus pits taking up one third of the length of the metasternite (also in paratype: 
Figs 12, 13); pits decreasing in size towards the body end to almost vanishing in the 
last five segments (Fig. 14). Pore-fields present on most part of the metasternites (also 
in paratype: Figs 12–15): a single transverse band along the posterior margin of each 
metasternite, appearing as two paramedian groups on the metasternites of the posterior 
half of the trunk, and poorly visible posterior to leg-bearing segment 26. Legs distinctly 
longer than the breadth of the body; their length increases towards leg pairs 25–26, 
then gradually decreasing until pair 32; leg 1 shortest. Leg claws very slender (Figs 16, 
17, 19), more than 6 times as long as broad at the basis, with two long and pointed 
accessory spines.

Figures 7–10. Geophilus hadesi sp. n. 7 intermediate part of labrum, ventral 8 right half of the maxillary 
complex, ventral 9 forcipular segment, ventral 10 close up of forcipular coxosternite, ventral. SEM 
micrographs taken from female paratype NHMW8363 from cave Muda labudova. Abbreviations: labral 
bristle (lb), labral denticle (ld), first maxillae (MxI), second maxillae (MxII), first maxillary telopodite (tl), 
first maxillary coxal projection (cxp), second maxillary pretarsus (p), coxopleural suture (cxps), chitin-line 
(chl), basal denticle of tarsungulum (bd).
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Ultimate leg-bearing segment. Metasternite sub-trapezoidal, circa 1.3 times as wide as 
long, lateral margins converging posteriorly; posterior margin narrower than anterior; setae 
uniformly scattered. Coxopleura moderately swollen, reaching backward approximately 
two thirds of first genital pleurosternite. Coxal organs opening through distinct pores, 
all on the ventral side, mostly close to the lateral margins of the metasternite, 5+6 (5+5 
in paratype). Coxal pores generally large, one lying in the middle of the ventral side of 
the posterior part of the coxopleuron, somewhat apart from the rest (also in paratype: 

Figures 11–14. Geophilus hadesi sp. n. 11 midbody tergites, dorsal 12 sternites of leg-bearing segments 
6–8, ventral 13 leg-bearing segment 8, ventral 14 leg-bearing segment 25, ventral. SEM micrographs 
taken from female paratype NHMW8363 from cave Muda labudova. Abbreviations: presternites (prst); 
carpophagus pit (crpp), procoxa (prcx), metacoxa (mtcx), metasternite (mtst), ventral pore-field (vpf).
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Figs 18, 20). Telopodites of the ultimate pair almost as long as legs 25-26. Proportions 
between the lengths of the leg articles: trochanter<prefemur<coxa=tarsus2<femur=tibia
=tarsus1; claws shorter than those of preceding legs, accessory spines distinctly shorter.

Postpedal segments. First genital pleurosternite entire. Gonopodal lamina distinctly 
bilobed. Anal pores present (also in paratype: Fig. 18).

Figures 15–19. Geophilus hadesi sp. n. 15 close up of metasternite of leg-bearing segment 26, ventral 
16 left leg 8, anterio-lateral 17 close up of the tip of the right ultimate leg, external view 18 postpedal 
segments, ventral 19 close up of pretarsus and tarsus of midbody leg, lateral. SEM micrographs taken 
from female paratype NHMW8363 from cave Muda labudova. Abbreviations: tarsus 2 (t2), pretarsus 
(pt), isolated coxal pore (icxp), anal valve (av), first genital pleurosternite (fgp), gonopods (g).
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Figure 20. Ultimate leg-bearing segment and postpedal segments, ventral. Photo taken from female 
paratype NHMW8363 from cave Muda labudova.

Discussion

On the taxonomic position of G. hadesi sp. n.

Although relationships between the species in the genus Geophilus are still largely 
unclear, G. hadesi sp. n. is probably related to a subgroup of species sharing a putatively 
modified shape of the second maxillary pretarsus, which resembles a stout tubercle 
with a short spine rather than an elongate curved claw. Three genus group names are 
available for this group, i.e. Orinomus Attems, 1895, Orinophilus Cook, 1896, and Cy-
phonychius Verhoeff, 1928, but their nomenclatural status is yet to be evaluated. Most 
of these species inhabit western and southern Europe, but G. alpinus Meinert, 1870 
and G. oligopus (Attems, 1895) have been recorded also from the Balkan peninsula 
(Bonato et al. 2014b). Among all these species, G. oligopus, G. persephones and G. 
piae especially resemble G. hadesi sp. n. in the reduced number of segments, with 
their leg pairs varying mostly from 29 (recorded in G. persephones) to 39 (recorded in 
G. oligopus), but they are smaller than G. hadesi sp. n., with a length not reaching 2 
cm. The other known troglobitic species G. persephones shares with the new species a 
number of distinctive traits (including elongate antennae, walking and ultimate legs), 
but this may be due to convergence to a troglomorphic habitus. Another shared trait is 
the shape of the labrum devoid of separation between mid and lateral parts.
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On the habitat of G. hadesi sp. n.

Besides its troglomorphic appearance, the fact that all the four specimens (three col-
lected) were recorded in the same type of habitat suggests that G. hadesi sp. n. is a 
highly adapted cave animal.

The holotype and paratype were found in two caves, Munižaba and Muda 
labudova, both situated in Crnopac massif, Southeastern Velebit Mountain. Munižaba 
cave is the most voluminous cave in Croatia, with the entrance dimensions of 30 × 35 
m and a vertical drop of 200 meters (Fig. 21). The cave has been explored to the depth 
of -510 m and up to 9715 m in horizontal length. A specimen of G. hadesi was found 
under the entrance shaft at a depth of circa -250 m, but further details are not known. 
Muda labudova is a 680 m deep cave with low temperatures and a lot of snow in the 
first 200 m of depth. There a specimen was found at circa -500 m while moving on the 
cave wall. Detailed description of the morphology, genesis and climatic conditions of 
the Munižaba and Muda labudova caves, along with their maps and associated fauna, 
can be found in Casale et al. (2012).

Another two specimens apparently belonging to the same species were found in the 
Lukina jama – Trojama cave system, which is 1431 meters deep and is currently the 
deepest cave in the Dinaric Karst and the 15th deepest cave in the world (see http://
www.caverbob.com/wdeep.htm and Bakšić et. al. 2007) (Fig. 22). The cave is situated 
inside the Hajdučki i Rožanski kukovi Strict Reserve, Velebit National Park, and has two 
entrances, which connect at 558 m of depth, the upper one (Trojama) being at 1475 m 
above sea level (Fig. 23). Both entrances are blocked with snow and ice blocks during 
most of the year. In the cave system two temperature gradients can be determined; one 
from the entrance to a depth of -200 m, and a second from -200 m to the bottom of 
the cave. The entrance part down to -200 m is under influence of outside conditions 
and the ice and the temperature gradually lowers to -5.8 ˚C, while from -200 m to the 
bottom it slowly rises, reaching 3.3–4.4 ˚C in the chamber at -980 m and 5.0 ˚C at the 
bottom (Paar et al. 2013). There is a constant water flow from a depth of -550 meters to 
the bottom and measurements have confirmed that the water level in the cave rises over 
100 meters above the bottom during high water stands (Bedek et al. 2012). A specimen 
was found in Lukina jama – Trojama cave system in 2011 in a vast chamber at -980 
m while moving slowly across a large boulder close to a water flow (Fig. 2). A second 
specimen was observed at circa -1100 m while moving on the wall and was out of reach 
of the collector. The latter represents the world’s deepest record of Chilopoda as a whole.

A total of 54 animal taxa have been recorded in Lukina jama – Trojama cave system 
until 2013, including four new genera and seven new species (Čuković et al. 2014, 
present study). Terrestrial taxa are dominant (37 species), and include 19 troglobites, 
while out of 17 aquatic taxa 13 are stygobites. Certain taxa, i.e. Velebitodromus smidai 
(Casale, Giachino & Jalžić, 2004) (Coleoptera), Congeria jalzici Bilandžija & Morton, 
2013 (Bivalvia) and Zospeum tholossum Weigand, 2013 (Gastropoda) exhibit high 
level of adaptation to the cave environment. A tentative list of all associated fauna is 
presented in Table 2.
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The three caves have been biospeleologically investigated on numerous 
occasions during the past 10 years, but only three centipede specimens have been 
collected so far. One of the reasons is the difficulty of collecting in vast cave systems 
with large chambers and passages which provide an enormous habitat surface that 
is impossible to examine thouroughly. Collecting effort is also to be taken into 
consideration. In 2010 and 2013 caving expeditions in the Lukina jama – Trojama 
cave system included teams of biologists spending a minimum of two days in the 
chamber at -980 m, with more than 36 man-hours in 2010 (Bedek et al. 2012) 
and over 128 man-hours in 2013. The result was only one observed specimen at 
-1100 m. However in 2011, when a specimen was collected, only one biologist was 
in the chamber collecting for 18 hours. Unlike in 2011, in 2010 and 2013 baited 
pitfall traps were placed throughout the cave system and the area around them 
was examined in case a predator such as a centipede or beetle was attracted to the 
possibility of nearby prey, but no centipede was found. Such were also the cases 
with some Araneae and Opiliones species recorded in the cave system and can only 
be explained by “collectors’ luck”.

Figure 21. The entrance of cave Munižaba. Photo: D. Bakšić.
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Figure 22. A map of Lukina Jama – Trojama cave system. Collection site marked in yellow.
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Figure 23. Entrance of cave Lukina jama. Photo: M. Jekić

Table 2. List of animal taxa found in Lukina jama – Trojama cave system (Čuković et al. 2014, present study).

Taxonomic group Taxa
Porifera Eunapius subterraneus Sket & Velikonja, 1984
Rotifera Keratella quadrata (Müller, 1786)

Gastropoda Lanzaia sp., Hauffenia sp., Zospeum subobesum Bole, 1974, Zospeum tholossum 
Weigand, 2013

Bivalvia Congeria jalzici Bilandžija & Morton, 2013
Polychaeta Marifugia cavatica Absolon & Hrabe, 1930
Hirudinea Croatobranchus mestrovi Kerovec, Kučinić & Jalžić, 1999
Acari Rhagidia sp., Nicoletiella sp.
Pseudoscorpiones Neobisium svetovidi Ćurćić, 1988
Isopoda Proasellus sp., Alpioniscus sp. n.

Amphipoda Niphargus arbiter G. Karaman, 1985, N. brevirostris Sket, 1971, N. croaticus 
(Jurinac, 1888), Niphargobates sp.

Decapoda Troglocaris cf. kapelana, Troglocaris sp.
Diplopoda Brachydesmus sp., Haasia stenopodium (Strasser, 1966)
Chilopoda Geophilus hadesi sp. n.
Collembola Isotomidae gen. n., sp. n., Disparrhopalites sp. n., Tullbergiidae gen. sp.
Diplura Plusiocampa (Stygiocampa) sp. n.

Coleoptera Astagobius angustatus Schmidt, 1852, Spelaeodromus pluto (Reitter, 1881), Velebitodromus 
smidai (Casale, Giachino & Jalžić, 2004), Laemostenus sp.

Diptera Chironomidae gen. n., sp. n., Mycetophilidae gen. sp.
Chiroptera Myotis mystacinus (Kühl, 1817)
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On the subterranean biodiversity of Velebit Mountain

Velebit stretches over 145 km and is situated in the Croatian Dinaric Karst area (Paar et 
al. 2013), which is considered a remarkable hot spot of subterranean diversity (Casale et 
al. 2012). The mountain is divided into four regions: Northern, Middle, Southern and 
Southeastern (Bognar 1994). There is a significant difference in karst morphology between 
the regions. Northern Velebit hosts a large number of extremely vertical and deep caves (Paar 
et al. 2013), including all the three caves in Croatia deeper than 1000 m. Towards the south, 
caves are more horizontal. Southeastern Velebit is an area of Crnopac massif, where caves 
reach depths of over 700 m but create complex systems. The longest cave in the Dinaric Arc, 
the Kita Gačešina – Draženova puhaljka cave system, over 27 km in length, is surrounded 
by more caves and systems awaiting investigation. Currently there is a perspective of 
connecting this system with Munižaba into a unique system over 37 km long (Bakšić and 
Rakovac 2014). Despite the differences in karst morphology, the conditions in the caves 
in Velebit are similar, with stable low temperatures and an average of 90–100% humidity.

The lack of finds in Middle and South Velebit is possibly due to undersampling 
in these areas, which have been much less investigated speleologically and biologically 
than the caves in Northern Velebit and the Crnopac area.

Some subterranean species are endemic to caves on Velebit Mountain (e.g., 
Croatobranchus mestrovi Kerovec, Kučinić & Jalžić, 1999) while for others (e.g., 
Neobisium (Pennobisium) stribogi Ćurčić, 1988) it is only a part of their distribution 
range. Certain areas of Croatian Dinaric Karst are still poorly investigated, e.g. Biokovo 
Mountain in the south of Croatia, where caves have so far been explored to -831 m of 
depth. Future research in these undersampled areas will provide a better insight into 
the distribution area and possible habitat preferences of the species.

While several highly specialized cave invertebrates are known to inhabit both caves, 
Muda labudova and Munižaba, thus showing similar distribution patterns (Casale et 
al. 2012, Antić et al. 2014), still little is known about the faunal links between caves 
in the northern part of Velebit, such as the Lukina jama – Trojama cave system, and 
those in the south. G. hadesi sp. n. offers an example for investigating the history of 
underground colonization in these two areas.
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Abstract
Growth, development and life-cycle duration of the millipede Ommatoiulus sabulosus (f. aimatopodus) 
were studied in a Mediterranean shrubland of southern France and compared with previous data from 
northwest Europe. Changes in the proportions of stadia during the course of the year were analysed in 
several generations. The results show that stadia VII and VIII are consistently reached after the first year 
of growth, and stadia IX and X after the second year. First reproduction may occur at the age of two years 
in males reaching maturity at stadium X, but not until the age of three in those reaching maturity at sta-
dia XI and XII. Reproduction cannot occur until at least the age of three in females, which carry mature 
eggs from stadium XI onwards. In comparison with more northern populations, life-cycle duration is not 
shorter in the Mediterranean population but there are marked differences in its phenology: the breeding 
period is in autumn, so that juveniles of stadia II to VI are never faced with the summer drought, and 
larger individuals are mostly inactive in summer; moreover, all individuals moult once every winter. The 
results illustrate how julid millipedes of humid temperate regions could respond to higher temperatures 
and drier summer conditions in the context of climate change.
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Introduction

In many organisms, ongoing climate change affects the timing of life-cycle events such 
as activity, growth and reproduction (Parmesan 2006). When no long-term data sets 
are available to analyse trends in local populations, potential phenological responses 
to climate change can be studied by examining intraspecific variation in widespread 
species that live in a wide range of conditions.

In millipedes (Diplopoda), geographic variation in life-cycle characteristics has 
been documented for some species of European julids (Fairhurst 1974, David 1982), 
but there is little precise information for populations living in the Mediterranean re-
gion. A number of widespread species such as Cylindroiulus caeruleocinctus (Wood), 
Cylindroiulus punctatus (Leach), Leptoiulus belgicus (Latzel), Ommatoiulus rutilans (C. 
L. Koch) and Ommatoiulus sabulosus (Linnaeus) have populations in this area, which 
is typified by cool winters and hot, dry summers. The study of phenological character-
istics in Mediterranean populations of these species is particularly interesting, because 
climate change scenarios predict warmer and drier summer conditions over large parts 
of western Europe for the end of the 21st century (IPCC 2013). The purpose of the 
present study is to describe the life cycle of a Mediterranean population of O. sabulosus 
and to compare the results with those previously obtained further north in Europe, 
so as to highlight differences between populations from the two climatic zones. The 
species has a wide distribution, from Finland and Scotland to Albania and Spain, in 
contrast to most Ommatoiulus species that are confined to the Iberian peninsula and 
north Africa (Akkari and Enghoff 2012). Two forms occur in southern France: that 
in which adults have two orange-yellow bands on the back, and a typically Mediter-
ranean form, the so-called O. sabulosus aimatopodus (Risso), in which adults are black 
dorsally. The latter form is the most common in southern France and often occurs at 
high population densities in shrubland ecosystems on limestone (Coulis et al. 2013).

The post-embryonic growth and development of O. sabulosus were described in 
detail by Halkka (1958) and Sahli (1969). The life cycle, i.e. the calendar of events be-
tween birth and reproduction, was studied under field conditions by Halkka (1958) in 
Finland, Sahli (1968) in Germany, Biernaux (1972) in Belgium and Fairhurst (1974) 
in Great Britain. Reproduction occurs in late spring and summer in all these regions. 
Biernaux (1972) tentatively suggested that both males and females mature in two years 
in Belgium, but Fairhurst (1974) concluded that males take two or three years, and 
females three or four years, to reach maturity in Great Britain. As regards Mediterra-
nean populations, Sahli (1991a, 1992) studied in detail the timing of male maturation 
and adult–intercalary male successions (periodomorphosis) in O. sabulosus aimatopo-
dus from the Alpes-Maritimes and Provence, southern France. This author mentioned 
that egg-laying occurs in late summer–early autumn (Sahli 1991a), but provided very 
limited information on the growth, development and age at reproduction of females. 
Sahli (1991b) suggested that females could breed only once before dying in Mediterra-
nean populations (semelparity), in contrast to Biernaux (1972) who concluded, based 
on his own study of egg development in populations from Belgium, that females can 
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breed in successive years (iteroparity). The presence of an abundant population of O. 
sabulosus aimatopodus in a garrigue ecosystem of Provence provided the opportunity to 
clarify some aspects of the species’ biology in the field, with particular attention to how 
this julid adjusts its phenology under warmer and drier conditions.

Methods

This study was conducted at the Massif de l’Etoile near Marseille, southern France 
(5°25'E; 43°22'N), in a shrubland dominated by rockrose (Cistus albidus L.), kermes 
oak (Quercus coccifera L.), rosemary (Rosmarinus officinalis L.) and gorse (Ulex parviflorus 
Pourr.). The soil is shallow rendzina on limestone, in which rock fragments and stones 
represent about 60% of the soil volume in the top 20 cm. The mean annual temperature 
in the area is 15.1 °C, mean monthly temperatures ranging from 7.1 °C in January to 
24.1 °C in July, and the mean annual rainfall is 555 mm (Marseille 1981–2010 climate 
normals). The driest months are June, July and August, during which the soil becomes 
very dry. The millipede community, heavily dominated by O. sabulosus aimatopodus, also 
comprises an abundant population of Polyxenus lagurus (Linnaeus) (Polyxenidae) and 
rare specimens of Leptoiulus sp. (Julidae) and Trichoblaniulus sp. (Trichoblaniulidae).

Collections of millipedes were made using different methods. (1) Twenty three pit-
fall traps were set on the site in late March 2010 (8 days) and late April 2010 (10 days). 
(2) Leaf litter and topsoil samples were taken within 25 × 25 cm quadrats in May 2010 
(31 sampling units), November 2010 (12 s.u.), May 2012 (31 s.u.), October 2013 (15 
s.u.), November 2013 (11 s.u.), March 2014 (12 s.u.), April 2014 (31 s.u.) and Septem-
ber 2014 (13 s.u.). Millipedes were extracted using Tullgren funnels. (3) Large individu-
als were also collected by hand in leaf litter to determine their reproductive status.

Individuals were assigned to a stadium by counting the rows of ocelli (R.O.) on 
each side of the head (1 R.O. = stadium II, 2 R.O. = stadium III, etc.) (Enghoff et al. 
1993). The method, however, was often difficult to apply from stadium XI onwards. 
The numbers of podous rings (including the collum) and apodous rings (excluding 
the telson) were counted. Intercalary males were distinguished from other males by a 
much smaller first pair of legs than in immature males, but not modified into hooks 
as in copulatory males (Halkka 1958). Forty-two females of stadia X and higher were 
dissected to determine whether mature eggs (i.e. brownish, subspherical eggs about 0.6 
mm long) were present in the ovitube.

The growth of several cohorts in the field was studied by examining changes in the 
proportions of stadia in successive samples (Blower 1970). In addition, 40 individuals 
of various stadia were reared in the laboratory for periods ranging from a few months 
to two years. They were kept in transparent plastic boxes containing sieved soil and 
moist leaf litter. The boxes were placed in incubators fitted with a glass door, in which 
temperature followed the long-term monthly mean temperatures of Marseille, with a 
daily thermoperiod of low amplitude. All millipedes received a pinch of powder yeast 
every month and, occasionally, rabbit faeces as supplementary food.
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Results

Post-embryonic growth and development in the field

The stadia identified using the numbers of R.O., and the numbers of body rings count-
ed in each stadium, are indicated in Table 1. In terms of ring numbers, growth was 
slightly different from that reported in more northern populations, with an extra apo-
dous ring in stadia III and IV. This was confirmed by the higher numbers of podous 
rings from stadium IV onwards. The maximum number of stadia is uncertain because 
it was generally impossible to decipher the exact number of R.O. in the largest indi-
viduals. However, a few males had at least 12 R.O. (stadium XIII) and a female with 
57 podous rings had at least 13 R.O. (stadium XIV).

Sexual dimorphism was apparent at stadium VI. Although two males reared in 
the laboratory reached maturity at stadium IX, the smallest adult males found in the 
field were in stadium X (Table 1). Immature males were numerous up to and includ-
ing stadium XI, indicating that many males mature for the first time in stadia XI or 
XII. Intercalary males were found from stadium XI onwards. Dissection of females in 
late summer–early autumn, just before the breeding period (see below), showed that 
ovigerous females carrying mature eggs were present in any stadium from stadium XI 
onwards. None of the stadium X females that were dissected (n = 6) were ovigerous.

Phenology

Juveniles were active in leaf litter in late October as stadium II, in mid-November as sta-
dia II and III (Fig. 1b), and in mid-December as stadia III and IV. Also, a female kept for 

Table 1. Growth and development of O. sabulosus in Provence. The number of rows of ocelli (R.O.), the 
range of podous rings (collum included) and the numbers of apodous rings (telson excluded) are given for 
each stadium. Male stages: Im. = Immature; Ad. = adult; Int. = Intercalary.

Stadium R.O.
Podous rings / Apodous rings

Male development
Juveniles Females Males

II 1 6 / 5
III 2 11 / 5,6
IV 3 16–17 / 6,7
V 4 22–24 / 6,7
VI 5 29–32 / 6,7,8 29–32 / 6,7 Im.
VII 6 35–38 / 5,6 36–39 / 5,6 Im.
VIII 7 42–45 / 3,4 41–45 / 2,3,4 Im.
IX 8 45–49 / 1,2,3 44–49 / 1,2,3 Im.
X 9 47–50 / 1,2 47–50 / 1,2 Im., Ad.
XI 10 48–53 / 1 48–50 / 1 Im., Ad., Int.

XII+ ≥ 11 49–57 / 0,1 50–55 / 0,1 Ad., Int.
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months in the laboratory produced stadium II juveniles in late October. Samples taken 
in late March showed that the new generation was mainly in stadium V by the end of 
winter (Figs 1c, 2a), which implies moulting during the winter. This result was confirmed 
in laboratory rearings, in which juveniles that had hatched in October emerged from the 
soil as stadium V in March. The rearings further showed that the new generation contin-
ued to grow rapidly in spring, from stadium V in March (rearing temperature: 10 ± 2 °C) 
to stadium VI in April (13 ± 2 °C) and to stadium VII in May (17 ± 2 °C), exactly as in 
the field (Fig. 2b). Sexual differentiation at stadium VI thus occurs at the age of about 
6 months. The pace of growth slowed markedly around the summer. Litter and topsoil 
samples taken in early October showed that the smallest individuals, born in autumn of 
the preceding year, were in stadia VII and VIII (Fig. 1a), indicating that only one moult 
had occurred since May. All those one-year old millipedes were immature in both sexes.

During the second year of growth, no moult occurred from October to mid-No-
vember (Fig. 1b). At this time of year, the population becomes progressively inactive 
in the soil, both in the field and in the laboratory. One-year old millipedes moulted 
once during the winter and emerged from the soil in late March as stadia VIII and 
IX (Figs 1c, 2a). This was confirmed in laboratory rearings, in which six males and 
females of stadium VIII collected in the field in October burrowed into the soil in 
October–November and emerged as stadium IX in March. Field samples taken in 
2010 (Fig. 2) showed that the generation that was in stadia VIII and IX at the end of 
winter remained in these stadia until May, moulted in mid-May (as shown by the large 

Figure 1. Phenology of O. sabulosus in Provence (October 2013–April 2014). Stadia are indicated on the 
horizontal axis and those of three identifiable generations (G 2011 without any individuals, G 2012 and 
G 2013) are grouped together. White bars = undifferentiated juveniles and females; grey bars = immature 
and intercalary males; black bars = adult males. Abundant (+) or very abundant (++) juveniles of stadia II 
and III were not included in the calculation of percentages.
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proportion of millipedes that were moulting at the time of sampling), and was still in 
stadia IX and X in mid-November, at the age of two. The complete absence of stadia 
IX and X in the autumn of 2013 (Fig. 1a, b) indirectly confirms that these stadia are 
reached in two years, since, for unexplained reasons, there was no recruitment in the 
autumn of 2011. Similarly, samples taken in the autumn of 2010 (Fig. 2c) suggest 
there was no or little recruitment in that year, which was confirmed in subsequent 
samples (data not shown).

The number of moults during the third year of growth cannot be deduced from 
the field data. Assuming that there are two further moults — one in winter and one 
in spring, as in the second year of growth — most individuals of stadia XI and XII 
found in the autumn of 2013 (Fig. 1a) would be three years old. However, this would 
be inconsistent with the lack of juvenile recruitment in 2010, and it is likely that most 
individuals in stadia XI and XII collected in the autumn of 2013 were actually born 
before 2010.

Life-cycle duration

By combining the results on individual development and phenology, one may infer 
that a small proportion of males that reach maturity at stadium X reproduce at the age 
of two. However, many males that mature for the first time at stadia XI and XII cannot 
reproduce until the age of three. There is no evidence that some females breed at the 
age of two, since no ovigerous females were found in stadia IX and X in late summer. 
Females need at least three years to reach stadium XI and lay eggs in early autumn.

Figure 2. Phenology of O. sabulosus in Provence (March 2010–November 2010). See explanations in 
the legend to Fig. 1.
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The continuation of the life cycle was observed in a few adults reared in the labora-
tory. Three adult males collected in autumn moulted during the winter and emerged 
from the soil in March as intercalary males. They became mature again after a further 
moult in spring and remained in the adult stage until the following autumn. Two large 
females collected in autumn also moulted during the winter but, in contrast to males, 
they did not moult again in spring or summer. One of these females bred in October, 
overwintered a second time in the laboratory, and survived until the following Sep-
tember but without moulting. Post-mortem inspection showed that this female had no 
apodous ring and contained no eggs.

Discussion

The present study provides the first estimate of life-cycle duration for O. sabulosus in 
southern France. The interpretation of our field data was made easy by the generally 
high abundance of juveniles and also by gaps between successive generations, possibly 
due to reproduction failures and/or high juvenile mortality rates in some years. In the 
population studied near Marseille, stadia VII and VIII are consistently reached after 
the first year of growth, and stadia IX and X after the second year. This pattern was ob-
served in three generations born between 2008 and 2012, despite some variation from 
one year to another (e.g. the cohort born in 2008 was mainly in stadium VIII in late 
March 2010, while that born in 2012 was mainly in stadium IX in late March 2014). 
Our results differ from those of Sahli (1992), who assumed that stadia X and XI were 
reached at the age of three in the region of Provence.

As adult males were found from stadium X onwards in our samples, some males 
may reproduce at the age of two. However, males that reach maturity in stadia XI or 
XII cannot reproduce until the age of three at the earliest. Also, ovigerous females, 
which were found from stadium XI onwards in our samples, cannot breed until the 
age of three at the earliest. Moreover, the presence of some stadium XI females without 
any mature eggs in early autumn suggests they may start breeding at the age of four. 
Therefore, the duration of the life cycle, which corresponds to the age of females at first 
reproduction, is three or possibly four years in this Mediterranean population, i.e. the 
same as in populations studied by Fairhurst (1974) in Great Britain.

It remains unclear whether each female breeds only once during its lifetime (semel-
parity) or can breed over several years (iteroparity). Sahli (1991a) assumed that O. sabu-
losus females might be semelparous in Mediterranean populations, reproduction being 
spread over different stadia and different years in each generation. In the present study, 
the single female that bred in the laboratory survived for a further year but died without 
breeding again, so that there is still no direct evidence for iteroparity. Moreover, we did 
not find clusters of small oocytes at the same time as mature eggs in ovigerous females, 
which Biernaux (1972) mentioned as evidence for iteroparity in O. sabulosus. On the 
other hand, dissection of females in late summer–early autumn revealed that the pro-
portion of those not carrying mature eggs in stadia XI and higher was rather low (22%), 
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and the question is whether this is sufficiently high to be consistent with semelparity. 
Semelparity would imply that many females in stadia XI, XII and even XIII postpone 
reproduction until the next year(s), which should result in a substantial proportion of 
females without eggs in early autumn. This topic requires further research.

Although Mediterranean conditions do not modify the length of the life cycle in 
O. sabulosus, several phenological characteristics are very different between the popula-
tion of Marseille and more northern populations. First, there is a shift of the breeding 
season. In northwestern Europe, the species generally breeds in summer (Sahli 1968, 
Biernaux 1972, Fairhurst 1974). Under milder climate conditions, as on the island of 
Jersey, the species tends to breed earlier (Fairhurst 1974). However, our study con-
firms that, in the Mediterranean region, the breeding period of O. sabulosus is delayed 
until the autumn (Halkka 1958, Sahli 1991a). Juveniles of stadia II to IV were col-
lected only in this season. They grow rapidly from autumn to the following spring 
and the first part of the life cycle is similar to that of Ommatoiulus moreleti (Lucas) in 
southern Portugal, which breeds in late autumn–early winter (Baker 1984). In both 
species, the earliest active stadia (stadia II to VI) are never faced with the hot and dry 
conditions of the summer, which may be an adaptation of the Mediterranean popula-
tions of Ommatoiulus. It should be noted that, in other millipedes, the youngest stadia 
are by far the least resistant to desiccation (David and Vannier 2001).

The seasonal patterns of activity and growth also differ between the two climatic 
areas. In northern populations, there is generally a single period of activity and growth 
from spring to autumn and the species is active in summer (Halkka 1958, Fairhurst 
1974). The duration of the active season clearly increases with increasing temperatures 
in areas where the risk of summer drought is low (cf. Halkka 1958, Fairhurst 1974, 
Meyer 1985). In the Mediterranean population, however, activity stops during the 
summer months, and our study has shown that there is at most one moult between 
May and September. Similarly, in O. moreleti living at low altitudes in Madeira, Read 
(1985) reported that growth slows down during the summer, presumably due to dry 
conditions. The presence of two long periods of inactivity, in summer as well as winter, 
largely explains why the life cycle of O. sabulosus is not shorter under Mediterranean 
conditions, as would have been expected for millipedes living in a warmer climate 
(David and Handa 2010).

Conclusion

The life cycle of O. sabulosus in the Mediterranean region appears to be influenced 
mainly by the summer drought. The dry season especially impacts phenology, i.e. the 
timing of activity, growth and reproduction. Contrary to many organisms that breed 
earlier in spring under warmer conditions, this julid breeds in autumn under Medi-
terranean conditions, so that juveniles are unlikely to be exposed to severe drought. 
Moreover, larger stadia become inactive in summer and the total duration of activity 
over a year is roughly the same as in northern populations. As a result, the life cycle is 
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not shorter in the Mediterranean region than in Great Britain. Although it is too soon 
to generalize, the life cycle of O. sabulosus in southern France is quite similar to that of 
O. moreleti in southern Portugal, suggesting ways in which a number of julids could 
respond to drier summer conditions in the context of climate change.
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Abstract
The main aim of the survey was to describe the diversity and richness of Chilopoda in the selected area of 
the Bug River valley. The study sites were located in two regions differing in the shape of the valley, the 
presence of thermophilous habitats and the size of riparian forests. Pitfall traps were used as a sampling 
method. As a result, 444 specimens belonging to 12 centipede species of two orders – Geophilomor-
pha (four species) and Lithobiomorpha (eight species) were caught. Lithobius (Monotarsobius) curtipes 
C.L.Koch, 1847, Pachymerium ferrugineum (C.L.Koch, 1835), Lamyctes (Lamyctes) emarginatus (New-
port, 1844) and Lithobius (Monotarsobius) dudichi Loksa, 1947 were the most common and the most 
numerous species. Of particular note is L. dudichi found in Poland for the first time and previously known 
based on a single specimen. Two to 10 Chilopoda species were found in each habitat under investigation. 
The greatest species richness was found in thermophilous thickets (10 species), sandy grasslands (eight), 
xerothermic grasslands (eight) and mesic meadows (six). The fewest number of species (two) was found in 
rushes at oxbows and in wet meadows. We found differences in the species composition and the number 
of Chilopoda between the lower (102 specimens, six species) and the middle (324 specimens, 11 species) 
section of the river valley. Our results confirm the need to protect xerothermic habitats, unique almost 
throughout entire Central Europe, which due to their distribution and their small area covered are fairly 
easily subject to the process of destruction.
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Introduction

Habitats in valleys of European rivers are relatively poorly known in terms of species 
diversity, habitat selection and the dynamics of Chilopoda communities. The very few 
studies in this field include, for instance, Zerm (1997a,b, 1999). In Poland, such stud-
ies have not been conducted so far.

Centipedes from river valleys have been studied mainly in the context of changes 
in the communities as a result of seasonal flooding (Zulka 1991, Pižl and Tajovský 
1998, Tajovský 1999, Tuf 2000, 2003, Tufová and Tuf 2005, Marx et al. 2009), 
and in the context of life strategies enabling survival in periodically flooded habitats 
(Adis et al. 1996, Adis and Junk 2002). Xerothermic environments (often naturally 
occurring in the river valleys) have rarely been the subject of research on Chilopoda 
(Voigtländer 2003).

River valleys, especially the natural ones, only slightly changed – unregulated, are 
extremely valuable areas with habitats found more and more rarely, which already start 
to disappear across the continent. Studies on these habitats provides an opportunity 
not only to learn about the biodiversity but also to develop appropriate management 
and protection schemes. The Bug River is one of the few rivers of such a size in Europe, 
which still remain almost unregulated (Dombrowski et al. 2002). Its length in Poland 
amounts to 587 km.

The aim of this study is to describe the diversity and richness of Chilopoda in the 
selected area of the Bug valley through:

– determination of the species composition and structure of Chilopoda commu-
nities in different habitats of the Bug valley;

– distinction of the most numerous species in a given habitat and those that are 
most flexible in many environments;

– determination of the habitat preferences of centipede species in the studied areas.

Materials and methods

Research in the Bug river valley was conducted since March to November in 2007 and 2008.

Study area

The study sites were located in two regions differing in the shape of the valley, the pres-
ence of thermophilous habitats and the size of riparian forests (Figure 1):
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(1) In the middle section of the river, as it meanders and cuts through glacial up-
lands at the depth of 30 m creating a unique landscape in Europe, where the 
characteristic feature is the presence of thermophilous habitats and well-pre-
served riparian forests (near localities: Gnojno, Zabuże in the protected area 
‘Podlasie Bug Gorge Landscape Park’, and near locality Mogielnica in the pro-
tected area ‘Bug Landscape Park’);

(2) In the lower course of the river, where the valley is much wider (it stretches up 
to several kilometers wide) with an overgrown flood terrace at its bottom. In this 
section, the Bug river slowly meanders and sometimes changes its course (near 
localities: Morzyczyn, Płatkownica, in the protected area ‘Bug Landscape Park’).

In the Bug valley we can come across habitats that vary in terms of moisture con-
tent and structure – two important parameters from the point of view of Chilopoda 
biology. On the side of the river – from flooded and very humid habitats through 
medium moist ones to grasslands. Riparian forests within the floodplain are closest to 
the river, then there are meadows of lower flooded terrace – submerged during river 
floods. Mesic meadows are found in higher terraces, while slopes of terraces feature 
xerothermic grasslands, and thermophilous thickets. Sandy grasslands and rushes at 
oxbows are located in the mosaic of meadows, sometimes closer to the river bed, and 
sometimes closer to the edge of the valley (Głowacki et al. 2002). In terms of the 
structure, according to the classification by Voigtländer (2005) one can distinguish 
high (riparian forests), middle (thermophilous thickets, rushes at oxbows) and low 
(meadows, grasslands) vegetation cover.

Below, the data about the habitat (along with an abbreviation used throughout the 
study), coordinates, phytocoenosis, location, substrate, at every site are given.

Figure 1. Location of the study area in Poland. Study area. Morzyczyn, Płatkownica – lower section of 
the Bug valley: Mogielnica, Zabuże, Gnojno – central section of the Bug valley.



Małgorzata Leśniewska et al.  /  ZooKeys 510: 125–139 (2015)128

The coordinates of the sites were determined using a GPS device by Garmin.

Sandy grassland (sgr):
1) Gnojno, sandy grassland; 52°28'13"N, 23°13'64"E; Diantho-Armerietum; raised, 

flat flooded terrace, several meters from the clearly visible edge of the meadow ter-
race; desiccated river alluvial soils;

2) Morzyczyn, sandy grassland; 52°68'43"N, 21°91'99"E; Sclerantho-Herniarietum 
glabre; the community inhabits the upper flooded terrace in the vicinity of the Bug 
riverbed; desiccated river alluvial soils;

3) Płatkownica, sandy grassland; 52°69'02"N, 21°84'53"E; Diantho-Armerietum; the 
phytocenosis occupies the raised, flat flooded terrace at the foot of the southern 
slopes of the flood embankment, within the base of the Bug valley cut off from the 
inundation area; desiccated river alluvial soils.

Xerothermic grassland (xgr):
4) Gnojno, xerothermic grassland; 52°27'59"N, 23°13'88"E; impoverished form of 

the Adonido-Brachypodietum arrhenatheretosum; slope of the upper terrace, south-
ern exposure and inclination of approx. 30°; proper parendzina;

5) Mogielnica, xerothermic grassland; 52°40'08"N, 22°57'04"E; Adonido-Brachypo-
dietum; slope of the upper terrace, eastern exposure and inclination of approx. 30°; 
proper pararendzina;

6) Morzyczyn, xerothermic grassland; 52°68'43"N, 21°91'50"E; Tunico-Poetum 
compresse; the analyzed patch of the phytocoenosis evolved in an anthropogenic 
habitat, with a slightly alkaline pH. It is the southern slope of the flood embank-
ment with an inclination of about 30°; anthropogenic pararendzinas;

7) Płatkownica, xerothermic grassland; 52°69'00"N, 21°84'43"E; grassland with Carex 
praecox of the Agropyretea intermedio-repentis class; southern slope of the flood em-
bankment with an inclination of about 35 degrees; anthropogenic pararendzinas.

Rushes at oxbows (rux):
8) Gnojno, rushes at oxbows; 52°28'20"N, 23°13'64"E; Phalaridetum arundinaceae; 

periphery of the Bug river, between club-rushes – on the water side – and flooded 
grasslands (Agropyro-Rumicion) on the mainland side; alluvial soils;

9) Mogielnica, rushes at oxbows; 52°40'06"N, 22°57'40"E; Glycerietum maximae; in 
the final, very shallow stretch of the Bug river, surrounded by tall herb communi-
ties and meadow communities on the land side; alluvial soils;

10) Morzyczyn, rushes at oxbows; 52°68'17"N, 21°91'24"E; Glycerietum maximae; located 
in a very shallow, bank stretch of the Bug river, surrounded by meadow communities 
on the land side and by Caricetum gracilis reed on the water surface side; alluvial soils;

11) Płatkownica, rushes at oxbows; 52°69'21"N, 21°84'54"E; Glycerietum maximae; 
located on the edge of the shallow old riverbed of the Bug river; alluvial soils.

Thermophilous thickets (tht):
12) Gnojno, thermophilous thickets; 52°28'19"N, 23°13'47"E; Rhamno-Cornetum 

sanguinei; on the edge of the Bug valley. The phytocoenosis habitat is a moraine 
slope with eastern exposure and inclination of approx. 30°; leached brown soils;
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13) Mogielnica, thermophilous thickets; 52°40'02"N, 22°57'08"E; Rhamno-Cornetum 
sanguinei; on the edge of the Bug valley. The phytocoenosis habitat is a moraine 
slope with eastern exposure and inclination of approx. 30°; brown soils.

Mesic meadow (mm):
14) Zabuże, mesic meadow; 52°33'32"N, 23°00'00"E; Poo-Festucetum; raised upper 

flooded terraces of the Bug valley; river alluvial soils;
15) Mogielnica, mesic meadow; 52°40'08"N, 22°57'22"E; Poo-Festucetum; raised up-

per flooded terrace of the Bug valley; river alluvial soils;
16) Morzyczyn, mesic meadow; 52°68'51"N, 21°91'54"E; Poo-Festucetum; raised up-

per flooded terraces of the Bug valley; river alluvial soils;
17) Płatkownica, mesic meadow; 52°69'06"N, 21°84'53"E; Poo-Festucetum; raised up-

per flooded terraces of the Bug valley; river alluvial soils.
Riparian forest (rfo):
18) Zabuże, riparian forest; 52°33'33"N, 23°00'86"E; Salicetum albae-fragilis; N slope 

of the low flooded terrace in the patch of the riparian willow; alluvial processes ac-
cumulate coarse-grained material of sand and river sediments. During periods of 
low water the initial alluvial soil may undergo significant desiccation;

19) Mogielnica, riparian forest; 52°40'32"N, 22°57'21"E; Salicetum albae-fragilis; the 
flooded terrace; proper alluvial soil;

20) Morzyczyn, riparian forest; 52°69'05"N, 21°91'36"E; Salicetum albae-fragilis; 
slightly elevated riverbed bank, within the flooded terrace; initial alluvial soil;

21) Płatkownica, riparian forest; 52°69'19"N, 21°84'06"E; Salicetum albae-fragilis; 
flooded terrace; proper alluvial soils.

Wet meadow (wm):
22) Zabuże, wet meadow; 52°33'23"N, 22°99'95"E; Violo-Cnidietum; upper flooded 

terrace of the Bug valley, submerged regularly during the floods of the river; river 
alluvial soils;

23) Morzyczyn, wet meadow; 52°68'84"N, 21°91'61"E; a meadow with Carex praecox 
and Poa angustifolia (formed from the disturbed Cnidion meadow); lower flooded 
terrace, currently submerged only occasionally during high floods of the river; 
desiccated river alluvial soils;

24) Płatkownica, wet meadow; 52°69'16"N, 21°84'42"E; Violo-Cnidietum; upper 
flooded terrace of the Bug valley, submerged regularly during the floods of the 
river; river alluvial soils.

Pitfall traps were used as a sampling method. An aqueous solution of propylene 
glycol (about 50%), containing a few drops of a detergent per 1 liter to reduce the sur-
face tension of the fluid, was used as a preservation liquid. In each of the sites ten pitfall 
traps were placed in one straight line, at a distance of two meters one from another. 
The beginning of the trapping period was in the middle of March and the end was in 
the middle of November. The traps were replaced every two weeks.

The material analyzed in the current work was obtained during studies related 
to different groups of arthropods – including primarily spiders, carabids, diplopods 
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and butterflies – under the project titled “The diversity of habitats and the biological 
diversity of selected groups of Arthropoda in the Bug valley” (Oleszczuk et al. 2011, 
Jastrzębski 2012, Hajdamowicz et al. 2014). Since Chilopoda were not taken into ac-
count during the planning of the study, the specificity of this group of animals was not 
accounted for in the applied methodology.

In this work, standard methods and analysis indicators were applied: The Shan-
non-Weaver diversity index (H), Pielou’s measure of species evenness (J), Morisita 
index values as modified by Horn, the cluster analysis – distance/similarity measure 
Bray and Curtis; cluster method: nearest neighbor.

Results

Species

444 specimens belonging to 12 centipede species of two orders – Geophilomorpha 
(four species) and Lithobiomorpha (eight species) were caught (Table 1).

In the area under investigation, the following four centipede species were most 
numerous and most common:

1.) Lithobius (Monotarsobius) curtipes – present in six habitats, with the highest number 
in riparian forests (77% of specimens);

2.) Pachymerium ferrugineum – found in five habitats, most abundant in the mesic 
meadows (53% of specimens);

3.) Lamyctes (Lamyctes) emarginatus – caught in six habitats, most numerous in very 
wet habitats – in rushes at oxbows (33% of specimens), in the wet meadows (25%) 
and in riparian forests (20%);

4.) Lithobius (Monotarsobius) dudichi – present in five habitats, prevalent in sandy 
grasslands (35% of specimens) and in xerothermic grasslands (32%).

These species constitute 88% of all centipedes caught during the study, thus estab-
lishing themselves as the most typical ones of almost all habitats of the study area. It 
is only in thermophilous thickets that a species from outside this group of four domi-
nates – Lithobius (Lithobius) mutabilis (Table 1).

Interspecies occurrence similarity (Figure 2) [the analysis does not include Litho-
bius (Lithobius) tenebrosus, as regrettably the information about the site on the label 
describing the specimen was completely obscured].

Three distinct groups can be identified in the dendrogram. The first group includes 
species associated with dry habitats, which are rarely found in the Bug valley (S. nemoren-
sis, G. proximus and L. forficatus related to these species). The second cluster consists of 
species occurring mainly in thermophilous thickets (L. melanops, L. erythrocephalus and S. 
acuminata). L. mutabilis – which is dominant in thermophilous thickets, but also found in 
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sandy and xerothermic grasslands, is related to these two groups. The last cluster consists 
of numerous and frequently found species of P. ferrugineum and L. dudichi, which occur 
together in four habitats. In sandy grasslands, xerothermic grasslands and in thermophil-
ous thickets their number is similar. The most distinctive species are L. curtipes – found 
most frequently in the Bug valley and reported from the great number of habitats, al-
though clearly predominant in riparian forests and L. emarginatus – also caught in many 
habitats, although predominantly in wetlands and in regularly flooded areas.

In terms of ecology and zoogeography European eurytopic species prevail (Table 1).
Chilopoda were collected throughout all the months of the study, although one 

can observe certain tendencies in particular species – especially with regard to four, 
most frequent species. L. curtipes was active throughout all the months, though pre-
dominantly in October and November. L. emarginatus occurred from June to No-
vember, while it was most numerous in September. P. ferrugineum was reported from 
April until November, especially in May and June, but also in August and September. 
Finally, L. dudichi was most active in May and November.

Habitats

Two to ten Chilopoda species were found in each habitat under investigation. The 
greatest species richness was found in thermophilous thickets (ten species), sandy 
grasslands (eight species), xerothermic grasslands (eight species) and mesic meadows 
(six species). The fewest number of species was found in rushes of reed mannagrass 
(Glyceria maxima) and in wet meadows (two species at each location) (Table 1).

The greatest number of specimens was found in the following habitats: riparian 
forests, mesic meadows and xerothermic grasslands (Table1).

S.nemorensis 

G. proximus 

L. melanops 

L. erythrocephalus 

S. acuminata 

L. forficatus 

P. ferrugineum 

L. dudichi 

L. mutabilis 

L. emarginatus 

L. curtipes 

0,00 0,85 

Figure 2. Similarity of species (distance/similarity measure Bray and Curtis; cluster method: nearest 
neighbor). Species nomenclature in Table 1.
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In the majority of habitats one species was overwhelmingly dominant (from 41.5% 
to 95.2%). In rushes at oxbows and in the wet meadows it was L. emarginatus, in ripar-
ian forests L. curtipes, in thermophilous thickets L. mutabilis, in sandy grasslands L. du-
dichi, and in the mesic meadows P. ferrugineum. It was only in xerothermic grasslands 
that two species co-dominated (L. dudichi and P. ferrugineum) (Table 1).

The Shannon-Weaver diversity index (H) and Pielou’s measure of species even-
ness (J) reached their highest values in thermophilous thickets, xerothermic grasslands, 
mesic meadows, while the lowest values – in rushes at oxbows and riparian forests 
(Table 1).

The cluster analysis conducted on the basis of the species composition and domi-
nance structure demonstrated the greatest similarity between communities of warm and 
dry habitats on the one hand, and wet and flooded – on the other (Figure 3, Table 2).

We note differences in the species composition and the number of Chilopoda 
between the lower (102 specimens from 6 species) and the middle section of the river 
valley (324 specimens from 11 species). This result reflects the differences in the struc-
ture and the vegetation of the two regions of the Bug valley – especially the presence of 
thermophilous habitats in the middle section of the valley.

Table 2. Similarity of dominance structures – Morisita index values as modified by Horn. For designa-
tions see Table 1.

tht 1
sgr 0.29 1
xgr 0.35 0.90 1
rfo 0.18 0.07 0.33 1
rux 0.01 0.04 0.04 0.15 1
wm 0.01 0.13 0.14 0.10 0.98 1
mm 0.13 0.66 0.79 0.12 0.26 0.42 1

tht sgr xgr rfo rux wm mm

Figure 3. Dendrogram of the similarities of centipede composition in different habitats (distance/simi-
larity measure – Bray and Curtis, cluster method –nearest neighbor) For designations see Table 1.

xgr 

sgr 

wm 

rux 

mm 

tht 

rfo 

0,00 0,88 
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Discussion

Although several studies from European river valley areas have been conducted, this 
habitat is still poorly explored in terms of Chilopoda. Meanwhile natural and seminat-
ural habitats associated with valleys of big rivers are already disappearing throughout 
the continent (Głowacki et al. 2002).

This study is based on the materials obtained in studies on groups of arthropods 
other than Chilopoda. This should explain the applied methodology, which does not 
take into account the specificity of Chilopoda. This undoubtedly affected the results. 
Pitfall traps limited the set of species to active epigeic forms. The expansion of the 
method to include quantitative soil samples and direct qualitative capture would con-
tribute to a more complete picture of this group of Chilopoda.

The data about the preferences of the majority of species with regard to the habi-
tats was confirmed in the investigated area. The wettest and flooded habitats feature 
the lowest number of Chilopoda species. This is understandable, as the colonization 
of periodically flooded habitats requires special adaptations from animals in morphol-
ogy, physiology or life cycle (Adis and Junk 2002, Zulka 1999, Voigtländer 2011). 
The species that definitely prevails in rushes at oxbows is the introduced L. emargina-
tus – a parthenogenetic species, commonly found not only in floodplains, but also in 
disturbed upland areas (Eason 1964, Dunger and Voigtländer 1990, Zulka 1991, Adis 
and Junk 2002, Leśniewska 2004). It is known as a one-year ‘autumn species’ (Barber 
and Keay 1988, Zulka 1991). L. emarginatus has a preference for humid and very wet 
habitats with low vegetation cover (Voigtländer 2005). In this species flood resistance 
of inactive stages (eggs) was found (Zulka 1991). Eggs survive inundation between 
winter and early spring in dormancy. Immatures hatch shortly thereafter and reach 
maturity already 6–12 weeks later, in contrast to most lithobiomorph species which 
need a few years until they are mature. L. emarginatus actively dives, walks under water 
and hunts for prey near the water surface (Adis and Junk 2002).

As noted by Zulka (1999) and Voigtländer (2011), the one-year life cycle of L. 
emarginatus is a strategy that allows this species to populate the same habitats as L. 
curtipes – a species of a similar body size and probably very similar ecological require-
ments. Adult specimens of the annual species L. emarginatus appear in the environ-
ment in the summer and fall, when there is enough food to suffice for perennial spe-
cies, such as L. curtipes.

The riparian forest habitat is dominated by L. curtipes – a species that prefers wet 
and humid habitats with high vegetation cover. This species, was found alive after 
34 days of inundation (Adis and Junk 2002). In Central Europe it inhabits primarily 
riparian forests, alder swamp forests, river and brook sides, wet meadows with flood-
ing and more rarely humid deciduous forests (Voigtländer 2005). In the investigated 
area a small number of the specimens of this species was also collected from dry and 
xerothermic habitats (Table 1). It can be assumed that these specimens have only 
immigrated from surrounding habitats, and they do not form stable populations in 
these habitats.
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In the Bug valley greater species diversity is found in sandy and xerothermic 
grasslands, where P. ferrugineum and L. dudichi prevail. P. ferrugineum is one of the 
most widely spread Chilopoda species. It is found throughout the entire Holarctic. 
This species appears to be less sensitive to changes in moisture and temperature 
than other species of Chilopoda and it is often found in the littoral zone, and also 
in open environments – in meadows, grasslands, cultivated fields, on open rocks 
etc. (Palmén and Rantala 1954, Eason 1964, Barber 2009). Suomalainen (1939) 
reports that P. ferrugineum can survive under water up to 178 days, which explains 
its presence on numerous islands, for example in the Faroe Is., Azores, Madeira, the 
Canary Is. In the Bug valley P. ferrugineum is mainly found in habitats with a low 
vegetation cover and featuring various levels of moisture – both in flooded terraces 
and grassland slopes, which confirms the preferences of the species reported from 
other areas.

Most species in the Bug river valley inhabit thermophilous thickets – an environ-
ment that is already similar to forest habitats. This is clearly manifested by the compo-
sition of Chilopoda community, in which we can find typically forest-dwellers – such 
as L. mutabilis or S. acuminata.

As one of the most important results obtained in the present study is the reported 
high number of specimens of L. dudichi, the species new to the Polish fauna. This 
species has so far been known to science only on the basis of one reported specimen 
(Loksa 1947, Matic 1966). This finding shows that river valley habitats are still poorly 
investigated and one should pay more attention to them in order to gain more com-
prehensive knowledge about the diversity of Chilopoda. Loksa (1947) reports L. du-
dichi from one site in Romania. The fact that these two sites are so far away from each 
other may suggest that the range of the species is probably very large. This may be the 
Eastern European or the Pontic range. The Bug river gorge is the gateway for migra-
tory species from the widely interpreted East-Ukrainian and Russian steppes and the 
Pontic region (along the eastern Carpathian belt and further north). These migrations 
have enriched Polish fauna in south-eastern species: for exemple xerothermophilous 
weevils (Wanat and Gosik 2003), thermophilous and higrophilous spiders (Hajda-
mowicz and Jastrzębski 2007, Oleszczuk et al. 2011, Hajdamowicz et al. 2014) and 
diplopods (Jastrzębski 2012).

Our results confirm the need to protect xerothermic habitats, unique almost 
throughout entire Central Europe, which due to their dispersion and their small area 
covered are fairly easily subject to the process of destruction. These environments are 
refuges for rare species of animals – including centipedes, as our research shows. Litho-
bius dudichi presumably belongs to the relict xerothermic species of steppe provenance 
and is presumably in danger of extinction.

The results from our research in the Bug Valley also show that centipedes are a 
valuable indicator group for the assessment of habitat conditions. The information 
about the species composition of Chilopoda communities, the dominance structure 
and their dynamics may thus be useful in characterizing specific location types.
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Abstract
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Introduction

This paper continues ecological researches on the Altai millipede fauna in the south of Lake 
Teletskoye, Russian Altai (Nefedieva and Nefediev 2008, Nefediev and Nefedieva 2013). 
Some faunistic records of Sibiriulus altaicus Gulička, 1972 and specimens of the family 
Diplomaragnidae from the study localities have been made earlier (Mikhaljova et al. 2007, 
2008, 2014). A brief historical account of Altai millipede fauna research can be obtained 
from the publication of Mikhaljova et al. (2008) and Nefediev and Nefedieva (2013).

Since 1998 the Altai State Nature Biosphere Reserve and a buffer zone around 
Lake Teletskoye are inscribed as one of three separate areas of UNESCO World Natu-
ral Heritage Site under the name of «Golden Mountains of Altai». Lake Teletskoye, 
being the deepest and the largest body of freshwater in southwest Siberia, exerts a great 
warming influence on local climate, in its southern part especially. Situated at a height 
of 435 m above sea level, the lake lies between the mountain ridges of Altyntu and 
Korbu, and the Chulyshman river highlands in the south.

The aim of our present paper is to explore the distribution of millipedes along an al-
titudinal gradient in the south of the Teletskoye Lake in the Kyga Biogeocenosis Profile.

Material and methods

Material was collected by the first and the second authors of this article in August 2005 
using hand sampling from the litter and standard technique of soil sampling (Ghilarov 
1987): 8 soil samples per each studied numbered site, sample area ¼ m2, depth 10 cm. 
The total amount of studied millipedes is 968 specimens.

The Kyga Biogeocenosis Profile was laid in 1959–1961 in the territory of water-
shed of the Kyga and Bayas rivers in the south of the Teletskoye Lake near the cordon 
of Chiri, Ulagan District, Republic of Altai, Siberia, Russia. The profile encompasses 
22 numbered sites at different altitudes, and comprising relic Pinus sibirica forests from 
the Tertiary period. Its length is about 12 km, and its altitude ranges from 443 to 2267 
m a.s.l. It is begun at the mouth of the Kyga river and ends on the top of the Malaya 
Koliushta mountain. The vertical vegetation zonation here is characterized by the pres-
ence of forest and high-mountain belts. There are widespread dark coniferous forests 
with Betula pendula and Populus tremula, also called as chern taiga, and sparse growths 
of P. sibirica in the former belt, whereas alpine meadows do not occur almost at all in 
the latter. Above the timberline at a height of 2100 m above sea level, all hilltops are 
occupied by shrub, moss-lichen and rocky tundras.

All sites we collected are listed and described below according to the following 
standard: site number (bold): GPS (WGS84) position, altitude, habitat, sampling 
date, sampling methods.

1: 51°20'47,3"N, 87°51'14,2"E, 443 m a.s.l., Pinus sylvestris and Betula pendula 
forest with Larix sibirica, Abies sibirica and P. sibirica, 12.08.2005, soil sampling.
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2: 51°20'29,3"N, 87°51'40,0"E, 494 m a.s.l., A. sibirica and P. sibirica forest 
with ferns, 12.08.2005, soil sampling.

4: 51°19'53,3"N, 87°51'78,0"E, 675 m a.s.l., A. sibirica forest with P. sibirica 
and B. pendula, 18.08.2005, soil sampling.

5: 51°19'28,5"N, 87°52'4,8"E, 853 m a.s.l., A. sibirica forest with P. sibirica, Popu-
lus tremula and B. pendula, 18.08.2005, soil sampling and hand sampling.

6: 51°19'31,6"N, 87°52'16,1"E, 942 m a.s.l., P. tremula forest with A. sibirica 
and P. sibirica, 18.08.2005, soil sampling and hand sampling.

7: 51°19'31,2"N, 87°52'21,1"E, 960 m a.s.l., A. sibirica, P. sibirica and P. trem-
ula forest, 18.08.2005, soil sampling and hand sampling.

8: 51°19'30,4"N, 87°52'50,0"E, 1100 m a.s.l., P. sibirica forest with A. sibirica, 
17.08.2005, soil sampling.

8a: 51°19'23,6"N, 87°53'2,1"E, 1191 m a.s.l., P. sibirica forest with A. sibirica, 
17.08.2005, soil sampling and hand sampling.

9: 51°19'07,5"N, 87°53'15,0"E, 1414 m a.s.l., P. sibirica forest with A. sibirica, 
17.08.2005, soil sampling.

10: 51°18'58,5"N, 87°53'33,3"E, 1468 m a.s.l., P. sibirica forest with A. sibirica, 
17.08.2005, soil sampling.

10a: 51°18'43,7"N, 87°54'23,7"E, 1699 m a.s.l., sparse growths of P. sibirica with 
B. pendula and A. sibirica, 16.08.2005, soil sampling.

11: 51°18'41,3"N, 87°55'34,7"E, 1736 m a.s.l., old fire-site, B. rotundifolia and 
Salix glauca bushes with P. sibirica and A. sibirica sparse growths, 16.08.2005, 
soil sampling.

12: 51°18'27,8"N, 87°54'57,4"E, 1847 m a.s.l., old fire-site, B. rotundifolia and S. 
glauca bushes with P. sibirica and A. sibirica sparse growths, 16.08.2005, soil 
sampling and hand sampling.

13: 51°18'09,4"N, 87°55'43"E, 1861 m a.s.l., subalpine P. sibirica forest, 
14.08.2005, hand sampling.

13a: 51°18'24,1"N, 87°55'06,9"E, 1877 m a.s.l., subalpine sparse growths of 
P. sibirica, 16.08.2005, soil sampling and hand sampling.

14: 51°18'23,0"N, 87°55'22,1"E, 1903 m a.s.l., subalpine sparse growths of 
P. sibirica, 14.08.2005, soil sampling.

15: 51°18'24,5"N, 87°55'31,0"E, 1962 m a.s.l., subalpine sparse growths of P. sibir-
ica with A. sibirica, 14.08.2005, soil sampling and hand sampling under stones.

16: 51°18'33,6"N, 87°55'32,9"E, 2028 m a.s.l., subgoltsy sparse growths of P. si-
birica with B. rotundifolia and S. glauca bushes, 15.08.2005, soil sampling and 
hand sampling.

18: 51°18'30,0"N, 87°56'10,7"E, 2194 m a.s.l., B. rotundifolia and S. glauca 
mountain tundra with Dryas and lichens, 15.08.2005, soil sampling and hand 
sampling under stones.

19: 51°18'30,5"N, 87°56'21,7"E, 2267 m a.s.l., summit of Malaya Koliushta Mt., 
B. rotundifolia and S. glauca rocky mountain tundra with Dryas, Festuca and 
lichens, 15.08.2005, soil sampling and hand sampling under stones.
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Also we collected some material from two additional sampling sites (not included 
to official list of profile’s sites):

A: 51°20'16,8"N, 87°51'47,6"E, about 500 m a.s.l., Duschekia fruticosa forest on 
the bank of the river Bayas, 12.08.2005, hand sampling.

B: 51°18'05,4"N, 87°55'48,3"E, about 1900 m a.s.l., P. sibirica sparse growths, 
14.08.2005, hand sampling.

The cluster analysis was performed using Statistica 10 (StatSoft 2011).
The material treated herein has been deposited mainly in the collection of the Altai 

State University, Barnaul, Russia (ASU), and partly shared also with the collection of 
the Institute of Biology and Soil Science, Far Eastern Branch, Russian Academy of Sci-
ences, Vladivostok, Russia (IBSS), as indicated in the text. The species names include 
the literature references concerning Asian Russia only.

Taxonomic part

Order Julida Brandt, 1833
Family Julidae Leach, 1814
Genus Julus Linnaeus, 1758

Julus ghilarovi ghilarovi Gulička, 1963

Julus ghilarovi Gulička, 1963: 521, 520: figs.
Julus ghilarovi – Mikhaljova 2002: 206; Nefediev 2002b: 35; Mikhaljova and Nefediev 

2003: 84.
Julus ghilarovi ghilarovi – Lokšina and Golovatch 1979: 386; Mikhaljova 1993: 11: figs; 

2004: 59–61, 60: figs, 61: map; 2013a: 8; Mikhaljova and Golovatch 2001: 104; 
Nefediev 2005a: 41; 2005b: 8; Nefediev and Nefedieva 2006: 98; 2007a: 139; 
2007b: 161; 2008a: 117; 2008b: 62; 2013: 87; Nefedieva and Nefediev 2008: 
123; Babenko et al. 2009: 183; Nefediev et al. 2014: 63; Nefedieva et al. 2014: 65.

Material examined. 1 male, 7 females, 10 juv. (ASU), site 1; 1 male, 4 females, 3 juv. 
(ASU), site A; 1 female (IBSS), site 4; 5 males, 12 females, 4 juv. (ASU), site 5; 4 males, 
6 females, 5 juv. (ASU), site 6; 1 female, 3 juv. (ASU), site 7; 3 juv. (ASU), site 8; 1 
male, 1 female (IBSS), 3 males, 8 females, 11 juv. (ASU), site 19.

Distribution. This species appears to be widespread in the south of Siberia, Rus-
sia: Novosibirsk Area, Kemerovo Area, Altai Province, Republic of Altai, Republic of 
Khakassia, southern part of Krasnoyarsk Province. It is very likely it also occurs in the 
adjacent part of the Republic of Tyva.

Remarks. High ecological plasticity of this species allows it to inhabit different 
habitats like small-leaved, mixed and dark coniferous forests, herbaceous and alpine 
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meadows, and montane moss-stony tundras. In the Kyga Biogeocenosis Profile the 
animal prefers forest litter in low- and mid-mountain chern taiga forests up to about 
1200 m a.s.l., and also recorded in rocky mountain tundra on the summit of Malaya 
Koliushta Mt. at 2267 m a.s.l. It is very likely that the species is displaced from subal-
pine sparse growths of P. sibirica by the congener of Julus insolitus. The numbers range 
from 0.5 to 18 ind./m2.

Julus insolitus Mikhaljova, 2009

non Julus ghilarovi brachydactylus – Nefedieva and Nefediev 2008: 123.
Julus insolitus Mikhaljova, 2009b: 66–67, 64: figs.
Julus insolitus – Nefediev and Nefedieva 2013: 87; Nefedieva et al. 2014: 65.

Material examined. 4 males, 5 females, 4 juv. (ASU), site 9; 4 males, 1 female (IBSS), 
6 males, 9 females, 10 juv. (ASU), site 10; 2 males, 6 females, 17 juv. (ASU), site 10a; 7 
males, 17 females, 25 juv. (ASU), site 11; 20 males, 9 females, 49 juv., 1 fragm. (ASU), 
site 12; 1 male, 1 female, 1 juv. (ASU), site 13; 2 males, 4 females, 7 juv. (ASU), site 13a; 
3 males, 8 females, 10 juv. (ASU), site 14; 1 female, 2 juv. (ASU), site 15; 14 males, 15 
females, 22 juv. (ASU), site B; 10 males, 12 females, 15 juv. (ASU), site 16; 2 females, 
6 juv. (ASU), site 18.

Distribution. The species appears to be spread only in the south of Siberia, Russia: 
Republic of Altai.

Remarks. This species has been described by Mikhaljova (2009b) on two male 
specimens, which are known to occur in forest-tundra and rocky tundra. In the Kyga 
Biogeocenosis Profile the species is collected from the upper line of mid-mountain 
chern taiga forests through subalpine sparse growths of P. sibirica to mountain tundra 
with B. rotundifolia and S. glauca. The maximum abundance is about 98 ind./m2 regis-
tered in the old fire-site of sparse growths of P. sibirica now occupied with a succession 
of dwarf trees of B. rotundifolia and S. glauca. The above female specimens are the first 
records in this species.

Genus Pacifiiulus Mikhaljova, 1982

Pacifiiulus amurensis (Gerstfeldt, 1859)

Julus amurensis Gerstfeldt, 1859: 271.
Julus amurensis – Lokšina and Golovatch 1979: 387; Mikhaljova 1993: 34.
Pacifiiulus imbricatus Mikhaljova, 1982: 211, 212: figs.
Pacifiiulus imbricatus – Mikhaljova 1983: 87; 1988: 70; Mikhaljova and Petukhova 

1983: 53; Ganin 1988: 7; 1989: 145; 1994: 60; 1995: 370; 1997: 10; Ryabinin et 
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al. 1988: 31; Mikhaljova and Bakurov 1989: 40; Gromyko 1990: 66; Mikhaljova 
1993: 12: map; 1997: 145; Enghoff 1994: 27; Shelley et al. 2000: 50.

Pacifiiulus amurensis – Mikhaljova 1998a: 5; 1998b: 64: figs, 65: map; 2004: 66–69, 
67: figs, 68: map; 2009a: 603; 2009c: 3; 2012a: 23; 2012b: 112; Mikhaljova 
and Golovatch 2001: 105; Mikhaljova and Nefediev 2003: 84; Mikhaljova and 
Marusik 2004: 3; Nefediev 2005a: 48; 2005b: 8; Nefediev and Nefedieva 2006: 
98; 2007a: 139; 2007b: 160; 2008b: 62; 2013: 87; Nefedieva et al. 2014: 65.

Material examined. 1 male (IBSS), site 9; 3 males (ASU), site 16; 1 male (ASU), site 18.
Distribution. This species is characterized by disjunctive area. The first distribu-

tion area is in the south of Siberia (Republic of Altai, Republic of Khakassia, southern 
part of Krasnoyarsk Province, Republic of Tyva) and the second one spreads in the 
Russian Far East (Maritime Province, southern part of Khabarovsk Province, Amur 
Area, Jewish Autonomous Area) and North-Eastern China.

Remarks. This species is characterized by euryoky, dwelling in Siberia in herba-
ceous meadows, small-leaved, mixed and dark coniferous forests, and subalpine mead-
ows and montane tundras, up to 2500 m a.s.l. (Mikhaljova and Nefediev 2003). In the 
Kyga Biogeocenosis Profile the species is very rare (0.5–1.5 ind./m2), collected from 
the mid-mountain dark coniferous forest, and also from subgoltsy sparse growths of P. 
sibirica and mountain tundra with dwarf bushes of B. rotundifolia and S. glauca, with 
the maximum altitude registered is about 2194 m a.s.l.

Genus Sibiriulus Gulička, 1963

Sibiriulus altaicus Gulička, 1972

Cylindroiulus (Sibiriulus) altaicus Gulička 1972: 43–44, 44: fig.
Sibiriulus altaicus – Lokšina and Golovatch 1979: 387; Mikhaljova 1993: 13; 2004: 

75: fig, 74: map; Mikhaljova and Golovatch 2001: 106; Mikhaljova et al. 2007: 
57–59, 62, 58: figs; 2014: 45–47, 46: figs; Nefediev and Nefedieva 2007b: 162; 
2008a: 117; 2008b: 62; 2013: 86–87; Nefedieva and Nefediev 2008: 123–124; 
Nefedieva et al. 2014: 65.

Material re-examined (specimens published by Mikhaljova et al. 2007, 2014). 1 male 
(ASU), site 1; 3 males, 2 juv. (IBSS), site 4; 1 male, 1 female, 2 juv. (IBSS), site 7; 1 
male (ASU), site 8; 1 female (IBSS), 1 female (ASU), site 8A; 1 male (ASU), site 9; 1 
male (IBSS), site 14.

Distribution. The species is known only in the south of Lake Teletskoye, Repub-
lic of Altai, its terra typica.

Remarks. In the Kyga Biogeocenosis Profile this species dwells in low- and mid-
mountain chern taiga forests, and also subalpine sparse growths of P. sibirica, with the 
maximum altitude registered is about 1903 m a.s.l.
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Family Nemasomatidae Bollman, 1893
Genus Orinisobates Lohmander, 1933

Orinisobates sibiricus (Gulička, 1963)

Isobates sibiricus Gulička, 1963: 522: figs.
Isobates (Orinisobates) sibiricus – Gulička 1972: 45: figs; Nefediev and Nefedieva 

2008a: 117.
Orinisobates sibiricus – Lokšina and Golovatch 1979: 387; Enghoff 1985: 53, 54: figs; 

Mikhaljova 1993: 16; 2002: 206; 2004: 96–97, 96: figs, 94: map; Mikhaljova and 
Golovatch 2001: 107; Mikhaljova and Nefediev 2003: 83; Nefediev 2005a: 39; 
2005b: 8; Nefediev and Nefedieva 2006: 98; 2007a: 139; 2007b: 160; 2008a: 117; 
2008b: 62; 2013: 87; Nefedieva and Nefediev 2008: 123; Nefediev et al. 2014: 63; 
Nefedieva et al. 2014: 65.

Material examined. 1 male (ASU), site 1; 1 female (ASU), site 8a.
Distribution. The species appears to be quite widespread in the south of Sibe-

ria, Russia: Kemerovo Area, Republic of Khakassia, Altai Province, Republic of Altai, 
southern part of Krasnoyarsk Province, Republic of Tyva, Chita Area. Also it has been 
recorded in Eastern Kazakhstan and Kyrgyzstan.

Remarks. The species inhabits forest litter of small-leaved, mixed and dark conifer-
ous forests, under bark of logs and trees, and in mosses and mushrooms. The maximum 
altitude registered is about 1700 m a.s.l. (Mikhaljova and Golovatch 2001). In the Kyga 
Biogeocenosis Profile the species is very rare collected from low- and mid-mountain 
chern taiga forest, with the maximum abundance registered is about 1 ind./m2.

Julidae gen. sp.

Material examined. 1 juv. (ASU), site 2; 2 females, 1 juv. (ASU), site 9; 1 female, 2 
juv. (ASU), site 10.

Remarks. It is very likely these females and juveniles appear to belong to S. altaicus 
or P. amurensis.

Order Chordeumatida C. L. Koch, 1847
Family Diplomaragnidae Attems, 1907
Genus Altajosoma Gulička, 1972

Altajosoma bakurovi bakurovi (Shear, 1990)

Diplomaragna bakurovi Shear, 1990: 22, 23: figs.
Diplomaragna bakurovi – Mikhaljova 1993: 18.
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Altajosoma bakurovi – Mikhaljova 2000: 161: fig; 2004: 178–179, 178: figs, 116: 
map; Mikhaljova and Golovatch 2001:108; Nefediev 2002: 30; Mikhaljova and 
Nefediev 2003: 86; Mikhaljova et al. 2008: 51; Nefedieva and Nefediev 2008: 
123–124; 2013: 87; Nefedieva et al. 2014: 65.

Material re-examined (specimen published by Mikhaljova et al. 2008). 1 male (ASU), site A.
Distribution. The species is known to occur in the south of Siberia, Russia: Tomsk, 

Novosibirsk and Kemerovo areas, Krasnoyarsk Province and Republic of Altai.
Remarks. This species dwells in various forest habitats like small-leaved, mixed 

and dark coniferous forests, and also mesophytous meadow and mountain tundra, 
with the maximum altitude registered is about 2500 m a.s.l (Mikhaljova and Nefediev 
2003). In the Kyga Biogeocenosis Profile a single male is collected only by hand sam-
pling from D. fruticosa forest on the bank of the river Bayas at about 500 m a.s.l.

Altajosoma deplanatum (Stuxberg, 1876)

Craspedosoma deplanatum Stuxberg, 1876a: 34, figs.
Craspedosoma deplanatum – Stuxberg 1876b: 317; Lokšina and Golovatch 1979: 382; 

Nefediev and Nefedieva 2008a: 117.
Altajosoma pinetorum Gulička, 1972: 37: figs.
Altajosoma pinetorum – Lokšina and Golovatch 1979: 382; Shelley et al. 2000: 62; 

Nefediev and Nefedieva 2008a: 117.
Diplomaragna deplanata – Shear 1990: 19, 20: figs; Mikhaljova 1993: 22.
Diplomaragna pinetorum – Shear 1990: 38; Mikhaljova 1993: 25.
Altajosoma deplanatum – Mikhaljova 2000: 160; 2004: 170–171, 171: figs, 162: map; 

2013a: 7; Mikhaljova and Golovatch 2001: 108; Nefediev 2002b: 35; 2002d: 30; 
Mikhaljova and Nefediev 2003: 86; Nefediev 2005a: 50; 2005b: 9; Nefediev and 
Nefedieva 2005: 177; 2006: 98; 2007a: 139; 2007b: 161; 2007c: 99; 2008b: 62; 
2011: 100; 2012a: 51; 2012b: 47; 2013: 87; Nefedieva and Nefediev 2008: 123; 
Mikhaljova et al. 2008: 51; Nefedieva et al. 2014: 65.

Material examined. 2 females (ASU), site 14.
Material re-examined (specimens published by Mikhaljova et al. 2008). 1 male 

(ASU), site 6; 1 male, 6 juv. (ASU), site 14.
Distribution. The species appears to be quite widespread in the south of Siberia, 

Russia: Tomsk, Novosibirsk and Kemerovo areas, Republic of Altai and Republic of 
Khakassia, and originally described from between the city of Achinsk (Krasnoyarsk 
Province) and the city of Mariinsk (Kemerovo Area).

Remarks. This species lives mainly in various forest habitats like small-leaved, 
mixed and dark coniferous forests, forest- and shrub tundra, and also mesophytous 
meadow. The maximum altitude registered is about 2080 m a.s.l (Mikhaljova et al. 
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2008). In the Kyga Biogeocenosis Profile the species quite rare found in the mid-
mountain mixed forest and in the subalpine sparse growths of P. sibirica, with the 
maximum abundance registered is about 6 ind./m2.

Altajosoma katunicum Mikhaljova, 2000

Altajosoma katunicum Mikhaljova, 2000: 161–162, 162: figs.
Altajosoma katunicum – Mikhaljova and Golovatch 2001: 108; Mikhaljova 2004: 176–177, 

177: figs, 112: map; Mikhaljova et al. 2008: 52; Nefedieva et al. 2014: 65.

Material re-examined (specimens published by Mikhaljova et al. 2008). 1 male 
(ASU), site 1.

Distribution. This species in known to occur only in the Republic of Altai, Russia.
Remarks. This species originally described from the Katunskii Mt. Range, Central 

Altai at 1600–2200 m a.s.l. (Mikhaljova 2000). In the Kyga Biogeocenosis Profile the 
species is very rare (1 ind./m2), collected only from the mixed forest in the lowest study 
site at 443 m a.s.l.

Altajosoma kemerovo (Shear, 1990)

Diplomaragna kemerovo Shear, 1990: 21, 20: figs.
Diplomaragna kemerovo – Mikhaljova 1993: 25; Nefediev and Nefedieva 2008a: 117.
Altajosoma kemerovo – Mikhaljova 2000: 161; 2004: 180–181, 180: figs, 173: 

map; 2013a: 7; Mikhaljova and Golovatch 2001: 108; Vorobiova et al. 2002: 
60; Mikhaljova and Nefediev 2003: 86; Nefediev 2005a: 53; 2005b: 9; Nefedi-
ev and Nefedieva 2006: 98; 2007a: 139; 2007b: 161; 2008b: 62; 2013: 87; 
Nefedieva and Nefediev 2008: 123; Mikhaljova et al. 2008: 51; Nefedieva et 
al. 2014: 65.

Material examined. 4 females (ASU), site 7; 1 juv. (ASU), site 8; 7 juv. (ASU), site 
13a; 1 female, 3 juv. (ASU), site 16.

Material re-examined (specimens published by Mikhaljova et al. 2008). 1 male 
(ASU), site A; 1 male (ASU), site 5; 1 male (ASU), site 6; 5 males (ASU), site 7; 1 male 
(ASU), site 8; 1 male (ASU), site 13a; 1 male (ASU), site 16.

Distribution. This species appears to be spread in the south of Siberia, Russia: 
Kemerovo and Novosibirsk areas, Republic of Altai, Republic of Khakassia, southern 
part of Krasnoyarsk Province.

Remarks. The species dwells in different forest habitats like small-leaved, mixed 
and dark coniferous forests. In the Kyga Biogeocenosis Profile it is very rare (0.5–5 
ind./m2), mainly collected in low- and mid-mountain chern taiga at 853–1100 m 
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a.s.l., but also found in subalpine sparse growths of P. sibirica and subgoltsy sparse 
growths of P. sibirica with B. rotundifolia and S. glauca bushes, with the maximum 
altitude registered is about 2028 m a.s.l.

Shearia teletskaya Mikhaljova, 2000

Shearia teletskaya Mikhaljova, 2000: 167–168, 167: figs.
Shearia teletskaya – Mikhaljova and Golovatch 2001: 111; Mikhaljova 2004: 160–161, 

160: figs, 112: map; Mikhaljova et al. 2008: 54; Nefedieva et al. 2014: 65.

Material examined. 1 juv. (ASU), site 16.
Material re-examined (specimens published by Mikhaljova et al. 2008). 1 male, 4 

juv. (ASU), site B; 1 male, 8 juv. (ASU), site 12; 1 male (IBSS), 1 male (ASU), site 16.
Distribution. The species is known to occur only in the south of Lake Teletskoye, 

Republic of Altai, Russia.
Remarks. This species inhabits dark coniferous taiga forests at 1350–1750 m a.s.l. 

and the subalpine belt (= goltsy) at 1750–2000 m a.s.l. (Mikhaljova 2004). In the Kyga 
Biogeocenosis Profile sites investigated the species is very rare (3 ind./m2), mainly collected 
by hand sampling in subalpine sparse growths of P. sibirica at 1847–2028 m a.s.l.

Diplomaragnidae gen. sp.

Material examined. 1 female (ASU), site A; 1 female, 1 juv. (ASU), site 5; 5 juv. 
(ASU), site 8a; 4 juv. (ASU), site 9; 1 female, 14 juv. (ASU), site 10; 5 juv. (ASU), site 
10a; 1 female, 9 juv. (ASU), site 11; 1 female, 1 fragm. (ASU), site 13; 1 female, 1 juv. 
(ASU), site 18; 1 female, 1 juv. (ASU), site 19.

Remarks. The above specimens appear to belong to some species of Altajosoma or 
S. teletskaya.

Family Anthroleucosomatidae Verhoeff, 1899
Genus Ghilarovia Gulička, 1972

Ghilarovia kygae Gulička, 1972

Ghilarovia kygae Gulička, 1972: 39, 40: figs.
Ghilarovia kygae – Lokšina and Golovatch 1979: 383; Shear 1988: 55: figs; Mikhaljova 

1993: 16; 2002: 203, 202: figs; 2004: 188–190,188: figs, 189: map; 2013a: 8; 
Shelley et al. 2000: 68; Mikhaljova and Golovatch 2001: 107; Nefediev 2005a: 58; 
2005b: 9; Nefediev and Nefedieva 2007b: 161; 2008a: 117; 2008b: 62; 2013: 87; 
Nefedieva and Nefediev 2008: 123; Nefedieva et al. 2014: 65.
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Material examined. 18 males, 16 females (ASU), site 1; 9 males, 6 females (ASU), site 
2; 2 males, 1 female (ASU), site A; 3 males, 9 females, 2 juv. (ASU), site 4; 24 males, 
18 females, 2 juv. (ASU), site 5; 15 males, 15 females, 2 juv. (ASU), site 6; 21 males, 
15 females, 1 juv., 1 fragm. (ASU), site 7; 5 males, 3 females (ASU), site 8; 6 males, 6 
females, 14 juv. (ASU), site 8a; 2 females, 1 juv. (ASU), site 9; 2 males (ASU), site 10a; 
3 males, 3 females (ASU), site 11; 3 males, 1 female, 8 juv. (ASU), site 12; 3 males, 1 
female (ASU), site 12; 6 males, 8 females (ASU), site 13; 2 males, 5 females (ASU), site 
13a; 5 males, 16 females (ASU), site 14; 1 male, 1 female, 1 fragm. (ASU), site 15; 2 
males, 8 females (ASU), site B; 1 male (ASU), site 16.

Distribution. The species is known to occur in the Republic of Altai, Siberia, 
Russia only.

Remarks. This species prefers to live in mixed and dark coniferous forests, and 
also known from subalpine habitats like golsty, with the maximum altitude registered 
is about 2000 m a.s.l. (Mikhaljova and Golovatch 2001). In the Kyga Biogeocenosis 
Profile the species shows the highest ecological plasticity, dwelling in low- and mid-
mountain chern taiga forests, and subalpine sparse growths of P. sibirica up to sub-
goltsy, with the maximum altitude registered is about 2028 m a.s.l.

Family Kirkayakidae Özdikmen, 2008

(syn. Altajellidae Mikhaljova & Golovatch, 2001)

Genus Kirkayakus Özdikmen, 2008

(syn. Altajella Gulička, 1972)

Kirkayakus pallidus (Gulička, 1972)

(syn. Altajella pallida Gulička, 1972)
Altajella pallida Gulička, 1972: 42, 43: figs.
Altajella pallida – Lokšina and Golovatch 1979: 383; Shear 1988: 51; Mikhaljova 

1993: 34; 2004: 196–199, 197: figs, 105: map; Shelley et al. 2000: 61; 
Mikhaljova and Golovatch 2001: 111, 112: figs; Nefediev 2005a: 58; 2005b: 
9; Nefediev and Nefedieva 2007b: 161; 2008a: 117; 2008b: 62; Nefedieva and 
Nefediev 2008: 123.

Kirkayakus pallidus – Özdikmen 2008: 342; Nefediev and Nefedieva 2013: 87; Nefedi-
eva et al. 2014: 65.

Material examined. 1 male (ASU), site 8; 1 female (ASU), site 9.
Distribution. This species is an endemic in the south of Lake Teletskoye, Repub-

lic of Altai, Siberia, Russia.
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Remarks. The species lives in dark coniferous forests up to 1350 m a.s.l. (Mikhal-
jova and Golovatch 2001). In the Kyga Biogeocenosis Profile the animal prefers mid-
mountain dark coniferous forests at 1100–1414 m a.s.l., when it is very rare, and the 
numbers range from 0.5 to 1 ind./m2. The above material appears to belong to topo-
types, and this is the first record of the female specimen in this species.

Genus Teleckophoron Gulička, 1972

Teleckophoron montanum Gulička, 1972

Teleckophoron montanum Gulička, 1972: 41: figs.
Teleckophoron montanum – Lokšina and Golovatch 1979: 383; Mikhaljova 1993: 35; 

2004: 193–196, 195: figs, 107: map; Shelley et al. 2000: 79; Mikhaljova and Golo-
vatch 2001: 113, 114: figs; Nefediev 2005a: 59; 2005b: 9; Nefediev and Nefedieva 
2006: 98; 2007b: 161; 2008a: 117; 2008b: 62; 2013: 87; Nefedieva and Nefediev 
2008: 123; Nefedieva et al. 2014: 65.

Material examined. 3 males, 1 female, 4 juv. (ASU), site 8; 1 female, 3 juv. (ASU), 
site 8a.

Distribution. The area of this species appears to encompass the Republic of Altai 
and the southern part of the Krasnoyarsk Province, both Siberia, Russia.

Remarks. This species inhabits dark coniferous forests and montane tundras. The 
maximum altitude registered is about 1000 m a.s.l. (Gulička 1972). In the Kyga Bio-
geocenosis Profile the species prefers mid-mountain dark coniferous forests up to 1191 
m a.s.l., where the numbers range from 3 to 8 ind./m2.

Order Polydesmida Leach, 1815
Family Polydesmidae Leach, 1815
Genus Schizoturanius Verhoeff, 1931

Schizoturanius clavatipes (Stuxberg, 1876)

Polydesmus clavatipes Stuxberg, 1876a: 34, figs.
Polydesmus clavatipes – Stuxberg 1876b: 316; Nefediev and Nefedieva 2008a: 117.
Schizoturanius clavatipes – Lohmander 1933: 27; Hoffman 1975: 81, 82: figs; 

Lokšina and Golovatch 1979: 384; Mikhaljova 1993: 31, 32: figs; 2002: 206; 
2004: 238–240, 239: figs, 228: map; 2013a: 9; 2013b: 221; Nefediev 2001: 
84; 2002c: 139; 2002d: 30; Mikhaljova and Golovatch 2001: 116; Vorobio-
va et al. 2002: 60; Mikhaljova and Nefediev 2003: 81; Nefediev 2005a: 61; 
2005b: 9; Nefediev and Nefedieva 2005: 178; 2006: 98; 2007a: 139; 2007b: 
161; 2007c: 102; 2008b: 62; 2011: 100; 2012a: 51; 2012b: 47; 2013: 87; 
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Nefedieva and Nefediev 2008: 123; Nefediev et al. 2014: 63; Nefedieva et al. 
2014: 65.

Material examined. 4 males, 2 females, 4 juv. (ASU), site 1; 2 males, 2 females, 3 juv. 
(ASU), site 2; 2 males, 1 female, 1 juv. (ASU), site 4; 4 males, 2 females, 1 juv. (ASU), 
site 5; 2 males, 1 females (ASU), site 6; 6 males, 2 females, 11 juv. (ASU), site 7; 1 male, 
1 female (ASU), site 8a; 1 female (ASU), site 9; 7 juv. (ASU), site 14; 3 juv. (ASU), site B.

Distribution. This species appears to be quite widespread in the south of Siberia, 
Russia: Tomsk, Novosibirsk and Kemerovo areas, Altai Province, Republic of Altai, 
Republic of Khakassia, southern part of Krasnoyarsk Province.

Remarks. Being highly euryoecic, the species populates various forest habitats 
(small-leaved, mixed and dark coniferous forests), and also meadows and glades. In the 
Kyga Biogeocenosis Profile the species prefers low- and mid-mountain chern taiga for-
ests, where its numbers range from 0.5 to 10 ind./m2, but also collected from subalpine 
sparse growths of P. sibirica at about 1903 m a.s.l.

Schizoturanius tabescens (Stuxberg, 1876)

Polydesmus tabescens Stuxberg, 1876a: 35, figs.
Polydesmus tabescens – Stuxberg 1876b: 316; Lokšina and Golovatch 1979: 385.
Turanodesmus salairicus Gulička, 1963: 523, 522: figs; Nefediev and Nefedieva 2008a: 117.
Schizoturanius salairicus – Lokšina and Golovatch 1979: 384; Mikhaljova 1993: 31; 

Nefediev 2001: 84, 2002a: 40; 2002b: 35; 2002c: 139; 2002d: 30; Mikhaljova and 
Golovatch 2001: 116; Mikhaljova and Nefediev 2003: 83.

Schizoturanius tabescens – Mikhaljova 1993: 31, 32: figs; 2004: 240–242, 241: figs, 
242: map; 2013b: 221; Vorobiova 1999: 33; Mikhaljova and Golovatch 2001: 
116; Vorobiova et al. 2002: 60; Rybalov 2002; Mikhaljova and Marusik 2004: 8, 
7: figs; Nefediev 2005a: 64; 2005b: 9; Nefediev and Nefedieva 2005: 178; 2006: 
98; 2007a: 139; 2007b: 161; 2007c: 102; 2008a: 117; 2008b: 62; 2011: 100; 
2012a: 51; 2012b: 47; 2013: 87; Nefedieva and Nefediev 2008: 123; Babenko et 
al. 2009: 183; Nefedieva et al. 2014: 65.

Material examined. 3 juv. (ASU), site 2; 2 females, 2 juv., 1 fragm. (ASU), site 4; 
4 juv. (ASU), site 5; 17 juv. (ASU), site 7; 2 females, 1 juv. (ASU), site 8a; 1 female 
(ASU), site 9; 2 females (ASU), site B.

Distribution. Being rather widespread, the species is known to occur in the south 
of Siberia, Russia: Tomsk, Novosibirsk and Kemerovo areas, Altai Province, Republic 
of Altai, Republic of Khakassia, southern part of Krasnoyarsk Province.

Remarks. This species lives in different forests like small-leaved, mixed and dark conifer-
ous ones, and also populates meadows. In the Kyga Biogeocenosis Profile the animal prefers 
low- and mid-mountain chern taiga forests, where its numbers range from 0.5 to 8 ind./m2, 
but also collected from subalpine sparse growths of P. sibirica at about 1900 m a.s.l.
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Results

The millipede diversity in the south of Lake Teletskoye is estimated to be at least 15 spe-
cies and subspecies from 10 genera, 6 families and three orders: Julus ghilarovi ghilarovi 
Gulička, 1963, J. insolitus Mikhaljova, 2009, Orinisobates sibiricus (Gulička, 1963), 
Pacifiiulus amurensis (Gertsfeldt, 1859), Sibiriulus altaicus (Gulička, 1972), Ghilarovia 
kygae Gulička, 1972, Kirkayakus pallidus (Gulička, 1972) (synonym of Altajella pallida 
Gulička, 1972), Teleckophoron montanum Gulička, 1972, Altajosoma bakurovi bakurovi 
(Shear, 1990), A. deplanatum (Stuxberg, 1876), A. katunicum Mikhaljova, 2000, A. 
kemerovo (Shear, 1990), Shearia teletskaya Mikhaljova, 2000, Schizoturanius clavatipes 
(Stuxberg, 1876) and S. tabescens (Stuxberg, 1876).

The bulk of species diversity is confined both to low- and mid-mountain chern 
taiga forests and high-mountain shrub tundras with Betula rotundifolia and Salix glau-
ca, achieving from 5 to 9 species, whereas subalpine sparse growths of Pinus sibirica 
are characterized by the lowest millipede diversity, with 3 the most widespread species 
(Table 1). One of them, G. kygae, has the maximum of ecological plasticity. This spe-
cies is recorded in almost all study sites, dwelling in low- and mid-mountain chern 
taiga forests, and subalpine sparse growths of P. sibirica up to subgoltsy, with the 
maximum altitude registered is about 2028 m a.s.l.

The numbers of diplopods range from 14.5 to 65 ind./m² in subzones of low- and 
mid-mountain chern taiga forests, and from 5.5 to 8 ind./m² in high-mountain shrub 
tundras (Table 1). Despite of the lowest species diversity in subalpine sparse growths 
of P. sibirica, millipedes show the maximum numbers, reaching up to 130 ind./m² in 
the old fire-site (site 11), evidently caused by the abundance of plant debris of dwarf 
vegetation of Betula rotundifolia and Salix glauca that appear to be more suitable for 
feeding of millipedes than pine litter.

Clustering of investigated sites in the Kyga Biogeocenosis Profile on species di-
versity allows to grouping at least two obvious sets of sites (Figure 1). The first group 
unites low-mountain chern taiga forests (sites from 2 to 7), with altitudes range from 
494 to 960 m a.s.l. The second group includes subalpine sparse growths of P. sibirica 
localities (sites from 10a to 15), and also the highest locality of chern taiga forest (site 
10) and a transition locality from subalpine sparse growths to shrub mountain tundra 
(site 16), with altitudes range from 1468 to 2028 m a.s.l. Some localities of mid-
mountain chern taiga forests and mountain tundras are less similar both to each other 
and to other groups.

The very interesting situation is observed with two congeners of Julus as regards 
to altitude distribution, showing competitive relationships to each other. Thus, J. g. 
ghilarovi is mainly recorded in low-mountain and in the beginning of mid-mountain 
chern taiga forests, while it almost disappears in subalpine sparse growths of P. sibirica, 
but it emerges again in rocky mountain tundra on the top of the investigated biogeo-
cenosis profile. At the same time, J. insolitus populates mainly subalpine sparse growths 
of P. sibirica and lifts up to shrub mountain tundra at 2194 m a.s.l. Taking into ac-
count that J. insolitus is very abundant here, we assume it wins the competition and 
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displaces J. g. ghilarovi from subalpine P. sibirica sparse growths. The record of female 
specimens of J. insolitus is the first one in this species.

Both members of Kirkayakidae, K. pallidus and T. montanum, are reported in 
chern mid-mountain taiga at the highest altitudes for the first time. Also this is the first 
record of the female specimen in the former species.
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Introduction

With respect to global threats, some scientists believe that our planet is facing a new 
biodiversity crisis, frequently called as the sixth mass extinction, which is a human-
caused phenomenon (Eldredge 1998). Regarding biodiversity, over the past few dec-
ades there has been a growing interest to explore biological components of cities in 
order to understand their ecology at different geographical scales (McDonnell et al. 
2009). At the same time, urban areas are increasing worldwide (Sorace 2001), while 
the rapid and worldwide urbanization of human population (Niemelä 1999) raises 
concerns about the sustainability of cities (Andersson 2006).

A city represents an ideal terrestrial ecosystem to investigate fauna composition. It 
retains specific microclimatic and hydrological parameters and is sensitive to human 
activities and climate change (Ricklefs 1990). In addition, many invertebrate species 
form a biodiversity component critical for the persistence of the ecosystem (Oliver 
and Beattie 1996), and are well-adapted to live in this environment (Wallwork 1976). 
However, soil invertebrates are marginalized from conservation works, mainly because 
of lacking data (Ward and Lariviere 2004). Consequently, without information on 
species distribution, community ecology and on the evolutionary processes that influ-
ence them, terrestrial invertebrates may remain threatened, leading to loss of species. 
In fact, habitat fragmentation, habitat loss, accumulation of pollutants to soil, water 
and atmosphere affect negatively native biodiversity (Clark et al. 2007) and are pri-
mary causes of species extinctions (e.g., Wilcove et al. 1998, McKinney 2002).

Nowadays thousands of species are characterized as nationally extinct, threatened, 
or near threatened in broad habitats, particularly in urban areas, as a result of the 
significant declining areas of natural patches. These habitats represent an important 
patchily distributed environment for thousands of species (Hanski 2004). For exam-
ple, it is well known that in highly fragmented landscapes (e.g., city), one decaying tree 
trunk or a flower-bed may support local soil populations for many generations. Soil 
arthropods such as ground beetles, centipedes, millipedes, spiders, and scorpions can 
be readily surveyed. Regarding urban areas, species richness is often determined by cli-
matic changes, solar radiation, and the availability of host plants. Thus, soil arthropods 
are potentially useful ecological indicators of urbanization (Clark et al. 2007).

The effect of urbanization on biodiversity has focused primarily on vertebrates 
(e.g., Germaine et al. 2001). Several works have also investigated terrestrial inverte-
brates (e.g., ground beetles) along a gradient from a highly disturbed urban environ-
ment to a less disturbed rural environment (e.g., Alaruikka et al. 2002, Niemelä et 
al. 2002, Ishitani et al. 2003, Ulrich et al. 2008). In general, in northwestern parts of 
Europe such focused studies are numerous, but in southeastern Mediterranean region 
the knowledge is scanty.

Because of the relatively high diversity and the quite high availability of species 
occurrence records, centipedes provide a suitable taxonomic group for studying eco-
logical aspects. However, only few studies have focused on the impact of urbanization 
on centipede species assemblages. In this study we performed several comprehensive 
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analyses to investigate the responses of centipede species in the city of Heraklion, on 
Crete. In particular:

a) we quantify species richness, abundance and diversity along an urban-rural gradient,
b) we study centipede species structure emphasizing on the spatial and temporal distri-

bution along the three urbanization zones, and,
c) we explore patterns of distribution of the identified generalist species.

Methods

Study area

The city of Heraklion (35°20'0"N; 25°8'0"E) is the largest city of Crete and the fourth 
largest in Greece located in the centre of the northern coast of the island. It covers an 
area of approximately 24 km2 with an estimated population of 173,450 (according to 
the General Population Census 2011) at a density of 7,227 residents per square kilo-
meter. Heraklion is mainly flat with several prominent hills, characterized by numer-
ous floral species, mainly introduced, such as Hirschefeldia incana and Conyza albida 
(common species along the roadsides), Petromarula pinnata (endemic plant of Crete), 
Ailanthus altissima (dominant plant at the archaeological site of Knossos), Hyoscyamus 
aureus (common in the Venetian city walls) (for further habitat description see also 
Vogiatzakis and Rackham 2008 and Kaltsas et al. 2014).

We selected three sampling areas along an urbanization gradient, as proposed by 
the Globenet protocol (Niemelä et al. 2000), from north to south and from west to 
east of Heraklion: a) a highly disturbed habitat – urban, b) a moderate disturbed habi-
tat – suburban, and, c) a less disturbed habitat – rural. Within each disturbance area 
we settled three replicate sites covering the west (1), the south (2) and the east (3) side 
of the city (Fig. 1). In particular, nine sampling sites were selected: i) three urban sites 
within the city of Heraklion, ii) three suburban sites on the boarders of the city, and iii) 
three rural sites in natural environment. The selection of the sampling sites was made 
on the basis of the similarity of vegetation and the percentage of built-up area (Ishitani 
et al. 2003, Kaltsas et al. 2014). Further details on the environment of each site can be 
found in Fig. 1. The urban habitats, at the western part of the Venetian city walls (U1), 
at the southern side of the Venetian city walls (U2), and at the eastern part of the city, 
not far from the main port (U3), were characterized by the dominance of nonnative 
herbaceous vegetation. The suburban habitats were located at the western end of Am-
moudara district (S1), at the southern part of the city near the road to Moires (S2), and 
at the eastern side of the city close to the industrial area (S3), and were dominated by 
indigenous herbaceous vegetation and Nerium oleander. Rural habitats were located in 
the west, at the Palaiokastro bridge next to the national road (R1), in the south district 
of Heraklion (R2), and in the east near Kokkini Chani close to the national road (R3). 
The Euclidian distances between the sampling sites were: U1-U2 = 1.22 km, U2-U3 = 
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1.2 km, S1-S2 = 4.0 km, S2-S3 = 6.4 km, R1-R2 = 6.99 km, R2-R3= 13.21 km. All 
rural habitats were dominated by typical phrygana, such as Sarcopoterium spinosum, 
Thymbra capitata and Genista acanthoclada (see also Kaltsas et al. 2014). We could not 
settle any sampling site in the north side of Heraklion because of its proximity to the 
Aegean Sea.

Sampling design

Centipedes were collected with pitfall traps along the aforementioned urban–rural 
gradient in accordance to the GLOBENET program protocol for capturing soil ar-
thropods (Niemelä et al. 2000, 2002). At each site we placed 10 traps along a transect 
line positioned at a distance of 10 m from one another and specimens were collected 
monthly. Each trap was a plastic container with a diameter of about 10 cm placed into 
the ground in a depth of almost 12 cm. Overall we placed 90 traps across the urban 
– rural gradient. Pitfall traps contained ethylene glycol as a preservative liquid. The 
collection of material took place over a year, from November 2010 to November 2011. 

Figure 1. Map of the study area and sampling sites in and near Heraklion city. u urban sites (u1 ath-
letic centre, roads, parking area, buildings and gardening activities u2 roads, parking area, dense build-
ings and gardening activities u3 Heraklion port, roads, numerous buildings and gardening activities) 
S suburban sites (S1 hotels, roads, sandy substrate S2 hotels, electricity power factory, roads S3 industrial 
area, roads, numerous buildings) R rural sites (R1–R3 roads and little grazing).
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We determined geographic coordinates for each sampling site using a GPS apparatus. 
All captured centipedes are preserved in 95% alcohol and are deposited in the Myri-
apod collection of the Natural History Museum of Crete (hereafter NHMC).

Data analyses

Centipede species richness for each site was estimated using two nonparametric rich-
ness estimators, in particular Chao1 and Bootstrap (see Colwell et al. 2012 for review), 
based on species-by-sample data. We calculated survey completeness for each sampling 
site as the observed number of captured species divided by the average estimated num-
ber of species. In agreement with Meijer et al. (2011), a value of sampling complete-
ness above 0.75 is generally accepted. In our case, none of the nine mentioned sites 
were excluded from analyses. We also prepared species accumulation curves, as a func-
tion of sampling completeness, of the rate at which new species were found at each site 
along the urbanization gradient.

In terms of richness the number of species and genera was counted at each site. We 
also calculated the diversity of centipedes using: (i) the Shannon diversity index H’ (for 
further details see Magurran 1988), and (ii) the evenness diversity index J’ (for further 
details see also Magurran 1988).

We calculated activity density in terms of number of individuals per 100 trap-days 
at each habitat along the gradient. The temporal distribution of centipede assemblages 
was analysed in terms of the average number of species per sampling period, i.e., one 
month, called ᾱ diversity, and the proportion of cumulative α diversity, known as a 
measure of temporal turnover (Romanuk and Kolasa 2001):

where S is the total number of species captured in a site (Zamora et al. 2007). We 
also measured the temporal beta diversity (βt), known as the temporal change of spe-
cies structure at each site. To find temporal beta diversity, we first calculated the 
complementarity index for each sampling period, i.e., one month (see Colwell and 
Coddington (1994):

where Sj is the number of species captured in sampling period j, Sk the number of spe-
cies captured in consecutive sampling period k (k=j+1) and Vjk the common species 
captured in periods j and k. After these calculations, temporal beta diversity (βt) was 
measured as the average for each site assemblage.

Among others, we performed one-way ANOVA tests for differences in richness, 
abundance, activity density, and diversity (Shannon H’, temporal diversity, βt and 
proportion of cumulative α represented by average α, α %) along the urbanization 
gradient.
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We also performed a non-metric multi-dimensional scaling (NMDS) ordination 
plot based on Bray-Curtis dissimilarities of square-root transformed centipede abun-
dance data, to find out whether there are structural differences in centipede assem-
blages along the urban–rural gradient. Structural differences may concern species com-
position and species activity density. NMDS analysis was performed in PAST 2.16 
(Hammer et al. 2001). Furthermore, we tested if temporal beta diversity (βt) increases 
as α % decreases using a simple linear regression.

Results

Overall, 993 individuals (36.3 individuals per site / 100 trap-days) were collected and iden-
tified, belonging to 18 centipede species (8.0 ± 1.7 per site) and 11 genera (5.9 ± 0.9 per 
site) (Table S1 in Suppl. material 1). Seven species were collected at all three urbanization 
levels (Clinopodes flavidus, Eupolybothrus litoralis, Lithobius creticus, L. erythrocephalus, L. 
nigripalpis, Scolopendra cretica, Scutigera coleoptrata). Among these, Lithobius creticus and 
Scolopendra cretica are endemic in Crete. Six species were characterized as single habitat 
species (e.g., Cryptops trisulcatus, Lithobius aeruginosus, L. lapidicola, L. pamukkalensis, Pa-
chymerium ferrugineum, Schendyla nemorensis), out of which four, namely C. trisulcatus, L. 
aeruginosus, L. lapidicola, and Schendyla nemorensis, were represented by single individuals 
(singletons) (see Table S1 in Suppl. material 1). The most abundant species were Scolo-
pendra cretica, Lithobius nigripalpis, Scutigera coleoptrata, and Eupolybothrus litoralis, with 
approximately 37.7%, 21.0%, 17.9%, and 17.3% of the total centipede catch, respectively.

The total and average abundance were maximal in suburban sites, minimal in ur-
ban sites, and intermediate in the rural sites (Fig. 2). As for the species richness, 12 
species were identified in both rural and urban habitats, while 13 species were collected 
from the suburban sites (Fig. 2). In detail, most of the individuals were captured in 
suburban (499 individuals, 50.3% of the total) and rural habitats (300 individuals, 
30.2% of the total), while in the city centre, only 194 centipede individuals were col-
lected (19.5% of the total) (Table 1). Shannon and evenness diversity indices were 
slightly different along the urbanization gradient (Table 1). The species accumulation 
curves of the rate at which new species are found within each site along the urbaniza-
tion gradient are presented in Fig. 3. Accumulation curve data showed that complete-
ness of samplings was relatively high for all nine sites, ranging between 0.79 and 1.00, 
with an average value of 0.91 ± 0.06 per site (Table 1).

The activity density (individuals/100 trap-days) of centipede assemblages ranged 
from ca 12.1 to 25.7 in urban habitats (mean value of 21.2 ± 7.8), from ca 43.9 to 
66.3 in suburban habitats (mean value of 54.5 ± 11.3), and from ca 31.6 to 34.0 in 
rural sites (mean value of 33.1 ± 1.3) (see Table 1 and Table S2 in Suppl. material 1). 
The average species richness (ᾱ) varied from ca 1.2 to 3.3 among the sampling habitats 
(Table 1). Moreover, the proportion of cumulative α represented by average α diversity 
(α %) varied from 25% to about 43% and the temporal beta diversity (βt) varied from 
about 42.9 to 74.4 among the sampling sites (Table 1).
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The difference in species richness along the urbanization gradient was not statisti-
cally significant (Table 2). Likewise, although the average abundance of centipedes in 
suburban sites was about 1.7 and 2.6 times higher than in rural and urban sites respec-
tively, we did not find any statistical significance (Table 2). Though the mean value of 
Shannon diversity index (H’) was higher in the rural sites (1.53 ± 0.2) than in the urban 
(1.29 ± 0.5) and suburban habitats (1.15 ± 0.4), it did not differ significantly among the 
three areas (F = 0.27, p = 0.77). In contrast, activity density differed significantly along 

Figure 2. Total and average abundance of centipedes as well as total species richness along the urban-
rural gradient. White columns show total abundance, grey columns show average abundance with bars 
with standard deviation, dark line shows species richness.

Table 2. One-way ANOVA results showing statistical differences of species richness, abundance, activity 
density (A density), and diversity (Shannon H’, temporal diversity, βt and proportion of cumulative α rep-
resented by average α, α%), along the urbanization gradient in Heraklion. Degrees of freedom (DF), sum 
of squares (SS), mean square (MS), F values (F). The last column shows the significant differences between 
the gradient levels (p < 0.05) based on the Tukey test. R: rural, S: suburban, U: urban.

DF SS MS F p Tukey test
Species richness 2 12.39 6.19 2.39 0.11

Abundance 2 2664.11 1332.06 0.91 0.41
Shannon H’ 2 2.70 1.35 0.27 0.77

A density 2 47.65 23.82 4.47 0.02 U < R, S
βt 2 653.45 326.72 0.96 0.39
α% 2 5.56 2.78 3.09 0.03 U < R, S
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Figure 3. Species accumulation curves (recorded as a function of sampling effort) of the rate at which 
new species are found within each site along the urbanization gradient.

the gradient (F = 4.47, p = 0.02), as a result of the significantly lower values of A density 
in urban sites (21.2 in average) compared to suburban (54.5 in average) and rural sites 
(33.1 in average). Moreover, as shown in Table 2, the proportion of cumulative α rep-
resented by average α diversity (α %) is significantly smaller in urban sites compared to 
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rural and suburban areas (F = 3.09, p = 0.03). However, the difference in temporal beta 
diversity (βt) along the gradient level was statistically insignificant (Table 2).

The structural difference of urban centipede assemblages compared to the other 
two habitat zones was apparent when we performed NMDS. The two-dimensional 
(2D) ordination plot explained 90% of the variance in the distance matrix (Axis 1: 72 
%, Axis 2: 18 %, stress = 0.12; see Fig. 4). As expected, temporal beta diversity (βt) 
was independent of species richness (Spearman’s rs = 0.05, p = 0.89). Furthermore, 
βt decreases significantly (r2 = 0.47, p = 0.04) as α% increases (that is, the difference 
between cumulative and average α decreases) (Fig. 5).

Scolopendra cretica was the dominant species in rural and suburban sites covering 
50.6% and 86.9% of the total captures in these sites respectively. However, in urban 
sites its capturing coverage lowered to 2.1%, while the dominant species in urban sites 

Figure 4. NMDS two-dimensional ordination plot based on the Bray-Curtis dissimilarity matrix of the 
nine sites along the urbanization gradient.



Centipede assemblages in an urban environment 173

Figure 5. Simple linear regression between temporal beta diversity (βt) and the proportion of cumulative 
α represented by average α diversity (α%). Model: (βt) = 101.65 – 1.34(α%), r² = 0.47, p = 0.04. U: urban 
sites, S: suburban sites, R: rural sites.

Figure 6. Total and average abundance of all four generalist species as well as average abundance of each 
generalist species along the urban-rural gradient, Eupolybothrus litoralis (♦), Lithobius nigripalpis (▲), 
Scolopendra cretica (■), Scutigera coleoptrata (●). White columns show total abundance, grey columns 
show average abundance with bars with standard deviation.
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was Scutigera coleoptrata (72.7%). S. coleoptrata also covered a large portion of cap-
tures in rural areas (21%). Two more species could be considered dominant, namely 
Lithobius nigripalpis that covers 14.1% and 18.5% of the total captures in urban and 
suburban sites respectively, and, Eupolybothrus litoralis that covers 25.5% and 19.8% 
of the total captures in urban and suburban sites respectively. L. nigripalpis was also 
dominant in rural areas covering 12.8% of the total captures. The percentage of in-
dividuals of opportunistic centipede species to the total individuals proved to differ 
significantly along the urbanization gradient. The abundance of opportunistic species 
in the suburban sites was 1.75 and 2.7 times higher than their abundance in rural and 
urban sites respectively (Fig. 6). Generalist species covered 91.6% of the total captures 
in suburban areas, whereas the respective percentages in rural and urban sites were 
87% and 55%. Specifically, all generalist species were mostly abundant in suburban 
sites, except for Scutigera coleoptrata which in this area appeared to be less abundant.

Discussion

According to several studies, urbanization reduces species richness in many animal 
groups owing to the impoverished flora, in terms of habitat loss (McKinney 2002) and 
habitat fragmentation leading to isolated populations (Collins et al. 2000). In addition, 
studies have shown that the urban soil content in nitrogen and carbon is profoundly 
lower compared to the rural soil either owing to their cycle alteration (Lorenz and Lal 
2009) or as a result of the impenetrable surfaces in urban areas (Raciti et al. 2012).

Unlike the aforementioned examples, our results failed to indicate negative ur-
banization effect on centipede species richness and diversity. Alaruikka et al. (2002) 
studied carabid and spider species in Finland only to reach the same conclusion on the 
abundance and species richness, suggesting that, in particular, spiders might be more 
sensitive to small-scale habitat changes rather than to large-scale changes. Likewise, 
urbanization has not reduced overall centipede species richness and diversity in the city 
of Poznaǹ (Leśniewska et al. 2008), nor has reduced the ground beetles species richness 
in several cases where data from Globenet Project were used (Magura et al. 2010b). 
Even though abundance in our results, differed along the urbanization gradient with 
the highest abundance found in suburban areas, followed by the second higher abun-
dance in rural areas, the difference was not confirmed statistically.

Additionally, in terms of species richness and diversity, our results are not statistically 
significant to support the suburban peak (McKinney 2002). Similar results were also re-
ported about isopods (Hornung et al. 2007) and ground-dwelling spiders (Horvath et al. 
2012). In general, suburban environments are considered as transitional zones between 
natural and urban habitats and show characteristically high environmental heterogene-
ity, since diverse habitats occur together alongside one another (McKinney 2002). This 
pattern is well-documented in numerous urban-to-rural gradient studies that examine 
changes in diversity on plants (Kowarik 1995), butterflies (Blair 1999, Konvicka and 
Kadlec 2011), mammals, birds, lizards, bumblebees ants (McKinney 2002 and refer-
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ences therein) and carabid beetles (Tothmeresz et al. 2011). On the other hand, Ishitani 
et al. (2003) found that species richness in carabid beetles increases from urban to rural 
environments in Japan, similar to the case of Magura et al. (2010a) who studied ground-
dwelling spiders along an urban-rural forest gradient in Hungary.

As for temporal beta diversity (βt), it showed no difference among the three zones 
indicating no variance in species richness between sampling periods. The high (βt) values 
found, in most cases above 50, are attributed to nomadic assemblages or degraded habi-
tats, under fast environmental alterations or intense perturbations (Romanuk and Kolasa 
2001). In addition, temporal turnover of species assemblages barely changed along the 
urbanization gradient in the city of Heraklion. However, our results have validated α% 
as a quantitative metric of temporal turnover as it was inversely proportional to βt. These 
results are in accordance with Moreno and Halffter (2001). With α% values relatively 
low (see Table 1) and statistically higher in rural and suburban areas (see Table 2), we 
assume that temporal turnover is greater in urban areas. Moreover, statistically significant 
lower activity density in the suburban and rural sites compared to the urban sites shows 
both higher centipede activity and possibly higher population density.

The structure of centipede assemblages differed substantially along the urban-rural 
gradient. We also observed great similarity in centipede diversity between rural and sub-
urban sites. The distribution from rural to suburban areas is not impossible since in sub-
urban sites human constructions retain green areas as centipede habitats. Within the city 
of Heraklion though, species composition is significantly different from both rural and 
suburban due to great habitat loss and fragmentation. The four generalist species (Eupoly-
bothrus litoralis, Lithobius nigripalpis, Scolopendra cretica, Scutigera coleoptrata) were found 
in great abundance in all zones. However, highest centipede abundance was found in sub-
urban areas, followed by the rural areas and fewer individuals were caught in the centre of 
the city, showing that mild human pressure can promote the abundance of these species. 
Three species, namely Lithobius aeruginosus, L. lapidicola, and Schendyla nemorensis were 
found exclusively in the city centre, suggesting that human activities such as gardening and 
landscaping introduce new species in cities through transferred soil. On the other hand, 
Cryptops trisulcatus and Pachymerium ferrugineum occurred only in suburban sites indicat-
ing specific habitat preferences under large stones and sand soil substrate, respectively. 
Although Scolopendra cretica was the dominant species in rural and suburban habitats, its 
capturing coverage was extremely low in urban environments showing low tolerance to 
the intense human activity. In contrast, Scutigera coleoptrata with a capturing coverage of 
about 73% showed a highly opportunistic character in the city habitats. Finally, only one 
representative of the species Lithobius pamukkalensis was collected in rural sites, which is 
so far the most western distribution of this species in Crete.

Conclusion

Different studies consistently highlight alternative animal responses to urbanization. Even 
same animal groups differed in their reaction to the increasing human activity in different 
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cities. Our study failed to indicate negative urbanization effect on centipede species rich-
ness and diversity in the city of Heraklion. It is noteworthy that even though there is a trend 
of increasing abundance towards the suburban habitats, the difference was not confirmed 
statistically. Furthermore, our results are not consistent with those that have supported 
the intermediate disturbance hypothesis. This means that the suburban environment of 
Heraklion may not be considered as transitional zone between natural and urban habitats.

Acknowledgements

We thank Aris Nersessian and Nikos Tsirigotakis for their contribution to set pitfall 
traps in the field and collecting specimens. We are grateful to Manolis Nikolakakis for 
mapping sampling sites. We also thank two anonymous referees for their critical com-
ments on the manuscript and Marc Rossello for improving the clarity of the manuscript.

References

Alaruikka D, Kotze DJ, Matveinen K, Niemel J (2002) Carabid Beetle and Spider Assemblages 
Along a Forested Urban – Rural Gradient in Southern Finland. Journal of Insect Conservation 
6: 195–206. doi: 10.1023/A:1024432830064

Andersson E (2006) Urban Landscapes and Sustainable Cities. Ecology and Society 11(1), art. 34.
Blair RB (1999) Birds and butterflies along an urban gradient: Surrogate taxa for assessing biodi-

versity? Ecological Applications 9: 164–170. doi: 10.1890/1051-0761(1999)009[0164:BA-
BAAU]2.0.CO;2

Clark PJ, Reed JM, Chew FS (2007) Effects of urbanization on buttterfly species richness, guild 
structure, and rarity. Urban Ecosystems 10(3): 321–337. doi: 10.1007/s11252-007-0029-4

Collins JP, Kinzig A, Grimm N-B, Fagan WF, Hope D, Wu J, Borer WT (2000) A new urban 
ecology. American Scientist 88: 416–425. doi: 10.1511/2000.5.416

Colwell RK, Chao A, Gotelli NJ, Lin S-Y, Mao CX, Chazdon RL, Longino JT (2012) Models 
and estimators linking individual-based and sample-based rarefaction, extrapolation, and 
comparison of assemblages. Journal of Plant Ecology 5: 3–21. doi: 10.1093/jpe/rtr044

Colwell RK, Coddington JA (1994) Estimating terrestrial biodiversity through extrapolation. 
Philo sophical Transactions of the Royal Society B 345: 101–118. doi: 10.1098/rstb.1994.0091

Eldredge N (1998) Life in the Balance. Humanity and the Biodiversity Crisis. Princeton University 
Press, Princeton.

Germaine SS, Schweinsburg RE, Germaine HL (2001) Effects of residential den-
sity on sonoran desert nocturnal rodents. Urban Ecosystems 5(3): 179–185. doi: 
10.1023/A:1024041903822

Hammer Ø, Harper DAT, Ryan PD (2001) PAST: paleontological statistics software pack-
age for education and data analysis. Palaeontol Electron 4(1): 9. http://palaeo-electronica.
org/2001_1/past/issue1_01.htm



Centipede assemblages in an urban environment 177

Hanski I (2004) Metapopulation theory, its use and misuse. Basic and Applied Ecology 5: 
225–229. doi: 10.1016/j.baae.2004.03.002

Hornung E, Tóthmérész B, Magura T, Vilisics F (2007) Changes of Isopod Assemblages Along 
an Urban–suburban–rural Gradient in Hungary. European Journal of Soil Biology 43(3): 
158–165. doi: 10.1016/j.ejsobi.2007.01.001

Horváth R, Magura T, Tóthmérész B (2012) Ignoring Ecological Demands Masks the Real 
Effect of Urbanization: a Case Study of Ground-Dwelling Spiders Along a Rural–urban 
Gradient in a Lowland Forest in Hungary. Ecological Research 27(6): 1069–1077. doi: 
10.1007/s11284-012-0988-7

Ishitani MD, Kotze J, Niemelä J (2003) Changes in Carabid Beetle Assemblages Across an 
Urban-Rural Gradient in Japan. Ecography 26(4): 481–489. doi: 10.1034/j.1600-
0587.2003.03436.x

Kaltsas D, Panayiotou E, Chatzaki M, Mylonas M (2014) Ground spider assemblages (Araneae: 
Cnaphosidae) along an urban-rural gradient in the city of Heraklion, Greece. European 
Journal of Entomology 111(1): 59–67. doi: 10.14411/eje.2014.007

Konvicka M, Kadlec T (2011) How to increase the value of urban areas for butterfly conserva-
tion? A lesson from Prague nature reserves and parks. European Journal of Entomology 
108: 219–229. doi: 10.14411/eje.2011.030

Kowarik L (1995) On the role of alien species in urban flora and vegetation. In: Pysek PK, 
Parch M, Rejmanek M, Wade PM (Eds) Plant Invasions: General Aspects and Special 
Problems. SPB Academic, Amsterdam, The Netherlands, 85–103.

Leśniewska M, Leśniewski P, Szybiak K (2008) Effect of urbanization on centipede (Chilop-
oda) diversity in the Wielkopolska-Kujawy Lowlands of western Poland. Biologia 63(5): 
711–719. doi: 10.2478/s11756-008-0121-0

Lorenz K, Lal R (2009) Biogeochemical C and N cycles in urban soils. Environment International 
35: 1–8. doi: 10.1016/j.envint.2008.05.006

Magura T, Horváth R, Tóthmérész B (2010a) Effects of Urbanization on Ground-Dwelling 
Spiders in Forest Patches, in Hungary. Landscape Ecology 25(4): 621–629. doi: 10.1007/
s10980-009-9445-6

Magura T, Lövei GL, Tóthmérész B (2010b) Does Urbanization Decrease Diversity in Ground 
Beetle (Carabidae) Assemblages? Global Ecology and Biogeography 19(1): 16–26. doi: 
10.1111/j.1466-8238.2009.00499.x

Magurran AE (1988) Ecological diversity and its measurement. Princeton University Press, 
Princeton. doi: 10.1007/978-94-015-7358-0

McDonnell MJ, Breuste J, Hahs AK (2009) Ecology of Cities and Towns: A Comparative Approach. 
Cambridge University Press. doi: 10.1017/CBO9780511609763

McKinney ML (2002) Urbanisation, Biodiversity, and Conservation. Bioscience 52(10): 883–890. 
doi: 10.1641/0006-3568(2002)052[0883:UBAC]2.0.CO;2

Meijer SS, Whittaker RJ, Borges PAV (2011) The effects of land-use change on arthropod 
richness and abundance on Santa Maria Island (Azores): unmanaged plantations favour 
endemic beetles. Journal of Insect Conservation 15: 505–522. doi: 10.1007/s10841-
010-9330-2



Gabriella Papastefanou et al.  /  ZooKeys 510: 163–179 (2015)178

Moreno CE, Halffter G (2001) Spatial and Temporal Analysis of α, β and γ Diversities of 
Bats in a Fragmented Landscape. Biodiversity & Conservation 10(3): 367–382. doi: 
10.1023/A:1016614510040

Niemelä J (1999) Is there a need for a theory of urban ecology? Urban Ecosystems 3: 57–65. 
doi: 10.1023/A:1009595932440

Niemelä J, Kotze J, Ashworth A, Brandmayr P, desender K, New T, Penev L, Samways M, 
Spence J (2000) The search for common anthropogenic impacts on biodiversity: a global 
network. Journal of Insect Conservation 4: 3–9. doi: 10.1023/A:1009655127440

Niemelä J, Kotze DJ, Venn S, Penev L, Stoyanov I, Hartley D, Montes De Oca E (2002) Carab-
id Beetle Assemblages (Coleoptera, Carabidae) Across Urban-Rural Gradients: an Interna-
tional Comparison. Landscape Ecology 17(5): 387–401. doi: 10.1023/A:1021270121630

Oliver I, Beattie AJ (1996) Designing a cost-effective invertebrate survey: a test of meth-
ods for rapid assessment of biodiversity. Ecological Applications 6: 594–607. doi: 
10.2307/2269394 

Raciti SM, Hutyra LR, Finzi AC (2012) Depleted soil carbon and nitrogen pools beneath impervious 
surfaces. Environmental Pollution 164: 248–251. doi: 10.1016/j.envpol.2012.01.046

Ricklefs RE (1990) Ecology. W. H. Freeman and Company, New York, 896 pp.
Romanuk TN, Kolasa J (2001) Simplifying the complexity of temporal diversity dynamics: a 

differentiation approach. Ecoscience 8: 259–263.
Simaiakis S, Minelli A, Mylonas M (2004) The centipede fauna (Chilopoda) of Crete and its 

satellite islands (Greece, Eastern Mediterrenean). Israel Journal of Zoology 50: 367–418. 
doi: 10.1560/HBE1-QJER-YDKF-BD8Q

Sorace A (2001) Value to Wildlife of Urban-Agricultural Parks: A Case Study from Rome 
Urban Area. Environmental Management 28(4): 547–560. doi: 10.1007/s002670010243

Tóthmérész B, Máthé I, Balázs E, Magura T (2011) Responses of Carabid Beetles to Urbanization 
in Transylvania (Romania). Landscape and Urban Planning 101(4): 330–337. doi: 10.1016/j.
landurbplan.2011.02.038

Ulrich W, Komosinski K, Zalewski M (2008) Body size and biomass distributions of carrion 
visiting beetles: do cities host smaller species? Ecological Research 23(2): 241–248. doi: 
10.1007/s11284-007-0369-9

Vogiatzakis IN, Rackham O (2008) Chapter 11: Crete. In: Vogiatzakis IN, Pungetti G, Mannion 
A (Eds) Mediterranean Island Landscapes: Natural and Cultural Approaches. Landscape Series 
Vol. 9. Springer, Dordrecht, 245–270. doi: 10.1007/978-1-4020-5064-0_11

Wallwork JA (1976) The distribution and diversity of soil fauna. Academic Press, London, 355 pp.
Ward DF, Lariviere MC (2004) Terrestrial invertebrate surveys and rapid biodiversity assessment 

in New Zealand: lessons from Australia. New Zealand. Journal of Ecology 28(1): 151–159.
Wilcove DS, Rothstein D, Dubow J, Phillips A, Losos E (1998) Quantifying threats to imper-

iled species in the United States. Bioscience 48: 607–615. doi: 10.2307/1313420
Zamora J, Verdú JR, Galante E (2007) Species richness in Mediterranean agroecosystems: 

spatial and temporal analysis for biodiversity conservation. Biological Conservation 134: 
113–121. doi: 10.1016/j.biocon.2006.08.011



Centipede assemblages in an urban environment 179

Supplementary material 1

Abundance and activity density of centipede species per sampling site.
Authors: Gabriella Papastefanou, Eleni Panayiotou, Moisis Mylonas, Stylianos Michail 
Simaiakis
Data type: occurrence
Explanation note: List of species and individuals captured at each sampling site.
Copyright notice: This dataset is made available under the Open Database License 

(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License 
(ODbL) is a license agreement intended to allow users to freely share, modify, and 
use this Dataset while maintaining this same freedom for others, provided that the 
original source and author(s) are credited.



Gabriella Papastefanou et al.  /  ZooKeys 510: 163–179 (2015)180



Distribution of millipedes (Myriapoda, Diplopoda) along a forest interior.. 181

Distribution of millipedes (Myriapoda, Diplopoda) 
along a forest interior – forest edge – 

grassland habitat complex

Dávid Bogyó1,2, Tibor Magura1, Dávid D. Nagy3, Béla Tóthmérész3

1 Department of Ecology, University of Debrecen, P.O. Box 71, Debrecen H-4010, Hungary 2 Hortobágy 
National Park Directorate, P.O. Box 216, Debrecen H-4002, Hungary 3 MTA-DE Biodiversity and Ecosystem 
Services Research Group, P.O. Box 71, Debrecen H-4010, Hungary

Corresponding author: Dávid Bogyó (davidbogyo@yahoo.co.uk)

Academic editor: Ivan H. Tuf  |  Received 27 September 2014  |  Accepted 4 May 2015  |  Published 30 June 2015

http://zoobank.org/47B52B34-E4BB-4F13-B5BE-162C2CD2AE7B

Citation: Bogyó D, Magura T, Nagy DD, Tóthmérész B (2015) Distribution of millipedes (Myriapoda, Diplopoda) along a 
forest interior – forest edge – grassland habitat complex. In: Tuf IH, Tajovský K (Eds) Proceedings of the 16th International 
Congress of Myriapodology, Olomouc, Czech Republic. ZooKeys 510: 181–195. doi: 10.3897/zookeys.510.8657

Abstract
We studied the distribution of millipedes in a forest interior-forest edge-grassland habitat complex in the 
Hajdúság Landscape Protection Area (NE Hungary). The habitat types were as follows: (1) lowland oak 
forest, (2) forest edge with increased ground vegetation and shrub cover, and (3) mesophilous grassland. 
We collected millipedes by litter and soil sifting. There were overall 30 sifted litter and soil samples: 3 
habitat types × 2 replicates × 5 soil and litter samples per habitats. We collected 9 millipede species; the 
most abundant species was Glomeris tetrasticha, which was the most abundant species in the forest edge as 
well. The most abundant species in the forest interior was Kryphioiulus occultus, while the most abundant 
species in the grassland was Megaphyllum unilineatum. Our result showed that the number of millipede 
species was significantly lower in the grassland than in the forest or in the edge, however there were no 
significant difference in the number of species between the forest interior and the forest edge. We found 
significantly the highest number of millipede individuals in the forest edge. There were differences in the 
composition of the millipede assemblages of the three habitats. The results of the DCCA showed that 
forest edge and forest interior habitats were clearly separated from the grassland habitats. The forest edge 
habitat was characterized by high air temperature, high soil moisture, high soil pH, high soil enzyme activ-
ity, high shrub cover and low canopy cover. The IndVal and the DCCA methods revealed the following 
character species of the forest edge habitats: Glomeris tetrasticha and Leptoiulus cibdellus. Changes in mil-
lipede abundance and composition were highly correlated with the vegetation structure.
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Introduction

Millipedes (Myriapoda, Diplopoda) are detrivores, feeding mainly on decaying plant 
material and they found usually under leaf litter (Hopkin and Read 1992). The typi-
cal and suitable habitats for millipedes are the deciduous temperate, subtropical and 
tropical forests where the population density of these animals can reach 1000 individu-
als per square metre (Golovatch and Kime 2009). Millipedes are also found in caves, 
deserts, grasslands, and in boreal (taiga) forests (Hopkin and Read 1992, Golovatch 
and Kime 2009). Changes in millipede’s assemblage composition, species diversity and 
population density correlate with vegetation structure (David et al. 1999). In habitat 
mosaics saprophagous macroarthropods have high species richness (David and Handa 
2010). During recent destruction and fragmentation of forested habitats around the 
world, the percentage of forest edges rapidly grows (Saunders et al. 1991, David and 
Handa 2010). To monitor these processes, forest edges are in focus of the ecological 
and conservation researches (Ries et al. 2004, Tóthmérész et al. 2014).

Forest edges have distinctive structure with highly variable environmental condi-
tions. Ries and Sisk (2004) defined edges as the boundary between patches with differ-
ing qualities. Edge effects create differences in biotic and abiotic factors on the borders 
of two habitats. At forest edges, changes in microclimate (radiation fluxes, wind, water 
flux) and decomposition processes can support changes in vegetation compared to the 
forest interior (Saunders et al. 1991, Gehlhausen et al. 2000, Riutta et al. 2012). A 
complex interaction of microclimate and biotic factors drives the changes in the veg-
etation across the forest edge to the forest interior (Gehlhausen et al. 2000). On the 
other hand, changes in the spatial distribution of animal species near habitat edges are 
also reported (Ries and Sisk 2004, Wirth et al. 2008). Classically, an increased species 
richness and density is predicted at habitat edges (Odum 1971, Magura et al. 2001, 
Wirth et al. 2008).

The edge effect on different arthropod taxa was frequently studied during the last 
decades (Coleoptera: Magura 2000, Lövei et al. 2006; Ewers and Didham 2008; Isop-
oda: Antonovic et al. 2012; multi-taxa approaches: Frainer and Duarte 2009, Biere-
inger et al. 2013). Millipedes were relatively little studied in the context of the edge 
effect, in spite of the rapid changes in temperature, soil structure and soil water content 
at forest edges (Camargo and Kapos 1995, Gehlhausen et al. 2000) and its major 
influence on litter decomposition processes in forests. But a few papers are available 
discussing the edge effect on millipedes (Gulička 1957, David et al. 1999, Tracz 2000, 
Weiermans and van Aarde 2003, Didham et al. 2009, Riutta et al. 2012).

The aim of our study was to test the edge effect hypothesis on millipedes, that 
predicts higher species diversity and population density in forest edges than in the 
adjacent habitats (Odum 1971, Magura et al 2001). Our study provided data on mil-
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lipede abundance, diversity and assemblage composition in a habitat complex of forest 
interior, forest edge and grassland habitats. We also studied the relationships between 
saprophagous millipedes and selected environmental factors.

Methods

We tested the edge effect hypothesis on millipedes in forest interior – forest edge – grass-
land habitat complex in Northeast Hungary. The study area is located in the Hajdúság 
Landscape Protection Area, about 3.5 km north-east from the centre of Vámospércs, 
130–135 m above sea level (47°33'09"N, 21°56'18"E). The Hajdúság Landscape Pro-
tection Area is a mosaic of grasslands, forests and wetlands. Average annual temperature 
of this region is 9.6–9.8 °C, while average annual rainfall is 550–575 mm. Brown forest 
soils and sandy soils are the main soil types of the study area.

The studied habitat types were as follows: (1) a closed forest dominated by English 
oak (Quercus robur) and associated with narrow-leafed ash (Fraxinus angustifolia ssp. 
pannonica), field elm (Ulmus minor) and common alder (Alnus glutinosa) with shrubs 
and herbs and high percentage of canopy cover, (2) a forest edge with increased ground 
vegetation and dense shrub cover (dominated by Crataegus monogyna, Prunus spinosa 
and Rhamnus catharticus) as well as some invasive tree species, like Robinia pseudoaca-
cia, and (3) a mesophilous grassland with dense herbaceous vegetation, dominated by 
Festuca pratensis, Poa pratensis, Deschampsia caespitosa and Carex species, together with 
Orchis laxiflora ssp. elegans and Dactylorrhiza incarnata.

This area was a forested area during the last decades. The mesophilous grassland is 
utilized for grazing (sheep and cattle). The age of trees in the forest interior and forest 
edge was 45–50 years, while the forest was unmanaged during the last 30 years. The 
density of trees was 250–300 trees/ha. The width of the forest edge was 6-14m. Non-
native species occurred sparsely with single specimens in the forest edge.

We collected millipedes monthly (7 times from April to October in 2009; the 
year of 2009 was free from extreme weather conditions) during the vegetation period. 
Sampling of millipedes followed David et al. (1999) by litter and soil sampling using 
a metal frame (25 cm × 25 cm, and a depth of 5 cm). The material was sifted at the 
study site. The samples were sorted in the laboratory by hand within the next 24–48 
hours. We collected samples along 100m long transects (parallel to the forest edge) per 
habitat type using 5 plots in each habitat. Along the 100 m long transects we signed 
5 plot centers (25 m from each other), with 2.5 m radius around, from where every 
time a sample was taken at random. We collected 30 samples altogether in two spatial 
replicates, having a distance of 150m from each other (3 habitat types × 2 replicates × 5 
samples). For identification we have used the works of Hauser and Voigtländer (2009) 
and Dziadosz (1968). Valid nomenclature was applied according to Enghoff (2013).

We selected 13 environmental variables to test the influence on millipede assem-
blages. We measured soil pH value, soil dehydrogenase activity, soil moisture, soil 
temperature (in a depth of 2 cm), air temperature and relative humidity on the surface 
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in the study plots. For pH measurement soil solution was prepared from 6.0 g wet 
soil. Soil samples were put into plastic beakers and after it filled with 50 ml deionized 
water. The pH was measured with a digital measurement type Testo 206 (Testo AG, 
Germany). Soil dehydrogenase enzyme activity (indicator of microbiological activity 
through the oxidative metabolisms in soil) was determined using triphenyltetrazolium 
chloride method (Alef 1995).We measured soil moisture in the laboratory, comparing 
fresh and dried (at 105 °C for 24 hours) samples. Soil temperature, air temperature, 
and relative humidity were measured with field instrument Voltcraft DT-8820. We 
used the average of measurements (spring, summer, autumn). We also estimated the 
percentage cover of leaf litter, decaying wood materials, herbs, shrubs and canopy and 
measured the depth of the leaf litter within a circle of 250 cm radius around the plot 
centers. In addition we counted the number of woody plant species within a circle of 
250 cm radius around the plot centers (Table 1).

Data analysis

Mixed Generalized Linear Model (GLMM) was used to test differences in the mil-
lipede abundance, species richness and Shannon diversity among the three habitat 
types (forest interior, forest edge, grassland). Factorial design was used; habitats and 
spatial replicates were regarded as factors. The response variables (millipede abundance, 
species richness, and Shannon diversity) were defined as a quasi-Poisson distribution 
with log link function (Zuur et al. 2009). When GLM revealed a significant differ-
ence between the means, a Tukey’s HSD test was performed for multiple comparisons 
among means.

The composition of the millipede assemblages along the forest interior – forest 
edge – grassland habitats was compared by hierarchical cluster analysis based on the 

Table 1. Average values of the environmental variables in the studied habitats.

  Grassland Edge Forest
Air temperature (°C) 26.60 24.20 21.61
Canopy cover (%) 0.00 50.30 69.80
Cover of decaying wood (%) 0.00 23.50 23.30
Cover of herbs (%) 93.80 25.30 23.50
Cover of leaf litter (%) 0.00 83.40 92.60
Dehydrogenase enzyme activity 0.37 0.31 0.29
Depth of leaf litter (cm) 0.00 2.47 2.88
Humidity (%) 69.88 66.08 71.30
Number of woody plant species 0.00 5.40 4.90
pH 8.54 7.83 7.40
Shrub cover (%) 0.00 66.10 34.80
Soil moisture (%) 33.28 28.17 16.97
Soil temperature (°C) 22.30 17.35 16.77
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abundance of millipedes using the Hellinger distance and the Ward fusion algorithm 
(Legendre and Legendre 1998). Quantitative character species of the studied habitats 
were identified using indicator value method (IndVal). This method quantifies the 
fidelity and specificity of the species in relation to groups of sites in a user-specified 
classification of sites, and tests for the statistical significance of the associations by per-
mutation (Dufrene and Legendre 1997, Elek et al. 2001). Relationships between the 
studied environmental factors and the abundance of millipedes were examined using 
detrended canonical correspondence analysis (DCCA) by second order polynomials 
using the Canoco software package. Triplot scaling in the ordination was focused on 
the inter-species distances.

Results

There were 999 specimens of millipedes (Diplopoda) identified to species level. In total 
9 species of 4 families (Glomeridae, Julidae, Mastigophorophyllidae, Polydesmidae) 
were recorded from the study area (Table 2).

The forest edge and forest interior habitats were more species rich (9 species) than 
the grassland. 5 species of millipedes was found in the grassland habitat. Glomeris 
tetrasticha , Julus terrestris, Kryphioiulus occultus, Leptoiulus cibdellus and Megaphyllum 
unilineatum were recorded in all studied habitats. The following millipede species were 
the most frequent: Glomeris tetrasticha (416 individuals), Kryphioiulus occultus (269 
individuals) and Mastigona bosniensis (142 individuals), while Brachyiulus bagnalli (8 
individuals) and Brachydesmus superus (11 individuals) had the lowest total abundance 
in the studied habitats. The most abundant millipede species, Glomeris tetrasticha rep-
resented 41.6% of the total millipede catch. The same species was also the most fre-
quent millipede (54.9% of the millipede individuals) in the edge habitat. The highest 
total abundance of millipedes was found in the edge habitat (696 individuals), while 
the lowest number of millipede individuals (31) was found in the grassland habitat.

Table 2. List of millipede species with their abundances recorded in the studied habitats.

  Grassland Edge Forest
Brachyiulus bagnalli (Broelemann, 1924) 3 5
Brachydesmus superus Latzel, 1884 1 10
Glomeris tetrasticha Brandt, 1833 1 382 33
Julus terrestris Linnaeus, 1758 6 8 8
Kryphioiulus occultus (C.L. Koch, 1847) 7 121 141
Leptoiulus cibdellus (Chamberlin, 1921) 1 34 2
Mastigona bosniensis (Verhoeff, 1897) 104 38
Megaphyllum unilineatum (C.L. Koch, 1838) 16 21 12
Polydesmus complanatus (Linnaeus, 1761) 22 23
Total 31 696 272
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Figure 1. Millipede abundance, species richness and Shannon diversity at the studied habitats. Mean 
values (±SD) of the overall millipede abundance (A), species richness (B) and Shannon diversity (C) per 
samples at the studied habitats. Different letters indicate significant differences by Tukey test.

The number of millipede individuals was significantly higher in the forest edge than 
in the grassland and forest interior. Furthermore, the number of millipede individuals 
was significantly higher in the forest interior than in the grassland (Chi2=179.275; df=2; 
p<0.0001; Figure 1a). The number of millipede species was significantly lower in the 
grassland than in the forest edge and forest interior (Chi2=231.974; df=2; p<0.0001; 
Figure 1b), while there was no difference between the number of millipede species in 
the forest edge and forest interior. A similar result was found for the Shannon diversity 
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of the millipede assemblage which was significantly lower in the grassland habitat than 
in the forest edge and forest interior (Chi2=40.849; df=2; p<0.0001; Figure 1c). There 
was no significant difference between the diversity of millipede assemblage in the forest 
edge and forest interior habitats.

The millipede assemblages of the studied habitats formed two separated groups by 
hierarchical cluster analysis (Figure 2). The first group included the grassland plots, 
while the second one included the forest edge’s and forest interior’s plots.

We identified two groups of quantitative character species by the IndVal method 
for the studied habitats (Table 3): (1) species characteristic of the forest edge habitat 

Table 3. Habitat preference and quantitative character values of the millipede species presented with 
more than 30 individuals altogether. The IndVal column shows the species character value for the cor-
responding cluster level. Notations: * - p<0.05. A: the number of specimens present, B: the number of 
samples where the species is present in the sample group.

Species IndVal p
Grassland Edge Forest
A B A B A B

Forest edge                
Leptoiulus cibdellus 82.7 * 1 1 34 9 2 2
Forest edge and forest interior                
Glomeris tetrasticha 99.5 * 1 1 382 10 33 10
Mastigona bosniensis 95 * 0 0 104 10 38 9
Kryphioiulus occultus 90.2 * 7 7 121 9 141 10
Polydesmus complanatus 85 * 0 0 22 8 23 9

Figure 2. Hierarchical cluster analysis of millipede assemblages of the studied habitats using Hellinger 
distance and Ward fusion method.
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(L. cibdellus); (2) species characteristic of the forest edge and forest interior habitats (G. 
tetrasticha, K. occultus, M. bosniensis, P. complanatus Linnaeus, 1761). The result of the 
DCCA showed a marked separation of the three studied habitats (Figure 3). The forest 
interior habitat was characterized by high canopy cover, high relative humidity and 
low air temperature, while B. superus was associated with this habitat. The forest edge 
habitat was characterized by high air temperature, high soil moisture, high soil pH, 
high soil dehydrogenase activity, high shrub cover and low canopy cover. According to 
the DCCA results, G. tetrasticha and L. cibdellus were associated with the forest edge. 
The grassland habitat differed from the forest edge and forest interior habitats, which 
were more similar to each other. The grassland habitat plots were located on the right 

Figure 3. DCCA analysis for the millipede species of the study area. Squares represent the sampled 
habitats (blue squares: samples from the forest interior habitat; red squares: samples from the forest edge 
habitat; black squares: samples from the grassland habitat).The arrows denote the increase of the value 
of the environmental variables (airtemp: air temperature on the surface; canopy: canopy cover; DH: soil 
dehydrogenase enzyme activity; dwood: cover of decaying wood material; herbs: cover of herbs; littcover: 
cover of leaf litter; littdepth: depth of leaf litter; humidity: relative humidity on the surface; pH: soil pH; 
shrubs: cover of shrubs; stemp: soil temperature at 2cm depth; smoisture: soil moisture; woodysp: num-
ber of woody plant species). Green circles and the four-letter abbreviations indicate the millipede species 
(BRBA: B. bagnalli; BRSU: B. superus; GLTE: G. tetrasticha; JUTE: J. terrestris; KROC: K. occultus; 
LECI: L. cibdellus; MABO: M. bosniensis; MEUN: M. unilineatum; POCO: P. complanatus).
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upper region, whereas the forest edge plots on the left center region, and the forest 
interior plots on the right lower part of the ordination plot. The grassland habitat was 
characterized by high soil temperature and high cover of herbs as well as the absence of 
the leaf litter and dead wood. Similarly to the results of the IndVal method, no species 
was associated with this habitat. M. unilineatum and J. terrestris were situated near the 
origin, indicating no clear preference for any of the studied habitats. The remaining 
four species (M. bosniensis, K. occultus, P. complanatus, B. bagnalli), similarly to the 
IndVal results, associated with the forest edge and forest interior habitats.

Discussion

We found a relatively low number of millipede species in the complex of three habi-
tat types in a protected area of Hungary, which represents approximately 9% of the 
Hungarian millipede fauna (Bogyó et al. 2012). The majority of the millipede species 
were Central-European species preferring forested habitats (Korsós 1994, Voigtländer 
2011, Bogyó et al. 2012, Enghoff 2013), which confirmed the relatively undisturbed 
conditions in the Hajdúság Landscape Protection Area. The most abundant species in 
the study and in the forest edge habitat was G. tetrasticha. This is a widespread mon-
tane species in eastern part of Central Europe, preferring humid conditions, while 
the occurrences in Hungary were formerly considered as glacial relicts (Korsós 1994). 
However it is not uncommon that the species occurs in different lowland forests of 
Northeastern Hungary (Szlávecz and Loksa 1991, Bogyó et al. 2012). The dominance 
of glomerid species in forested habitats was pointed out by other authors in contrast 
with the dominance of julid species in grasslands (Tajovský 1990, David et al. 1999). 
The second and third most abundant species (K. occultus and M. bosniensis) are found 
in a wide range of wooded and more or less opened habitats across Central-Europe 
(Korsós 1994, Voigtländer 2011, Bogyó et al. 2012).

The aim of the study was to reveal a relationship between millipedes (abundance, 
species richness, diversity and assemblage composition) and the vegetation structure 
along a forest interior-forest edge-grassland gradient. We found that the total milli-
pede abundance was highest in the forest edge which supports the classical edge effect 
hypothesis (Odum 1971, Magura et al. 2001, Wirth et al. 2008). Such pattern was 
expected, but distribution of some species is slightly different from the pattern descri-
bed in the literature. Our results are also coherent with the predictions of Ries and 
Sisk (2004). In the forest edge habitat millipedes can benefit from higher temperatures 
and higher openness compared to the forest interior, but they also benefit from higher 
percentage of leaf litter cover and thicker leaf litter layer, as well as the higher amount 
of dead wood and soil moisture than in the adjacent habitats. A review on edge effect 
(Wirth et al. 2008) reported that the majority of the studies showed a positive edge ef-
fect on the abundance of herbivorous arthropods. This work highlighted that edges can 
have a positive effect on the palatability of resources by affecting fluxes of nutrients, 
while on the other hand edges represent high-resource environments for forest plants 
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(according to higher light and nutrient availability) which leads to an increase of leaf 
productivity. However, millipedes are not herbivores, but saprophages, and they are 
strongly related to the quality and quantity of decaying plant material (Hopkin and 
Read 1992, Stašiov et al. 2012). Previous studies of edge effect on millipede abundance 
also reported a positive effect. In a Mediterranean landscape of France, David et al. 
(1999) found higher millipede and woodlouse population densities and biomass in 
semi-opened sites (covered by shrubs within the height of 0.25m and 2m) than in for-
ested areas (oak forests with more than 2m high trees). Similarly, high millipede abun-
dance was reported from ecotones of Poland (Tracz 2000). Tracz (2000) studied three 
sites, where the core forest was a beech-oak mixed forest (Fago-Quercetum petreae) and 
the ecotone was represented by high dominance of the (1) common broom (Cytisus 
scopariius) or (2) common aspen (Populus tremula) or (3) beech (Fagus silvatica). In the 
edge habitats of tawa (Beilschmiedia tawa) forests of New Zeeland a positive edge ef-
fect on millipede abundance was also demonstrated. In contrary, other studies showed 
no difference in millipede abundance between forest and forest edge habitats in Brasil 
(Frainer and Duarte 2009), in South-Africa (Weiermans and van Aarde 2003) and in 
the United Kingdom (Riutta et al. 2012).

Our study showed no significant edge effect on the species richness and diversity 
of millipedes. Millipede species richness and diversity was higher in the forest interior 
and forest edge than in the grassland, but there was no difference between the two 
forested habitats (forest interior, and forest edge). A positive edge effect on species rich-
ness and/or diversity in forest edges was reported in previous studies on arthropod taxa 
(Magura et al. 2000, 2001, Magura 2002, Wirth et al. 2008, Antonovic et al. 2012). 
However, other studies showed an opposite trend or reported no significant edge effect 
on species richness and/or diversity of arthropods (Dangerfield et al. 2003, Ries et al. 
2004, Wirth et al. 2008). In case of millipedes, David et al. (1999) found significantly 
higher species diversity in semi-open sites compared with forested and open habitats, 
which was interpreted as an edge effect. High diversity of millipedes was reported from 
ecotonal zones of forests (Tracz 2000) and plant borders of city gardens (Smith et al. 
2006). On the other hand, Riutta et al. (2012) showed significantly higher millipede 
species richness in the forest interior than in the forest edge in a temperate mixed de-
ciduous forest. No clear trend was found in millipede species richness of coastal dune 
forests and its edge habitats in South-Africa (Weyermans and van Aarde 2003). For-
mer studies (David and Handa 2010) predicted higher millipede diversity in habitat 
mosaics with higher heterogeneity, because of the presence of different habitat patches. 
In our study, we do not detected higher millipede diversity in the forest edge habitat 
compared to the forest interior.

The millipede assemblages of the studied habitats clearly separated from each oth-
er, based on the abundance of the millipede species. The millipede assemblages formed 
two main clusters: the first included the grassland habitat, the second included the 
two forested habitats. However, forested habitats (forest edge and forest interior) also 
showed a clear separation from each other. It is known, that saprophagous macroar-
thropod assemblages are changing with the change of vegetation structure on a land-



Distribution of millipedes (Myriapoda, Diplopoda) along a forest interior.. 191

scape scale, or on a smaller scale (David et al. 1999, Wytwer et al. 2009, David and 
Handa 2010, Foster and Claeson 2011). Moreover, even the tree species composition 
can significantly affect millipede assemblage composition (Stašiov et al. 2012). The 
influence of the habitat type on millipede assemblages can override the effect of the 
successional stage also (Schreiner et al. 2012).

Using the IndVal method we found significant character species for the studied 
habitats. The grassland habitat had no significant character species. The forest edge 
was characterized by L. cibdellus, a species preferring humid, woodland habitats with 
a Northern and Central-East European distribution (Korsós 1994, Bogyó et al. 2012, 
Enghoff 2013). Species associated with the forest edge and forest interior habitats (G. 
tetrasticha, K. occultus, M. bosniensis, P. complanatus) are more or less natural woodland 
species. According to the literature (Korsós 1994, Voigtländer 2011, Bogyó et al. 2012, 
Enghoff 2013), some of these species are described from opened and xeric woodland 
habitats (K. occultus, M. bosniensis), while others prefer more closed and humid forests 
(G. tetrasticha, P. complanatus). Other works in Europe also listed characteristic spe-
cies of edge habitats (David et al. 1999, Tracz 2000). David et al. (1999) found that 
semi-open sites were dominated by a Glomeris species, while the dominance of the 
family Julidae was pointed out by Tracz (2000), supporting the hypothesis that juloid 
morphotype is the best adaptation to various adverse environments. In our study, the 
most abundant millipede species in the edge habitat was G. tetrasticha. In the forest 
edge the abundance of this species was twice as much than the total abundance of mil-
lipedes of the Julidae family.

The results of the DCCA showed that forest edge and forest interior habitats are 
clearly separated from the grassland habitats. Forest edge and forest interior offer more 
suitable habitat for millipedes with high amount of leaf litter (both cover and depth of 
leaf litter), dead wood, canopy cover, as well as with more humid microclimate. The 
studied forest edge habitat was characterized by high air temperature, high soil mois-
ture, high soil pH and low canopy cover (higher openness) which are key factors affect-
ing millipede assemblages in forested habitats (Hopkin and Read 1992, David 1999, 
Stašiov 2005, 2009). Lower abundance of saprophagous macroarthropods in forested 
sites and decreasing abundance by increasing oak cover was observed by David et al. 
(1999) in France. In our study the edge habitat was also characterized by high percent-
age of shrub cover as well as high number of woody plant species. Even if the edge 
habitat has lower percentage of canopy cover and higher air temperature, the saplings 
(as well as the shrubs) can protect the forest edge from desiccation, leading to high 
soil moisture (Camargo and Kapos 1995). Lindsay and French (2006) reported that 
the natural shrublands infested with a dense population of the non-native bitou bush 
in Australia resulted in an increase in millipede abundance, possibly as a result of a 
changing microclimate with moister environment. The moister microhabitats could be 
favorable for millipede species preferring humid conditions, like the two characteristic 
species of the forest edge, G. tetraticha and L. cibdellus. In our study, the changes in 
canopy and shrub cover (as well as light conditions) combined with high soil moisture 
and diverse leaf litter could lead to the significantly higher millipede abundance in the 
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forest edge compared to the adjacent habitats. High values of dehydrogenase activity 
were also found in the forest edge which is usually has a positive correlation with mil-
lipede abundance (Tripathi et al. 2013, Vasconcellos et al. 2013).

Conclusion

The results of the study revealed that millipede assemblages altered in a short distance 
along the grassland-forest edge-forest habitat complex. Our study showed a positive 
edge effect on millipede abundance and assemblage composition in the studied natural 
habitats. We found significant edge-associated millipede species by IndVal method. 
On the other hand there was no edge effect on millipede species richness and diversity. 
Our results support the former findings that some millipede species may be specialized 
to natural forest edge habitats. Forest edges may have key habitats in the conservation 
of millipedes during the next decades.
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Introduction

Soil macrofauna is commonly used for monitoring or evaluation of sites. Besides 
ground beetles (e.g. Hůrka et al. 1996, Kotze et al. 2011), spiders (e.g. Buchar and 
Růžička 2002, Maelfait et al. 2004) or woodlice (e.g. Souty-Grosset et al. 2005, Tuf 
and Tufová 2008), centipedes and millipedes are sampled frequently too (Tuf and 
Tufová 2008, Dunger and Voigtländer 2009). Nevertheless, not all species of cen-
tipedes and millipedes are ground-dwelling with many species inhabiting the upper 
soil layer exclusively (Lee 2006, Barber and Keay 1988). Soil dwelling animals can 
be sampled using litter/soil sieving, soil sampling or hand-collecting. Sieved mate-
rial and soil samples have to be hand-sorted or processed using heat extractors, e.g. 
Tullgren funnel or Kempson apparatus (Tuf and Tvardík 2005). Handling of soil 
samples can be difficult due to the higher weight of samples (one sample of size 25 × 
25 × 10 cm weighs around 6 kg). Litter/soil sieving can reduce the weight of samples, 
nevertheless as with hand-collecting, it is time consuming and attention-intensive. 
Moreover, soil sampling can cause damage to the site; pot-holes created by a soil 
corer can endanger people passing the site and can increase water erosion on slopes. 
These pot-holes are definitely not popular among land-owners of the sampled sites. 
For these reasons (severity of sampling, damage of ground), we have attempted to 
evaluate the effectiveness of sampling centipedes and millipedes using hay-bait traps. 
The aims of this research were 1) comparison of the efficiency of hay-bait trapping, 
soil sampling and pitfall trapping and 2) to find the optimal length of exposure of 
hay-bait traps for maximum efficiency.

Material and methods

Field study

The research was done at three sites in the Czech Republic from May to July 2013. The 
first site was an alfalfa field (49°34.41'N, 17°17.17'E) on the border of the town of 
Olomouc. This large field of ca 250 square metres is surrounded by other fields (with 
cereals) and a railway embankment. In the previous year it had also grown alfalfa. The 
field is under conventional management including use of herbicides and ploughing.

The second site was an old meadow (50°26.85'N, 15°0.00'E) being mown once 
to twice per year for the last 30 years. This meadow of ca 500 square metres is sur-
rounded by fields and gardens with mixed wood across the road and is ca 6 km 
north-east of the town of Mladá Boleslav. The third site studied was a mixed forest 
(49°15.66'N, 17°17.72'E) 6 km south-west of the town of Kroměříž. The forest is 
classified as Fageto-Quercetum illimerosum trophicum; dominant trees are oaks, horn-
beams and some pines, with Rubus fruticosus, Galium odoratum and Galium aparine 
as dominants of undergrowth. The soil surface of this forest is covered by a rather 
thick layer of oak leaf litter.
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In the Czech Republic generally, the weather conditions during the study period 
were characterised by average or slightly increased temperatures and higher than aver-
age precipitation in May-June, and a very hot July in contrast to long-term average 
values. The previous winter season was rather warmer and with higher precipitation 
(ref. historical territorial data at www.chmi.cz).

Soil macrofauna, including millipedes and centipedes, was sampled using three 
methods at each site. Pitfall traps (10 traps consisting of glass jars with inserted plas-
tic pots of diameter 7.5 cm filled with 2 dl of 4% formaldehyde in water with some 
detergent, metal covers) were arranged in 2 lines of 5 traps with a span of 10 m, and 
inspected at 2-week intervals. Five soil samples (25 × 25 × 10 cm including litter layer) 
were obtained using a spatula, three times per study (i.e. 15 soil samples per site) and 
transported to the laboratory in plastic bags. Hay-bait traps were made from a wire 
gauze (2 cm mesh) shaped as a simple pocket of size 25 × 25 cm. Each pocket was 
marked by a code written on the band. These pockets were filled with hay (commercial 
hay mixture for feeding rodent pets) and submerged into water for 2 hours before 
installation. Altogether, 60 hay-bait traps were placed horizontally at each site in a 
following scheme: 5 lines of 12 traps (2-5 cm under soil surface) over a length of 2 m 
with 10 m between lines. All traps were installed at the same time and 5 traps were 
taken away each week during the course of the study lasting for 12 weeks. Hay-traps 
were transported into the laboratory inside separate plastic bags.

Sample processing

Soil samples and hay-traps were heat-extracted immediately in the laboratory using 
simple Kempson devices (Tuf and Tvardík 2005). Hay-traps were extracted for a week, 
soil samples for 2 weeks, both under electric 60W-bulbs. Extracted animals from both 
soil samples and hay-traps were sorted to higher taxonomic groups and millipedes and 
centipedes were identified to the species level.

Data analyses

We tested the effects of trapping time and methods on species richness by repeated-
measures on traps with nested design. The traps were nested in each of the three study 
sites (field, meadow, forest). Explanatory variables in the model were trapping time and 
trapping methods. The response variable was defined as a number of species per trap 
for particular time and place. Habitat type was used as random variable. We used a 
mixed model to estimate the correct error term and degrees of freedom. To test this ef-
fect, a generalized linear mixed model (glmmPQL, part of R package MASS) was used 
with negative binomial error distribution and log link function (Bates et al. 2014).

To test if one level of a particular factor (trapping method and study site) is 
more variable than other levels of the same factor, a permutation test was used 
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(permutest.betadisper, part of R package vegan). This permutation based method 
tests pairwise comparisons of group mean dispersions. It is based on the t-statistic 
computed on pairwise group dispersions. A distance matrix was computed based on 
“Bray-Curtis” index of dissimilarity (vegdist, part of R package vegan). Then the 
function “betadisper” (part of vegan package in R) was used to calculate variance for 
each group of samples. Variance was computed as average distance of group mem-
bers to the group centroid.

Rarefaction curves were constructed to show how the species richness varies for the 
same sample size between the three trapping methods. Function “rarefy” (part of vegan 
package in R software) computed the expected species richness and standard deviation 
in random subsamples of a particular sample size from the community. Data were 
analysed using R software (R Development Core Team 2011).

Results

Altogether, we obtained 541 millipedes from 17 species and 435 centipedes from 13 
species (Table 1). Based on the number of recorded animals, the richest site was the 
forest (553 myriapods) and poorest site was the field (100 myriapods). Number of spe-
cies showed the same pattern: 21 myriapod species in the forest and 6 in the field. Soil 
sampling was the least efficient for sampling species (9 millipede and 7 centipede spe-
cies) as well as individuals (36 and 100 individuals respectively), whereas pitfall traps 
and hay-bait traps were similar in their efficiency: 14–15 millipede and 9–10 centipede 
species; for number of individuals, see Table 1.

Methods at individual sites were evaluated according to their efficiency using 
rarefactions (Fig. 1). Bait traps sampled higher numbers of species in contrast to 
other methods in the field site, meanwhile increasing sampling effort (number of 
sampled animals) was connected with a bigger species list in bait traps as well as in 
pitfall traps in forest.

Differences between species lists at all sites and lists sampled by individual meth-
ods were compared by pairwise comparisons and differences confirmed between all 
pairs of sites (Table 2a). Nevertheless, the same analysis revealed there was no statisti-
cally significant difference between the suite of species sampled by hay-bait traps and 
soil samples (Table 2b).

Evaluation of colonization of hay-bait traps (Fig. 2) showed that the highest diver-
sity as well as abundance of collected myriapods in these traps is after 7 weeks following 
installation in field, or 9-10 weeks following installation in forest or meadow. A longer 
period of exposure leads to a decrease of both parameters of myriapod communities. 
Generalized linear mixed models reveal that changes in abundance during exposure 
was significantly influenced by the second power of time (LRT = 6.43, p = 0.040, AIC 
= 667.83). The analogous model for diversity confirmed significant changes during 
time (LRT = 5.81, p = 0.042, AIC = 543.38) which were site dependent too (LRT = 
6.74, p = 0.034, AIC = 544.12).
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Figure 1. Rarefactions of estimated species richness (i.e. number of species) in increasing size of random 
samples (i.e. number of individuals), comparison of effectiveness of sampling by individual methods at 
different sites. Vertical lines represent standard errors.

Table 2. Pairwise comparisons of species lists collected (a) at different sites and (b) by different methods. 
(Observed p-value below diagonal, permuted p-value above diagonal).

a) field forest meadow b) hay-bait pitfall soil
field - 0.001 0.048 hay-bait - 0.003 0.917
forest 0.000 - 0.001 pitfall 0.003 - 0.043

meadow 0.041 0.004 - soil 0.911 0.052 -
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Figure 2. Changes in myriapod communities inside hay-bait traps installed in three biotopes during the 
12 week trapping period. Qualitative as well as quantitative parameters are shown for these communities. 
Open dots are observed parameters, whereas solid lines represent models of succession including standard 
errors (green shading).

Discussion

Centipedes and millipedes live on the soil surface and inside soil. We can find them 
through the whole soil gradient to a depth of one meter (e.g. Ilie 2003) although they 
are abundant in upper layers predominantly. This is the reason why pitfall traps are 
not sufficient for sampling the whole community adequately. We evaluated efficiency 
of hay-bait traps for sampling soil-dwelling millipedes and centipedes with the time 
consuming soil sampling (connected with destruction of the soil surface and transport 
of heavy samples to the laboratory).

Bait traps were used for sampling invertebrates, mainly beetles, in caves originally 
(Barber 1931). Bait traps are much more common for carnivorous or necrophagous 
species; baits are represented by pieces of flesh, fish or cheese above a fixation solution 
surface, or direct addition of beer to a solution. Straw, wood or yeast is placed in caves 
occasionally as the baits for detritivores (Mock pers. comm.). Nevertheless, baits are 
not working there as traps, as they need to be visited and inspected continuously to 
collect attracted animals to avoid them to leave baits.

The first documented version of bait traps for millipedes was a shingle trap by Bar-
ber (1997) filled with kitchen tissue and potatoes. He used this trap to sample milli-
pedes and isopods at a shingle beach in England. Similar kinds of bait traps, containing 
sweet potatoes or corn, were used by Brunke et al. (2012) for sampling Cylindroiulus 
caeruleocinctus in Canadian fields. Almost the same traps are used with the name lit-
ter bags for studying decomposition of different kinds of litter and/or by different 
size groups of decomposers (according to diameters of holes in the traps). Litter bags 
are also used for sampling soil mesofauna or microarthropods (e.g. Wiegert 1974). 
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Prasifka et al. (2007) used litter bags to sample ground dwelling invertebrates; they 
installed litter bags at the soil surface as well as below the soil surface in a corn field. 
Above-ground bait traps were attractive for centipedes (millipedes were not recorded 
in this research). Apart from these publications, we did not found any records of the 
use of bait traps for sampling millipedes or centipedes.

Hay-bait traps vs. soil samples

If we are interested in using hay-bait traps as an adequate (or even better) substi-
tute for soil sampling, we have to compare species lists of millipedes and centipedes 
trapped by these methods. There were only three species recorded exclusively from soil 
sampling, i.e. missing in hay-bait traps: millipede Brachydesmus superus and centipedes 
Geophilus electricus and G. truncorum. The minute millipede species lives preferably in 
clay soils with litter (Lee 2006) usually in huge quantities. This species is a dominant 
species recorded by pitfall traps in cities (Riedel et al. 2009), so its absence in pitfall 
traps at the meadow site is probably caused by its low abundance. Geophilus truncorum 
was recorded once only, so it is hard to evaluate effectiveness of sampling of so “rare” 
a species. Nevertheless, both geophilomorphs (G. electricus and G. truncorum) are 
known as predators of earthworms (Sergeeva et al. 1985, Keay 1986); for this reason, 
hay-bait may be not attractive for them as they follow earthworms into their corridors 
in soil. So, to collect G. electricus, soil sampling or direct hand collecting seems to be 
necessary. Other geophilomorphs (C. flavidus, S. nemorensis, S. acuminata, G. flavus) 
are common species, which are frequently found by individual hand-collecting; they 
live in soil near the surface, under logs, bark and stones (e.g. Barber and Keay 1988). 
Their presence in shallow hay-bait traps is not surprising as these species were sampled 
by pitfall trapping too.

One millipede species, Julus scandinavius was recorded exclusively in a hay-bait 
trap, but as one specimen only was found no generalization can be made. Many more 
species were found in both hay-bait traps and pitfall traps but not in soil samples. Nev-
ertheless, hay-bait traps are not a substitute method to pitfall trapping as there were 
significant differences between species lists recorded by these methods (see Tab. 2), but 
it can definitely substitute the soil samples.

Colonisation of hay-bait traps

Centipedes, and especially millipedes, are attracted into the hay-bait traps. The pos-
sible reason can be as a food source and/or sustainable shelter with higher humidity. At 
least for millipedes, food source seems to be the more probable explanation; wet cloth 
method (offering higher humidity) did not record any millipedes in African savannah 
ecosystems (Druce et al. 2004). More probably, millipedes and centipedes are attracted 
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by food availability, as it can be associated with hay decomposition and colonization 
of the traps. Smaller decomposers colonising baits are welcomed food for carnivorous 
centipedes (e.g. Perry et al. 1997).

Eight to ten weeks seems to be the optimal exposure time for hay-bait traps in 
Central European conditions. A similar result was found by Ožanová (2001) using 
grass traps (a small heap of mowed grass on the surface of meadow), with a much 
higher number of species after 7 weeks than for a shorter exposure time. Although 
Prasifka et al. (2007) did not evaluate the effect of length of exposure time of bait 
traps, it is evident from their results that below-ground traps were more effective after 
8 weeks than after 6 weeks. It supports our results that the best length of exposure of 
bait traps is from 8 to 10 weeks, although we aware of difficulties with this generaliza-
tion. The best length of exposure is not dependent only on a type of habitat, but also 
on climate conditions (rainy or dry weather) and time of year when exposed. Traps 
installed in Central European conditions in late autumn or in winter or during dry 
hot summer can be colonised in different ways as invertebrates change their activity 
and position in the soil profile during the year (David 1984, Geoffroy 1985, David 
et al. 1996, Tuf 2002). The general recommendation for using these traps when in-
stalled in spring is to use them for 8–10 weeks. Timing of installation and the length 
of time exposed in field sites will need to coordinate with agricultural activities such 
as sowing and harvest times.

Conclusion

Centipedes and millipedes inhabit the soil surface as well as the soil profile. For 
a complete knowledge of myriapod fauna, pitfall trapping needs to be combined 
with a method to collect soil dwelling species, e.g. soil sampling. Hay-bait traps 
were tested for their ability to replace soil sampling. Our results showed that hay-
bait traps are attractive to myriapods and can have a similar sampling effort as soil 
sampling. The optimal length of exposure of hay-bait traps in soil seems to be ca 2 
months (8–10 weeks).
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Introduction

Soil macrofauna is commonly used for monitoring or evaluation of sites. Besides 
ground beetles (e.g. Hůrka et al. 1996, Kotze et al. 2011), spiders (e.g. Buchar and 
Růžička 2002, Maelfait et al. 2004) or woodlice (e.g. Souty-Grosset et al. 2005, Tuf 
and Tufová 2008), centipedes and millipedes are sampled frequently too (Tuf and 
Tufová 2008, Dunger and Voigtländer 2009). Nevertheless, not all species of cen-
tipedes and millipedes are ground-dwelling with many species inhabiting the upper 
soil layer exclusively (Lee 2006, Barber and Keay 1988). Soil dwelling animals can 
be sampled using litter/soil sieving, soil sampling or hand-collecting. Sieved mate-
rial and soil samples have to be hand-sorted or processed using heat extractors, e.g. 
Tullgren funnel or Kempson apparatus (Tuf and Tvardík 2005). Handling of soil 
samples can be difficult due to the higher weight of samples (one sample of size 25 × 
25 × 10 cm weighs around 6 kg). Litter/soil sieving can reduce the weight of samples, 
nevertheless as with hand-collecting, it is time consuming and attention-intensive. 
Moreover, soil sampling can cause damage to the site; pot-holes created by a soil 
corer can endanger people passing the site and can increase water erosion on slopes. 
These pot-holes are definitely not popular among land-owners of the sampled sites. 
For these reasons (severity of sampling, damage of ground), we have attempted to 
evaluate the effectiveness of sampling centipedes and millipedes using hay-bait traps. 
The aims of this research were 1) comparison of the efficiency of hay-bait trapping, 
soil sampling and pitfall trapping and 2) to find the optimal length of exposure of 
hay-bait traps for maximum efficiency.

Material and Methods

Field study

The research was done at three sites in the Czech Republic from May to July 2013. The 
first site was an alfalfa field (49°34.41'N, 17°17.17'E) on the border of the town of 
Olomouc. This large field of ca 250 square metres is surrounded by other fields (with 
cereals) and a railway embankment. In the previous year it had also grown alfalfa. The 
field is under conventional management including use of herbicides and ploughing.

The second site was an old meadow (50°26.85'N, 15°0.00'E) being mown once 
to twice per year for the last 30 years. This meadow of ca 500 square metres is sur-
rounded by fields and gardens with mixed wood across the road and is ca 6 km 
north-east of the town of Mladá Boleslav. The third site studied was a mixed forest 
(49°15.66'N, 17°17.72'E) 6 km south-west of the town of Kroměříž. The forest is 
classified as Fageto-Quercetum illimerosum trophicum; dominant trees are oaks, horn-
beams and some pines, with Rubus fruticosus, Galium odoratum and Galium aparine 
as dominants of undergrowth. The soil surface of this forest is covered by a rather 
thick layer of oak leaf litter.
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In the Czech Republic generally, the weather conditions during the study period 
were characterised by average or slightly increased temperatures and higher than aver-
age precipitation in May-June, and a very hot July in contrast to long-term average 
values. The previous winter season was rather warmer and with higher precipitation 
(ref. historical territorial data at www.chmi.cz).

Soil macrofauna, including millipedes and centipedes, was sampled using three 
methods at each site. Pitfall traps (10 traps consisting of glass jars with inserted plas-
tic pots of diameter 7.5 cm filled with 2 dl of 4% formaldehyde in water with some 
detergent, metal covers) were arranged in 2 lines of 5 traps with a span of 10 m, and 
inspected at 2-week intervals. Five soil samples (25 × 25 × 10 cm including litter layer) 
were obtained using a spatula, three times per study (i.e. 15 soil samples per site) and 
transported to the laboratory in plastic bags. Hay-bait traps were made from a wire 
gauze (2 cm mesh) shaped as a simple pocket of size 25 × 25 cm. Each pocket was 
marked by a code written on the band. These pockets were filled with hay (commercial 
hay mixture for feeding rodent pets) and submerged into water for 2 hours before 
installation. Altogether, 60 hay-bait traps were placed horizontally at each site in a 
following scheme: 5 lines of 12 traps (2-5 cm under soil surface) over a length of 2 m 
with 10 m between lines. All traps were installed at the same time and 5 traps were 
taken away each week during the course of the study lasting for 12 weeks. Hay-traps 
were transported into the laboratory inside separate plastic bags.

Sample processing

Soil samples and hay-traps were heat-extracted immediately in the laboratory using 
simple Kempson devices (Tuf and Tvardík 2005). Hay-traps were extracted for a week, 
soil samples for 2 weeks, both under electric 60W-bulbs. Extracted animals from both 
soil samples and hay-traps were sorted to higher taxonomic groups and millipedes and 
centipedes were identified to the species level.

Data analyses

We tested the effects of trapping time and methods on species richness by repeated-
measures on traps with nested design. The traps were nested in each of the three study 
sites (field, meadow, forest). Explanatory variables in the model were trapping time and 
trapping methods. The response variable was defined as a number of species per trap 
for particular time and place. Habitat type was used as random variable. We used a 
mixed model to estimate the correct error term and degrees of freedom. To test this ef-
fect, a generalized linear mixed model (glmmPQL, part of R package MASS) was used 
with negative binomial error distribution and log link function (Bates et al. 2014).

To test if one level of a particular factor (trapping method and study site) is 
more variable than other levels of the same factor, a permutation test was used 
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(permutest.betadisper, part of R package vegan). This permutation based method 
tests pairwise comparisons of group mean dispersions. It is based on the t-statistic 
computed on pairwise group dispersions. A distance matrix was computed based on 
“Bray-Curtis” index of dissimilarity (vegdist, part of R package vegan). Then the 
function “betadisper” (part of vegan package in R) was used to calculate variance for 
each group of samples. Variance was computed as average distance of group mem-
bers to the group centroid.

Rarefaction curves were constructed to show how the species richness varies for the 
same sample size between the three trapping methods. Function “rarefy” (part of vegan 
package in R software) computed the expected species richness and standard deviation 
in random subsamples of a particular sample size from the community. Data were 
analysed using R software (R Development Core Team 2011).

Results

Altogether, we obtained 541 millipedes from 17 species and 435 centipedes from 13 
species (Table 1). Based on the number of recorded animals, the richest site was the 
forest (553 myriapods) and poorest site was the field (100 myriapods). Number of spe-
cies showed the same pattern: 21 myriapod species in the forest and 6 in the field. Soil 
sampling was the least efficient for sampling species (9 millipede and 7 centipede spe-
cies) as well as individuals (36 and 100 individuals respectively), whereas pitfall traps 
and hay-bait traps were similar in their efficiency: 14–15 millipede and 9–10 centipede 
species; for number of individuals, see Table 1.

Methods at individual sites were evaluated according to their efficiency using 
rarefactions (Fig. 1). Bait traps sampled higher numbers of species in contrast to 
other methods in the field site, meanwhile increasing sampling effort (number of 
sampled animals) was connected with a bigger species list in bait traps as well as in 
pitfall traps in forest.

Differences between species lists at all sites and lists sampled by individual meth-
ods were compared by pairwise comparisons and differences confirmed between all 
pairs of sites (Table 2a). Nevertheless, the same analysis revealed there was no statisti-
cally significant difference between the suite of species sampled by hay-bait traps and 
soil samples (Table 2b).

Evaluation of colonization of hay-bait traps (Fig. 2) showed that the highest diver-
sity as well as abundance of collected myriapods in these traps is after 7 weeks following 
installation in field, or 9-10 weeks following installation in forest or meadow. A longer 
period of exposure leads to a decrease of both parameters of myriapod communities. 
Generalized linear mixed models reveal that changes in abundance during exposure 
was significantly influenced by the second power of time (LRT = 6.43, p = 0.040, AIC 
= 667.83). The analogous model for diversity confirmed significant changes during 
time (LRT = 5.81, p = 0.042, AIC = 543.38) which were site dependent too (LRT = 
6.74, p = 0.034, AIC = 544.12).
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Figure 1. Rarefactions of estimated species richness (i.e. number of species) in increasing size of random 
samples (i.e. number of individuals), comparison of effectiveness of sampling by individual methods at 
different sites. Vertical lines represent standard errors.

Table 2. Pairwise comparisons of species lists collected (a) at different sites and (b) by different methods. 
(Observed p-value below diagonal, permuted p-value above diagonal).

a) field forest meadow b) hay-bait pitfall soil

field - 0.001 0.048 hay-bait - 0.003 0.917

forest 0.000 - 0.001 pitfall 0.003 - 0.043

meadow 0.041 0.004 - soil 0.911 0.052 -
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Figure 2. Changes in myriapod communities inside hay-bait traps installed in three biotopes during the 
12 week trapping period. Qualitative as well as quantitative parameters are shown for these communities. 
Open dots are observed parameters, whereas solid lines represent models of succession including standard 
errors (green shading).

Discussion

Centipedes and millipedes live on the soil surface and inside soil. We can find them 
through the whole soil gradient to a depth of one meter (e.g. Ilie 2003) although they 
are abundant in upper layers predominantly. This is the reason why pitfall traps are 
not sufficient for sampling the whole community adequately. We evaluated efficiency 
of hay-bait traps for sampling soil-dwelling millipedes and centipedes with the time 
consuming soil sampling (connected with destruction of the soil surface and transport 
of heavy samples to the laboratory).

Bait traps were used for sampling invertebrates, mainly beetles, in caves originally 
(Barber 1931). Bait traps are much more common for carnivorous or necrophagous 
species; baits are represented by pieces of flesh, fish or cheese above a fixation solution 
surface, or direct addition of beer to a solution. Straw, wood or yeast is placed in caves 
occasionally as the baits for detritivores (Mock pers. comm.). Nevertheless, baits are 
not working there as traps, as they need to be visited and inspected continuously to 
collect attracted animals to avoid them to leave baits.

The first documented version of bait traps for millipedes was a shingle trap by Bar-
ber (1997) filled with kitchen tissue and potatoes. He used this trap to sample milli-
pedes and isopods at a shingle beach in England. Similar kinds of bait traps, containing 
sweet potatoes or corn, were used by Brunke et al. (2012) for sampling Cylindroiulus 
caeruleocinctus in Canadian fields. Almost the same traps are used with the name lit-
ter bags for studying decomposition of different kinds of litter and/or by different 
size groups of decomposers (according to diameters of holes in the traps). Litter bags 
are also used for sampling soil mesofauna or microarthropods (e.g. Wiegert 1974). 
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Prasifka et al. (2007) used litter bags to sample ground dwelling invertebrates; they 
installed litter bags at the soil surface as well as below the soil surface in a corn field. 
Above-ground bait traps were attractive for centipedes (millipedes were not recorded 
in this research). Apart from these publications, we did not found any records of the 
use of bait traps for sampling millipedes or centipedes.

Hay-bait traps vs. soil samples

If we are interested in using hay-bait traps as an adequate (or even better) substi-
tute for soil sampling, we have to compare species lists of millipedes and centipedes 
trapped by these methods. There were only three species recorded exclusively from soil 
sampling, i.e. missing in hay-bait traps: millipede Brachydesmus superus and centipedes 
Geophilus electricus and G. truncorum. The minute millipede species lives preferably in 
clay soils with litter (Lee 2006) usually in huge quantities. This species is a dominant 
species recorded by pitfall traps in cities (Riedel et al. 2009), so its absence in pitfall 
traps at the meadow site is probably caused by its low abundance. Geophilus truncorum 
was recorded once only, so it is hard to evaluate effectiveness of sampling of so “rare” 
a species. Nevertheless, both geophilomorphs (G. electricus and G. truncorum) are 
known as predators of earthworms (Sergeeva et al. 1985, Keay 1986); for this reason, 
hay-bait may be not attractive for them as they follow earthworms into their corridors 
in soil. So, to collect G. electricus, soil sampling or direct hand collecting seems to be 
necessary. Other geophilomorphs (C. flavidus, S. nemorensis, S. acuminata, G. flavus) 
are common species, which are frequently found by individual hand-collecting; they 
live in soil near the surface, under logs, bark and stones (e.g. Barber and Keay 1988). 
Their presence in shallow hay-bait traps is not surprising as these species were sampled 
by pitfall trapping too.

One millipede species, Julus scandinavius was recorded exclusively in a hay-bait 
trap, but as one specimen only was found no generalization can be made. Many more 
species were found in both hay-bait traps and pitfall traps but not in soil samples. Nev-
ertheless, hay-bait traps are not a substitute method to pitfall trapping as there were 
significant differences between species lists recorded by these methods (see Tab. 3), but 
it can definitely substitute the soil samples.

Colonisation of hay-bait traps

Centipedes, and especially millipedes, are attracted into the hay-bait traps. The pos-
sible reason can be as a food source and/or sustainable shelter with higher humidity. At 
least for millipedes, food source seems to be the more probable explanation; wet cloth 
method (offering higher humidity) did not record any millipedes in African savannah 
ecosystems (Druce et al. 2004). More probably, millipedes and centipedes are attracted 
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by food availability, as it can be associated with hay decomposition and colonization 
of the traps. Smaller decomposers colonising baits are welcomed food for carnivorous 
centipedes (e.g. Perry et al. 1997).

Eight to ten weeks seems to be the optimal exposure time for hay-bait traps in 
Central European conditions. A similar result was found by Ožanová (2001) using 
grass traps (a small heap of mowed grass on the surface of meadow), with a much 
higher number of species after 7 weeks than for a shorter exposure time. Although 
Prasifka et al. (2007) did not evaluate the effect of length of exposure time of bait 
traps, it is evident from their results that below-ground traps were more effective after 
8 weeks than after 6 weeks. It supports our results that the best length of exposure of 
bait traps is from 8 to 10 weeks, although we aware of difficulties with this generaliza-
tion. The best length of exposure is not dependent only on a type of habitat, but also 
on climate conditions (rainy or dry weather) and time of year when exposed. Traps 
installed in Central European conditions in late autumn or in winter or during dry 
hot summer can be colonised in different ways as invertebrates change their activity 
and position in the soil profile during the year (David 1984, Geoffroy 1985, David 
et al. 1996, Tuf 2002). The general recommendation for using these traps when in-
stalled in spring is to use them for 8–10 weeks. Timing of installation and the length 
of time exposed in field sites will need to coordinate with agricultural activities such 
as sowing and harvest times.

Conclusion

Centipedes and millipedes inhabit the soil surface as well as the soil profile. For 
a complete knowledge of myriapod fauna, pitfall trapping needs to be combined 
with a method to collect soil dwelling species, e.g. soil sampling. Hay-bait traps 
were tested for their ability to replace soil sampling. Our results showed that hay-
bait traps are attractive to myriapods and can have a similar sampling effort as soil 
sampling. The optimal length of exposure of hay-bait traps in soil seems to be ca 2 
months (8–10 weeks).
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Abstract
The geographic distribution of the genus Lophoproctus Pocock, 1894 has greatly expanded with new re-
cords of the species Lophoproctus coecus Pocock, 1894, together with the reassignment of a number of 
millipedes formerly identified as Lophoproctus lucidus (Chalande, 1888). L. coecus was found to be the 
sole representative of the family Lophoproctidae in collections examined from Crimea and the Caucasian 
region. The species was also identified from Iran and Kyrgyzstan. Lophoproctus specimens collected in Italy 
by Verhoeff were reassigned as L. coecus with the exception of one specimen of L. jeanneli (Brölemann, 
1910) from Capri. These data were combined with all available information from the literature to look at 
the pattern of distribution of the four species in the genus. The range of the genus Lophoproctus extends 
from Portugal to Central Asia. Lophoproctus coecus is widespread from Italy eastward, while the morpho-
logically very similar species L. lucidus is confined to France and northern Africa. The two species have 
a narrow overlap in the Alpes Maritimes region of France. L. jeanneli has a scattered coastal distribution 
around the Mediterranean Sea. The troglobitic species L. pagesi (Condé, 1982) has only been recorded 
from a cave on Majorca, Spain.
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Introduction

Genera and species in the family Lophoproctidae Silvestri, 1897 have very similar 
morphology, with species adapted to an endogenous mode of life, being found in 
soil, caves and under stones. All Lophoproctidae lack ocelli, their integument lacks 
pigmentation and the 8th antennal article is elongate. Species in the family also share 
the same arrangement of caudal trichomes and similar organisation of tergal trichomes 
(Fig. 1).

Characters used to determine genus and species of the family can be difficult 
to observe and include number and arrangement of antennal sensilla, number and 
arrangement of linguiform processes along the anterior margin of the labrum, structure 
of the telotarsus, leg setae, and tarsal spine. There are currently 5 genera: Lophoproc-
tus Pocock, 1894, Lophoturus Brolemann, 1931, Ancistroxenus Schubart, 1947, 
Lophoproctinus Silvestri, 1948, and Alloproctoides Marquet & Condé, 1950. Two fur-
ther genera Barroxenus Chamberlin, 1940 and Trichoproctus Silvestri, 1899, known 
only from single collections, are of uncertain status as they are inadequately described.

Pocock (1894) established the genus Lophoproctus for a species collected from soil 
at Nervi in Liguria, Italy. As the species lacked ocelli he called it coecus (‘blind’ in latin). 
Previously in 1888, Chalande had described the species Pollyxenus (sic) lucidus from 
Palalda, Eastern Pyrenees, France, which he initially described as having ocelli. In 
1894 Silvestri identified Polyxenus lucidus from Italy, then later the same year recognis-
ing that the specimens had no ocelli he moved the species into the genus Lophoproctus. 
He further suggested that L. coecus and L. lucidus were synonymous (Silvestri 1894b) 
as did Verhoeff some years later (Verhoeff 1921). Both Silvestri and Verhoeff collected 
widely throughout Italy (Silvestri 1894a, 1894b, Verhoeff 1921, 1952) and identified 
all lophoproctids they found as L. lucidus with the exception of those from Capri that 
Verhoeff mistakenly described as a new species Lophoproctus litoralis (Verhoeff, 1952). 
L. litoralis was later determined to be Lophoproctus jeanneli (Brölemann, 1910) (Condé 
1969). Condé (1978) re-examined material from Verhoeff’s collection from Isernia 
and Teramo, Zannone (Pontine Islands) and Sardinia, Italy, and noted that they dif-
fered from L. lucidus in that they had a different arrangement of sensilla on antennal 
article VI which was also more elongate. On the basis of Condé’s description, Nguyen 
Duy-Jacquemin (1993) confirmed that these specimens were L. coecus.

In the Caucasian and Crimean regions the previous records of Lophoproctus are 
by Lignau. He collected Lophoproctus in Krasnodar Polyanna (Lignau 1903), Crimea 
(Lignau 1905) and in Gagri (Lignau 1914) and although in his earlier papers he had 
identified the specimens incorrectly, in his 1911 paper he identified all as Polyxenus 
(Lophoproctus) lucidus (Lignau 1911). Subsequent species lists published all include 
Lophoproctus lucidus (Lohmander 1936, Kobakhidze 1965, Talikadze 1984) presum-
ably based on Lignau’s early collections.

In 1993, Nguyen Duy-Jacquemin redescribed L. coecus from syntypes from Nervi, 
Italy that together with specimens collected in Zannone, Italy by Verhoeff and from 
Rome, Italy by Silvestri, confirmed that L. lucidus and L. coecus were not synonymous. 
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Her paper clearly illustrates that the two species differ in arrangement of sensilla on 
antennal article VI (Fig. 2), structure of the median lobe on the anterior edge of the la-
brum, the number of ridges on the leg setae and the ratio of the length of the tarsal spine 
to length of the claw (Fig. 4). Initially described as a subspecies of L. lucidus, L. jeanneli 
is also found in the Mediterranean region of Europe but is easily distinguishable from 
other species of Lophoproctus by the presence of a denticle on the claw of the telotarsus.

The most recently described species Lophoproctus pagesi Condé, 1982, is a 
troglobitic species collected in caves on the island of Majorca, Spain. Specimens similar 
to L. pagesi have also been collected from caves in Portugal. L. pagesi differs from other 
species of Lophoproctus in details of the labrum, antennal sensilla and telotarsus. As well 
it has elongate antennae and legs typical of troglobitic species (Condé 1982, Nguyen 
Duy-Jacquemin 1993).

Figure 1. Habitus drawing of Lophoproctus coecus Pocock, 1894 showing typical morphology of the 
family Lophoproctidae.
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Figure 2. Typical pattern of basiconic sensilla on the right 6th antennal article. A Lophoproctus coecus 
B Lophoproctus lucidus. The coeloconic sensilla are not visible due to angle of view. Scale bar: 20 µm (A, B).

Figure 3. Lophoproctus coecus (Pocock, 1888), Krasnodar Province, Russia. Illustration of diagnostic 
features. A labrum showing triangular median linguiform process B typical setae on coxa C right antenna 
showing articles VI–VIII with sensilla D right antennal article VI showing arrangement of sensilla E tarsus 
2 and telotarsus. Scale bars: 10 µm (A, B); 50 µm (C);  20 µm (D, E).

In this study I re-assessed specimens from The Zoological State Collection, Munich 
collected by Verhoeff in Italy and identified as L. lucidus. I also identified Lophoproctidae 
from Crimea, Caucasus, Iran and Kyrgyzstan in the collection of the Zoological Museum 
of Moscow. These data were then combined with details obtained from the published 
literature on Lophoproctus species to determine distribution of species in the genus.
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Methods

The material examined for this study is lodged in the Zoological Museum of Moscow 
and the Zoological State Collection in Munich, Germany.

Specimens from the Zoological Museum of Moscow were examined and identi-
fied. All specimens were preserved in ethanol. These specimens were examined by light 
microscopy and scanning electron microscopy. For light microscopy, specimens were 
mounted on slides in Hoyer’s medium, dried at 60 °C and examined with an Olympus 
CX 41 compound microscope. Scanning electron micrographs were obtained of se-
lected whole specimens that were dehydrated in a graded series of ethanol, 80%, 90% 
and 100%, then air-dried. Specimens were then mounted on stubs using adhesive tabs, 
sputter-coated with gold and examined with a Philips XL20 scanning electron micro-
scope. Photographs of whole specimens were taken with a Leica Integrated Stereo-
microscope System comprising a Leica 205C microscope with a DFC425 camera and 
5000HDI dome illuminator. Images were stacked using Leica Application Suite and 
enhanced using Adobe Photoshop CS6.

Specimens from the Zoological State Collection, Munich, are slide mounts in 
Canada Balsam made by KW. Verhoeff. The slides lack both date of collection and site 
habitat details. The slides were examined by light microscopy using an Olympus CX41 
compound microscope. Due to the thickness of the slide mounts, they could not be 
examined at magnifications higher than 400×.

As no coordinates were available for most of the material examined, Google 
Earth was used to provide an estimate of geographical position for mapping pur-
poses (a table of localities with coordinates is available in supplementary material). 
A map of the distribution of all species in the genus Lophoproctus was generated 
using SimpleMappr (Shorthouse 2010). New records determined in this study were 
included together with all known published records. Many records in the literature, 
especially those by Verhoeff, Silvestri and Tabacaru are questionable and these have 
been treated separately.

Figure 4. Lophoproctus coecus (Pocock, 1888) Krasnodar Province, Russia. A Lateral view showing 
antenna B Dorso-lateral view showing tergal trichomes. Scale bars: 1 mm.
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Results

Sixty collections of Polyxenida in the Zoological Museum of Moscow were examined 
and L. coecus identified in 15. In most cases less than 5 specimens were collected at a 
site. No other species of Lophoproctidae were found.

Twenty slides from the Zoological State Collection, Munich (ZSM/Myr. 
20031594–612, 615) all labelled as L. lucidus were examined and 19 found to be L. 
coecus. Slide ZSM/Myr. 20031615 contained a whole mount of L. jeanneli.

The geographic distribution of all known localities of the genus Lophoproctus was 
plotted using the data listed below (Fig. 5).

Systematics

Order Polyxenida Lucas, 1840
Family Lophoproctidae Silvestri, 1897
Lophoproctus Pocock, 1894

1. Lophoproctus coecus Pocock, 1894

Records from literature. Nervi, suburb of Genova, Italy, on the open hill-side behind 
the town, beneath stones, alt. 400–500 ft. (Pocock 1894); Grotta di San Antonino, 
Finale Ligure, Italy, leg. Ascenso 1950 (Nguyen Duy-Jacquemin 1993); Grotta di San 
Antonio =Antonino, Finale Ligure, Italy, leg. Comotti Baldan 13 Aug 1986 (Nguyen 
Duy-Jacquemin 1993); Grotta di Arma do Rian, Finalborgo, Italy, leg. Franciscolo 
16 Mar 1952 (Nguyen Duy-Jacquemin 1993); Zannone, Ponziane Islands, Italy, leg. 
Condé 28–29 Jan 1966, 26–27 Feb 1966, 17 Jan 1967 (Nguyen Duy-Jacquemin 
1993); Grotta di Nettuno, Porto Conte, Alghero, Sardinia, Italy, near the pier, 4 Oct 

Figure 5. Map indicating geographic distribution of Lophoproctus species. Legend: red star = L. coecus; 
yellow circle = L. lucidus; white star = L. coecus/L. lucidus? (many in similar localities as L. coecus and hence 
hidden); aqua triangle = L. jeanneli; purple square = L. pagesi; purple hexagon = L. cf. pagesi; white circle = 
Lophoproctus sp. indet. Map created using SimpleMappr, http://www.simplemappr.net, (Shorthouse 2010).
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1955, leg. Condé (Nguyen Duy-Jacquemin 1993); Isernia, Italy, leg. Verhoeff (Condé 
1982), ? same specimen as listed below; Teramo, Italy, leg. Verhoeff (Condé 1982), ? 
same specimen as listed below; Villa Pamphyli, Rome, Italy, leg. Silvestri Nov 1893 
(Silvestri 1894a, reclassified Nguyen Duy-Jacquemin 1993).

Unpublished record. Nice (pers. comm. Nguyen Duy-Jacquemin 2014).
Re-examined material collected in Italy by Verhoeff (date of collection known 

for only 2 specimens). ZSM/Myr-20031594, Tivoli, Lazio; ZSM/Myr 20031595, 
Isernia, Molis ; ZSM/Myr-20031596,Teramo, Abruzzo; ZSM/Myr-20031597, 
Portofino, Genova, Liguria; ZSM/Myr-20031598, Portofino, Genova, Liguria, molt; 
ZSM/Myr-20031599, Italy, molt; ZSM/Myr-20031600, Elba, Livorno, Toscana; 
ZSM/Myr-0031601, Chiesetal, Vestone, Brescia, Lombardia; ZSM/Myr-20031602, 
Isernia, Molise; ZSM/Myr-20031603, Ferrania, Liguria, 01.07.1933; ZSM/Myr-
20031604, Mele, Genova, Liguria; ZSM/Myr-20031605, Monte Cimino, Soriano, 
Viterbo, Lazio; ZSM/Myr-20031606, Porto Santo Stefano, Grosseto, Toscana; ZSM/
Myr-20031607, Veneto, Vicenza; ZSM/Myr-20031608, Ferrania, Liguria; ZSM/
Myr-20031609, Santuario, Savona, Liguria; ZSM/Myr-20031610, Frigido, Toscana, 
from under stones at a mill ruin, April 1907; ZSM/Myr-20031611, illegible labelling; 
ZSM/Myr-20031612 Capri (No 27), Napoli, Campania.

New material from Zoological Museum of Moscow. Nikita Botanical Garden, Cape 
Martyan, near Yalta, Crimea, 4 Nov 1947, leg. M.S. Ghilarov; Gurzuf, Yalta, Crimea, 
Jun–Sep 1947, leg. M.S. Ghilarov (2 vials); Utrish Nature Reserve, Krasnodar province, 
Russia, oak hornbeam forest, 15 Jun 2013, leg. I. Tuf; Utrish Nature Reserve, Krasnodar 
province, Russia, hornbeam forest, 14 Jun 2013, leg. I. Tuf; Goryachy Klyuch, Mtn ridge, 
Markotkh plateau, Krasnodar province, Russia, 3 Jul 1956, leg. M.S. Ghilarov; Dagomys, 
Sochi, Krasnodar province, Russia, Quercus shrub, Carpinus, Fagus etc., 18 May 1983, leg. 
S. Golovatch; on road 2 km N of Dagomys, Krasnodar province, Russia, 2 Jun 2014, leg. 
M. Potapov; Cave “Our Lady”, ca 8 km from Khosta Sochi, Krasnodar province, Russia, 
Buxus, Fagus, Acer etc., forest near entrance, litter and under stones, 16 May 1985, leg. S. 
Golovatch; Khosta, Sochi region, Krasnodar province, Russia, Sambucus, 26 Jun 1956, 
leg. M.S. Ghilarov; Ris Forest, Bobcai east, Gumista River, Abkhazia, Russia, litter, 5 Jun 
1982, leg. J. Bohàc; environs of Keda, Adjaria, Georgia, Picea and deciduous forest, 1 Oct 
1975, A. Druk; Nedzura River valley 8km SE of Akhaldaba, Borzhomi district, Georgia, 
Picea, Carpinus and Fagus forest, litter, logs ,12 May 1983, leg. S. Golovatch; Arslan-
bob, Fergana mountain range, environs of Yarodar, Kyrgyzstan, dry limestone slopes with 
grass, under stones, 28 Sep 1983, leg. K. Eskov; Sari, Mazanderan province, Iran, Quercus 
and Carpinus forest, 11 Apr 2013, leg. M. Mehrafrooz.

Distribution. South-East France, Italy, Russia, Georgia, Iran and Kyrgyzstan.

2. Lophoproctus lucidus (Chalande, 1888)

Records from literature. Palalda (now Amélie-les-Bains-Palalda), Pyrénées-Orien-
tales, France, in soil under litter layer in oak woods, leg. Chalande (Chalande 1888); 
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cave Gourgue,Canton Aspet, No. 229, Haute-Garonne, France, (Nguyen Duy-Jac-
quemin 1993); Baumo de las Fadas, Canton du Barjac, Dept du Gard, France, 26 
Aug 1909, leg. Brölemann (Brölemann 1910); Albères, France, 1926, leg. Brole-
mann (Condé 1950); Banyuls sur Mer, France, leg. Brölemann (Nguyen Duy-
Jacquemin 1993); Hyères, France leg, A Dollfus (Nguyen Duy-Jacquemin 1993); 
Ariège, France, leg. Nguyen Duy-Jacquemin (Nguyen Duy-Jacquemin 2000); Souk 
el Arba, Jendouba district, Tunisia, 30 Mar 1896, leg. Silvestri (Silvestri 1896); La 
Pérouse (now known as Tamentfoust), Dar El Beïda district of Algiers, Algeria, in 
wave washed and dry plant material (Seurat 1930); Marrakech, Morocco, 10 Dec 
1950, (Condé 1954); Marrakech, Morocco, Jardin de l’ Aguedal, near the Mechouar 
(Condé 1954); Marrakech, Morocco, Jardin de la Bahia (Condé 1954); Marrakech, 
Morocco, Parc de la Villa Majorelle, under flower pots and stones, 10 Dec 1950 
(Condé 1954).

Unpublished records. El Ghazalaf Ariana, nr. Tunis, Tunisia, garden of private 
house in earth, beneath Cydonia tree (pers. comm. N. Akkari, 2014).

New material. La Parc Phoenix, Nice, France, in cold greenhouse, Jan 2014, leg. 
JM Lemaire.

Distribution. France, Tunisia, Algeria, Morocco.

3. Lophoproctus jeanneli (Brölemann, 1010)

Re-examined material collected by Verhoeff (date not given). ZSM/Myr-20031615: 
Corsica, France.

Records from literature. Baume (grotto) du Colombier, Alpes-Maritimes, com-
mune de Roquefort-les-Pins, canton de Bar-sur-Loup, France, 17 Sep 1905, 27 Sep 
1908 (Brölemann 1910); Grotte de la Chèvre d’Or, canton de Bar-sur-le-Loup, France 
25 Nov 1987, leg. V. Aellen, (Condé 1989); City park, Barcelona, Spain, Sep 1950 
leg. Condé (Condé 1954); Lower Gravona River, left bank of western arm of river, 
opposite Canapajolo, Corsica, France (Condé 1953); Pointe de Porticcio, sur la côte 
S. du golfe d’Ajaccio, near houses, 1 km to south west of Fallaccioli, Corsica, France 
(Condé 1953); Togna, commune de Sari-di-Porto Vecchio, at the edge of a ravine 
and a garden well, Corsica, France, (Condé 1953); Cueva de la Moriguilla (Vilacar-
rilo), Andalucia, Spain (Golovatch and Mauries 2013); Esporlas near Palma, Majorca, 
Balaeric Islands, Spain, at irrigation canal overgrown with dry compact rootlets 17 
Aug–23 Sept 1954, leg. J. Pagès (Condé 1955); near Bagno di Tiberio, beach, Capri, 
Italy, leg. Verhoeff (Condé 1969); Malta leg. Silvestri (Nguyen Duy-Jacquemin 1993, 
with reservation); near Dékouané, 7 Km to east of Beirut, Lebanon April 1952, leg. 
PJ. Corset, (Condé 1954, Nguyen Duy-Jacquemin 1993 with reservation); Tel Dan, 
Israel, 26 Dec 1963 , leg. G. Levy (Condé and Nguyen Duy-Jacquemin 1970).

Distribution. France (mainland and Corsica), Spain (mainland and Majorca), 
Italy (Capri), Malta, Lebanon, Israel.
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4. Lophoproctus lucidus/coecus?

Specimens identified as L. lucidus but likely to be L. coecus as Silvestri and Verhoeff 
thought the two species were synonymous.

Records from literature. Bevagna, Umbria, Italy, in meadow and forest, late 
October 1893, leg. Silvestri (Silvestri 1894a); Woods at Madama and Acquace-
tosa, near Rome, Italy, on ground in plant debris, in forest and open places, leg. 
Silvestri, November 1893 (Silvestri 1894a); at Colle Pezzo, Mt. Martano, Umbria, 
Italy 15 Oct 1893, leg. Silvestri (Silvestri 1894a); Medol Casello, Lombardy, Italy, 
on floor of cave 1935 –1940, leg. various unnamed (Manfredi 1940): Sicily, Italy, 
leg. Silvestri (Silvestri 1898); Mt. Schignano, Italy, in soil among plant debris, not 
only in forests, but also in open places, 15 Oct 1893, leg. Silvestri (Silvestri 1894a); 
Syracuse, Sicily, Italy, 1962–1968, leg. Institute of Zoology of Catania (Strasser 
1970); Ciminà, Aspromonte, Calabria, Italy 25 Oct 1966, leg. G. Osella (Strasser 
1970); St Remo, Italy under stones in an olive terrace 7–21 April 1907, leg. Ver-
hoeff (Verhoeff 1921); Pegli, Italy in creek valley 7–21 April 1907, leg. Verhoeff 
(Verhoeff 1921); Massa, Carrara, Italy, in sandstone gorge 7–21 April 1907, leg. 
Verhoeff (Verhoeff 1921); St. Margherita, Italy, in chestnut wood 7–21 April 1907, 
leg. Verhoeff (Verhoeff 1921).

5. Lophoproctus sp. indet., reported as Lophoproctus lucidus

Records from literature never formally identified (pers. comm. Nguyen Duy-Jac-
quemin, 2014): Pădurea Comorova, Romania (Tabacaru 1966); Mangalia, Romania, 
20 Nov 1963 (Tabacaru 1966); Pădurea Hagieni, Romania, 17 May 1963, (Tabacaru 
1966); Canaraua de pe Graniţă - comuna Băneasa, Romania 2 Aug 1962, leg. Du-
mitrescu et al. (Tabacaru 1966); Cave Gura Dobrogii litoclazic, Romania 17 Jun 1963 
leg. Dumitrescu et al. (Tabacaru 1966); Cave Gura Dobrogii, Romania, at entrance 
17 Sep 1963 leg. Dumitrescu et al. (Tabacaru 1966); Casian, Romania 27 Jul 1962, 7 
May 1963, 30 Aug 1964 leg. Dumitrescu et al. (Tabacaru 1966).

Further record from literature, identification uncertain. Marine de Sisco, Cor-
sica, France, 3 Sept 1942, leg. P. Remy (Verhoeff 1943).

6. Lophoproctus sp. indet.

Record from literature. Kalimantsi, South Pirin Mountains,Bulgaria, in ant nests 1 
Mar 2003, leg. Lapeva-Gjonova (Stoev and Lapeva-Gjonova 2006)
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7. Lophoproctus pagesi (Condé, 1982)

Records from literature. Cueva de Genova near to Palma, Majorca, Balearic Islands, 
Spain (Condé 1982); Cueva de Bellver, Palma, Majorca, Balearic Islands, Spain, un-
published, Condé det. (Nguyen Duy-Jacquemin 1993);

Lophoproctus cf. pagesi : “Gruta do Fumo”, Parque Natural da Arrábida, Portugal 
(Cardoso et al. 2008, Nguyen Duy-Jacquemin 2014).

Distribution. Caves on Majorca (L. cf. pagesi – cave in Portugal).

Discussion

Lophoproctus coecus has previously been considered to occupy a scattered range within 
the Central Mediterranean region, but the results of this study indicate that the species 
is widespread throughout Europe particularly in Eastern Europe with its distribution 
extending into Central Asia. L. lucidus in comparison seems limited to the Southern 
France, as well as Morocco, Algeria and Tunesia in Northern Africa. The identification 
of L. jeanneli from Capri, Italy reinforces the Mediterranean coastal distribution previ-
ously noted by Kime and Enghoff (2011). It is of interest that species within the genus 
may overlap in their geographic distribution with both L. jeanneli and L. coecus being 
found in Capri and in the Alpes Maritimes region of France. Lophoproctus pagesi and 
L. jeanneli both occur on the island of Majorca, with L. pagesi restricted to caves while 
L. jeanneli was found in humid, sunny hilly areas.

A number of identifications were unable to be checked. In the case of the 
Lophoproctus identified by Lignau as L. lucidus, specimens identified as L. coecus in this 
study were found at all 3 of Lignau’s collection areas, indicating that it is most prob-
able that the specimens collected by Lignau were in fact L. coecus. Prior to publication 
of Nguyen Duy-Jacquemin (1993), the difference between L. coecus and L. lucidus 
was not understood with Silvestri (1894b) considering the two species synonymous. 
Hence, until it can be confirmed, the identification of specimens of Lophoproctus as 
L. lucidus, from Romania (Tabacaru 1966) and Sicily (Silvestri 1903, Strasser 1970) 
must remain questionable. Lophoproctus has also been collected from Bulgaria but has 
not yet been identified to species (Stoev and Lapeva-Gjonova 2006).

The distribution map (Fig. 5) indicates very clearly that there is a big gap in our 
knowledge of Lophoproctus in Greece, the Balkans and Turkey. It is predicted that L. 
coecus does occur in these three locations, and that L. jeanneli may also occur in coastal 
regions. All species except the troglobitic L. pagesi have the ability to live in many of the 
habitats in these areas of Europe and Asia. Unfortunately there is limited information 
available to guide collection of these tiny millipedes. In most cases millipedes in this 
study were collected by hand collecting in the field, or by sieving of litter and/or soil 
followed by direct collection from a tray of sieved material (Fig. 6). Recently in Dago-
mys, Russia, L. coecus was collected from forest litter by funnel extraction (M. Potapov 
pers comm. 2014). Habitats from which Lophoproctus has been collected vary from 
maquis and forest litter, top layer of soil, cave floors, to under stones and logs, and in 
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ants nests (Stoev and Lapeva-Gjonova 2006). In the case of L. coecus from Kyrgyzstan, 
the single specimen was collected from under stones on a dry grassy limestone slope, a 
similar habitat to that of the type collected by Pocock (1894), ‘open hillside beneath 
stones’. As well as the above mentioned habitats, L. lucidus has been found in North 
African cities in city parks, in gardens and under pot plants and stones (N Akkari pers 
comm. 2014, Condé 1954), and near Algiers on the beach in accretions of both dry and 
damp marine plant material (Condé 1954). Lophoproctus jeanneli has been collected in 
abundance from cracks in bricks and under dry stones on the ground in heavy shade 
in the Barcelona City Park (Condé 1954) as well as on the sea shore (Verhoeff 1952).

Methods of dispersal have not been studied, but it is probable that the presence 
of L. lucidus in North African cities is due to anthropogenic activities dating back to 
the French colonial period as millipedes confirmed to be L. lucidus appear limited to 
Southern France and centres of French colonial activity in North Africa. Polyxenida 
are thought to passively disperse via the wind and incidental attachment to the feathers 
of birds. It is likely in the case of soil and litter dwelling lophoproctids that dispersal via 
wind is less common as they do not appear to be living in elevated situations in trees 
and bushes in contrast to Polyxenida from the families Synxenidae and Polyxenidae. 
However, limited methods of dispersal do not seem to have restricted the geographic 
ranges of species of the genus Lophoproctus, especially L. coecus.

Figure 6. Ivan H. Tuf and Daria Kuznetsova collecting invertebrates including Lophoproctus coecus from 
sieved soil and litter, Utrish Nature Reserve, Krasnodar province, Russia.
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Introduction

Centipede research has a very long tradition in Slovenia. In the 18th century the Ital-
ian naturalist Giovanni Antonio Scopoli gathered specimens in the surroundings of 
the mining town of Idrija. Some of these specimens were subsequently studied by 
C. L. Koch (Eason 1970). Therefore, records concerning centipedes in the Slovenian 
area have been collected for more than 200 years (Valvasor 2004). Systematic and 
particularly intensive research has been performed during the last thirty years. In 
this period, new findings on Lithobiomorpha has been published (Kos 1988). The 
knowledge on Geophilomorpha also increased (Lesar 2002), especially on Stenotae-
nia C. L. Koch, 1847 (Huzimec 2009) and Strigamia Gray, 1843 (Schoss 1991). In 
addition, the centipede diversity of some areas in Slovenia has been studied in detail 
(e.g. Kos 1988, 1995, Kos and Praprotnik 2000, Grgič and Kos 2003, Ravnjak 
2006, Pagon 2006, Kohek 2012, Bagola 1997). The data gathered allows the con-
clusion that the centipede fauna in Slovenia is very rich. By 2011, the presence of 
98 species, out of 538 in Europe (Engoff 2013), was confirmed in Slovenia. Among 
the 98, 35 species are endemics to the study area (Kos 2001), and 41.8% are evalu-
ated in the Red List of Endangered Species in Slovenia (Official Gazette of RS No. 
82/2002).

The reasons underlying such species diversity include the country’s biogeographic 
features, as well as paleogographic and paleoclimatic events. A factor that most prob-
ably enabled species diversity, is the tectonic evolution of Slovenia, which influenced 
geology, relief features and edaphic conditions of the country (Mršić 1997). Addition-
ally, climate, resulting from geographical position, and microclimate factors should be 
noted (Mršić 1997). Slovenia is one of the southernmost European countries. With 
an area of 20,256 km2, it lies at the junction of four geographical macroregions: the 
Alps, the Pannonian basin, the Dinarides and the Mediterranean. Besides its biogeo-
graphic articulation, three climate types interweave: Mountain, Mediterranean and 
Continental (Ogrin 2004). The annual amount of precipitation decreases from west to 
the east, and the maximum precipitation in a year can be as much as 3.500 mm. Tem-
perature extremes are also typical, with winter values falling to -30 °C and summer 
values as high as +40 °C. A total of 514 habitat types have been described in the area 
and the dominant ecosystem consists of forests, which cover some 56% of the territory 
(Jogan et al. 2004). Mixed forests predominate and the most important habitat types 
are colinian and submountainean beech forests, and acidophilic and fir beech forests 
(Agencija Republike Slovenije za okolje 2001).

Despite various investigations in different areas and habitat types have been carried 
out, no comprehensive review on which parts are well investigated, from which areas 
data are still lacking and what the quantity and quality of data about centipedes is in 
Slovenia have been done. Also no clear overview about the state of centipede research 
in individual habitat types was available. In this report, all available data concerning 
centipedes have been collected and maps allowing evaluation of the state of research on 
centipede fauna in Slovenia are presented.
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Methods

The base for research presented here was the data about centipede findings in the whole 
area of Slovenia. This data consist from centipede findings between the years 1921 and 
2014. In terms of geographical distribution the findings were associated with the 10 × 
10 km UTM grid, where the area of Slovenia then is divided into 263 quadrants. The 
research included all the quadrants also those which only partial cover the Slovenian 
area. Then a “CHILOBIO” database, in form of a MS Excel table, has been created. 
The number of species and specimens found in a single UTM quadrant was used as a 
basis for mapping the state of research on centipedes. The data in this database result 
from random findings as well as from targeted research. All the specimens gathered 
within this research are stored in the collection of microscopic and ethanol-preserved 
preparates at the Department of Biology at Biotechnical Faculty of the University of 
Ljubljana. Each data record contains the name of the species from a certain finding 
location along with the number of specimens found and all the accompanying data. 
Some of the species found are even new for centipede fauna and their descriptions are 
not published yet. A basic database entry provides species, inventory number of the 
specimen from this species and the location of the finding. Besides the basic data about 
each species the database also contains information (elevation above s.l., nearby town) 
about localities in which species were encountered along with some basic environmen-
tal data, date of the collection, data about the collector and the sampling methods. De-
tailed data was incomplete or missing in most of the random centipede findings, while 
target research included abovmentioned data. Among the location data, the UTM 
quadrant where the species was found is included. Subsequently, these quadrants were 
used as basic cartographic units for representation of the state of research on centipedes 
in Slovenia. For the majority of the older data, besides the collecting site, only the 
respective UTM quadrant is used to define the geolocation. The vector layer of the 
UTM grid was made with the geographical information system software tools (ArcGIS 
ver. 9.2, ESRI). The state of research on centipedes was represented by the number of 
species and specimens found within each individual quadrant. The result is a map of 
Slovenia in which the number of species and specimens per quadrant is presented.

For the evaluation of the state of research within each habitat types, we compared 
the number of specimens and species recorded. Only that kind of data where the habi-
tat type of finding site was also recorded, where included in this comparison. Such data 
were mostly collected by quantitative sampling methods, where the area of individual 
sampling unit and the number of units were known.

Results

The total number of records stored specimens recorded in the “CHILOBIO” database is 
14.835. Records refers to 25,651 specimens describing 109 species. One percent of speci-
mens were not identified to the species level, due to damages of morphological features.
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To date, species have been found in 350 localities within 105 UTM quadrants, 
representing 41% of all quadrants in the Slovenian UTM grid. The highest number 
of species (52) was found in in the quadrant VL68 that lies to the south of the capital, 
Ljubljana. In terms of the number of species identified, this quadrant is followed by its 
neighbouring quadrants (VL76 and VL77) with 48 and 43 species found, respectively. 
In the area south of Ljubljana (including 12 UTM quadrants), which consists mostly 
of dense Dinaric forests, the number of quadrants with more than 20 species is high-
est. In terms of number of centipede species found per quadrant one area in western 
Slovenia (Trnovski gozd area) and one in northern Slovenia (Mountain chain in Up-
per Savinjska valley along Austrian border) are prominent. In 48% of 105 investigated 
UTM quadrants, the recorded number of species was fewer than 10.

In terms of number of specimens identified, the quadrant VL68, with 6.479 re-
corded specimens, leads again. A high number of specimens, but less than 50% of the 

Figure 1. Number of centipede species and specimens caught in individual UTM quadrants from 1921 
till 2014 in Slovenia.



The current knowledge on centipedes (Chilopoda) in Slovenia... 239

total, were found in quadrants VL76 (2.264), VL75 (1.479) and VL77 (1.312). These 
quadrants mostly are those with higher number of species found. All of this four are in 
the Dinaric geographic region.

Comparing the number of specimens caught in different habitats, the majority 
(63%) were found in beech forests. Just 8% were found in mixed forests, while 5% 
and less were found in other habitats. The highest number of species (79) was found in 
beech forests, while 48 were caught in mixed and 44 in thermophilic forests (Table 1).

Discussion

With such a volume of data there emerged a need for a universal electronic data-
base in which all researchers could store and access the gathered data as necessary. 
The “CHILOBIO” database will be a source for faunistic and systemized research of 
various researchers, who will be able to perform different spatial analyses even without 
additional sampling. Till now this database is placed at the Department of Biology 
of Biotechnical faculty of Ljubljana and there is not yet a free access to data for any-
one, except for the researchers of this faculty. The “CHILOBIO” database is a useful 
source for spatial research of centipede fauna because it contains some basic param-
eters, including collecting site coordinates, altitude above sea level, UTM quadrant, 
habitat type, of each individual specimen and species. By using the basic tools from the 
geographical information system (GIS) it is possible to create maps of distribution of 
individual species that support planning of further research (Wadsworth and Treweek 

Table 1. Number of species and specimens recorded per habitat types.

Habitat type No. of species No. of specimens
Beech forest 79 9582
Mixed forest 48 1298
Oak forest 44 799

Thermophilic forest 39 563
Grassland 37 374

Frost hollow forest 32 563
Coniferous forest 32 290

Overgrowing meadow 23 214
Hornbeam forest 22 126

Bush 21 325
Dwarf pine stands 19 339

Meadow 19 87
Frost hollow spruce stands 16 337

Floodplain forest 13 40
Alder stands 11 60

Juniper stands 9 30
Anthropogenic habitats 3 333
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1999). Distribution maps of this sort had been created previously by Simaiakis and 
Mylonas (2006) for 14 centipede species in the Aegean archipelago. For Slovenia, no 
such cartographic representation of centipede biodiversity has been made to date and 
the map presented here is the first of its kind. In this representation the state of research 
in the study area can easily be seen. However, the high number of registered species and 
specimens found in certain quadrants is primarily a consequence of sampling effort of 
targeted research and investigations. Most of this research was performed in the area of 
Dinarides between Ljubljana, Velike Lašče and Kočevje (Kos 1988, 1995, Grgič 2005, 
Kohek 2012). Other research was carried out in western Slovenia (Pagon 2006), east-
ern Slovenia (Ravnjak 2006), Carinthia (Kos et al 2000), NE part of Slovenia (Bagola 
1997) or in the Primorska region as far as Snežnik (Kos 2010). Based on this, it can 
be concluded that low number of specimens and species recorded, does not represent 
the actual state of art but only the low sampling effort to date invested. Continued 
research is needed in the future, especially in the SE and NE parts of Slovenia, to es-
tablish a comprehensive evaluation of species diversity of centipede fauna. These two 
areas represent the major part of the Pannonian biogeographical region where findings 
of species with Pannonian distribution are expected and where knowledge about the 
distribution of species can be improved. It would be reasonable to supplement the 
existing cartographic representation with the representation for some species, as was 
done by Tuf and Laška (2005) for the Czech Republic and by Barber and Key (1988) 
for the British Isles. The same was done also by Zapparoli and Minelli (2007) for Italy 
and by Simaiakis et al (2013) for Cyprus. For Slovenia, investigation of the areas along 
the borders with neighbouring countries is also reasonable as species already found in 
those countries can be expected there.

Although only about a half of Slovenia has been investigated, that 109 species have 
already been recorded confirms that centipede fauna of this area is very rich. According 
to the European Atlas of Soil Biodiversity for the millipede group (Diplopoda Myri-
apoda), Slovenia is at the top (Jeffrey et al. 2010). These authors estimate that the num-
ber of millipede species in Slovenia is expected to be between 151 and 622. Among 
recorded species, eight await scientific description. Based on the available data (Kos 
1992, 1988) the majority of centipede species found in Slovenia (52 species, 48%) 
have an in-Dinaric distribution, according to biogeographical distribution models pro-
posed by Matvejev and Puncer (1989), while somewhat fewer have ex-Dinaric distri-
bution (41 species, 37%). In addition, only one species has a Pannonian distribution. 
With respect to general distribution, the majority of species found in Slovenia (19) 
have a Palearctic distribution, while seven have a mid-European and six a European 
distribution. For two species the distribution is South-European and for four Medi-
terranean (Kos 1992). Due to geographical position of Slovenia, the presence of such 
distribution patterns is expected. Among all species found, 17 were endemic for the 
Dinaric region, seven for the Mediterranean and four for the Prealpine-subpannonian 
regions. Several species, including Lithobius illyricus Latzel, 1880, L. peregrinus Latzel, 
1880, Cryptops umbricus Verhoeff, 1931, Geophilus promontorii Verhoeff, 1898, and a 
still unidentified Brachygeophilus sp., were found only at one site.
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Comparing the proportions of centipede specimens found in individual habitat 
types, we established that beech forests are the most investigated habitats. In part, this 
can be explained by the fact that research often was targeted at investigations of beech 
forest fauna (Grgič 2005), but it should be noted that several entries in “CHILOBIO” 
lack information about habitat type, and the representation of centipede community 
in individual habitat type is therefore deficient. In future, it would be reasonable to 
perform sampling in habitat types such as Acer forests, pine forests, ash forests, and 
alder forests where, so far, little research has been done.

Conclusions

Within this research a general electronic database ‘CHILOBIO’ with data about cen-
tipede findings from 1921 until 2014 in Slovenia was made. The data included in 
this database are a result of random findings as well as from targeted research. This 
database represents the first collection of data about centipede fauna in Slovenia and 
also a basis for a cartographic representation of state of research of centipede fauna in 
this area. Because one of the main data included in database is also a locality, where 
centipede species were found, based on data in ‘CHILOBIO’, the map with state of 
research presentation was created. A base for evaluation of well and poorly investigated 
areas in Slovenia was the number of species and specimens found in 10 × 10 km UTM 
quadrant. Based on the UTM grid with centipede species and specimens per UTM 
quadrant, we established that more than one-half of the country is still poorly inves-
tigated. Whereas especially Pannonian and Alpine regions are poorly investigated, the 
area of Dinarides between Ljubljana, Velike Lašče and Kočevje is well investigated. Till 
now all-together 109 centipede species were found in Slovenia. Some among them 
are new for centipede fauna and their descriptions are not published yet. As well the 
database as the cartographic representation can be used for designing future targeted 
investigations, creation of distribution models for individual species and processing of 
data gathered during sampling and stored in the database.
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Abstract
Notostigmophora (Scutigeromorpha) exhibit a special tracheal system compared to other Chilopoda. The 
unpaired spiracles are localized medially on the long tergites and open into a wide atrium from which hun-
dreds of tracheal tubules originate and extend into the pericardial sinus. Previous investigators reported 
that the tracheal tubules float freely in the hemolymph. However, here we show for the first time that the 
tracheal tubules are anchored to a part of the pericardial septum. Another novel finding is this part of 
the pericardial septum is structured as an aggregated gland on the basis of its specialized epithelium be-
ing formed by hundreds of oligocellular glands. It remains unclear whether the pericardial septum has a 
differently structure in areas that lack a connection with tracheal tubules. The tracheal tubules come into 
direct contact with the canal cells of the glands that presumably secrete mucous substances covering the 
entire luminal cuticle of the tracheal tubules. Connections between tracheae and glands have not been 
observed in any other arthropods.
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Introduction

The history of research on tracheae of Scutigera coleoptrata extends back to the 19th 
century. Meinert (1868, 1883) denied the existence of tracheae and thought the dor-
sally located spiracles (Haase 1884: “stomata”) are the openings of sticky glands. 
Pagenstecher (1878), Tömösváry (1881, 1883a, b), Sinclair (1891, 1892), Voges 
(1882, 1916), Haase (1883, 1884, 1885), and Chalande (1885) were the first to 
recognize the dorsally situated tracheal systems as the real respiratory organs. Fine 
structural investigations on the respiratory system and the tracheal tubules were con-
ducted by Prunescu and Prunescu (1996) and Hilken (1997, 1998). The entity of 
tracheal tubules has often been termed “lungs”, tracing back to Chalande (1885: “ap-
pareil pulmonaire“). Dubuisson (1928) studied the interaction of both tracheal and 
circulatory systems with regard to active ventilation. He called the space around the 
tracheal system – bounded by a septum – a ‘cavité péricardique’. The tracheal system 
of Notostigmophora consists of an unpaired, non-closable spiracle that opens into a 
wide atrium. From there, hundreds of short tracheal tubules originate and extend into 
the pericardial sinus. Up to now, it has been thought that the tracheal tubules end 
blindly and float freely in the hemolymph space that is surrounded by the pericardial 
septum (e.g. Sinclair 1892, Dubuisson 1928, Hilken 1997, 1998). However, more 
recent illustrations by Wirkner and Pass (2002: Fig. 3A, p. 198) and Wirkner et al. 
(2013: Fig. 14.9b, p. 358) indicated that, even though not further addressed in their 
anatomical descriptions, the tracheal tubules may indeed be in close contact with the 
pericardial septum.

During recent years, we focused on tracheal systems (Hilken 1997, 1998, Rosen-
berg 2009) and on comparative investigations of epidermal glands in Chilopoda with 
regards to their structure and phylogenetic significance (e.g. Hilken et al. 2005, 2011, 
Hilken and Rosenberg 2006, 2009, Müller et al. 2003, 2009, 2014). In the present 
study on Scutigera coleoptrata, we found an unexpected connection between the trache-
al tubules and associated glands using TEM techniques. Here, we describe for the first 
time that in Scutigera coleoptrata (1) the distal tips of the tracheal tubules are anchored 
in a part of the pericardial septum, (2) this specialized epithelium of the pericardial 
septum consists exclusively of glandular units, and (3) there are profound interactions 
between tracheae and the glandular units.

Material and methods

Specimens of Scutigera coleoptrata (Linnaeus, 1758) were reared in glass boxes filled with 
1 cm soil substrate and moistened tissues and fed with Drosophila sp. and Musca  sp. 
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Animals were anesthetized with CO2, subsequently fixed, cut along the tergite edges, 
and preserved as described below.

For scanning electron microscopic (SEM) investigations of the tracheal tubules, whole 
specimens were fixed in ethanol (70%). Tracheae were macerated using pepsin. Optimal 
results were obtained with a solution of 1–2 g pepsin in 100 ml HCl (37%, Hilken 1994, 
1998). The complex of tracheal tubules was dehydrated through a graded series of etha-
nol, critical-point dried, coated with gold, and studied with a CAMSCAN DV4.

For light microscopic (LM) and transmission electron microscopic (TEM) in-
vestigations, segments of Scutigera coleoptrata were fixed in phosphate buffered para-
formaldehyde (4%, pH 7.2), containing 15% saturated picric acid and 0.08% gluta-
raldehyde. They were postfixed with 1% OsO4 in the same buffer and, after alcohol 
dehydration, embedded in Epon. Semithin sections (0.5–1 µm) were stained with 1% 
toluidine blue in a solution of 1% sodium tetraborate. Sections were studied using a 
DMSL-Leica microscope. Ultrathin sections were stained with uranyl acetate and lead 
citrate and studied using a ZEISS EM 902 A electron microscope.

Results

The unpaired openings or spiracles of the tracheal system of Scutigera coleoptrata are 
located dorsomedially on each of the seven long tergites (Fig. 1A). Each of the non-
closeable spiracles (Fig. 1B) opens into a wide atrium (Fig. 1B–C). From the wall of 
the atrium, hundreds of short tracheal tubules originate and extend into the pericardial 
sinus (Fig. 1B–C). The tracheal tubules traverse the hemolymphatic space up to the 
epithelium of the distinct pericardial septum (Fig. 1C–E). Here, each tracheal tubule 
is anchored to the specialized epithelium of the pericardial septum (Figs 1E, 2A–D).

In Scutigera coleoptrata the length of the tracheal tubules ranges from 150–200 µm 
(Fig. 1B). The flat and single-layered epithelium of the tracheal tubule is thin (about 
0.2–1.8 µm). A basal lamina is developed (Fig. 2F). The epithelium is covered by a 
specialized, extremely thin cuticle of about 0.1 µm (Fig. 2E–G). An endocuticle is 
covered by helically arranged chitin fibers, forming a one- or two-layered fiber network 
(Fig. 2E–G). Taenidia are not developed over the whole length of the tracheal tubules.

The pericardial septum arises from the atrium, partly accompanies the tergal epi-
dermis, and delimits the hemolymph sinus against the body muscles (Fig. 1C, D). We 
can only provide light microscopic images from this area and the description is thus 
preliminary. This epithelium forms a hose-like sinus that houses all tracheal tubules. 
The heart lies ventral to this hemolymph sinus (Fig. 1C).

The polarity of the pericardial septum is characterized by the development of a 
distinct basal lamina against the body cavity (Fig. 1E). The opposite apical side of the 
epithelium is characterized by interactions with the tracheal tubules. Cellular junctions 
are not found, the contact being developed mainly as a small epithelial layer. In the 
areas in contact with the tips of the tracheal tubules, the specialized, apparently pseu-
dostratified epithelium consists exclusively of hundreds of glandular units (Fig. 1E). 
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Figure 1. Tracheal system and pericardial septum of Scutigera coleoptrata. A Spiracle (stomata) situ-
ated dorsomedially on long tergite 4 (SEM) B Tracheal system with its atrium and hundreds of tracheal 
tubules (SEM) C Cross-section of tracheal system with its tracheal tubules within the pericardial sinus. 
The sinus is surrounded by the specialized part of the pericardial septum (LM) D Inset showing details 
of the tergal cuticle with epidermis and the pericardial septum. The tracheal tubules extend into the 
epithelium of the pericardial septum (LM) E Overview of the epithelium of the pericardial septum with 
endings of two tracheal tubules and nuclei of glandular units (TEM) F Detail of a glandular unit within 
the pericardial septum consisting of a secretory cell, an intermediary cell, and a canal cell. In the secretory 
cell, parts of the microvilli of the secretory reservoir are visible, as are parts of the canaliculi system in the 
intermediary cell. a atrium, bc body cavity; bl basal lamina, c, cuticle, ca canaliculi system, cc canal cell, 
ic intermediary cell, e epidermis, gu glandular unit, h dorsal heart, mu body muscle; n nuclei of glandular 
unit cells, pc pericardial cavity; ps pericardial septum, s spiracle, sc secretory cell, sr reservoir of the secretory 
cell, te tergite, tt tracheal tubules
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Figure 2. Pericardial glands and mucoid substances. A Longitudinal section of a connection of the 
tip of a tracheal tubule and a canal cell of a glandular unit B Cross section of a connection between a 
tracheal tubule and a canal cell of a glandular unit C Tracheal tubule in the vicinity of a glandular unit. 
The tracheal tubule is filled with mucoid substances D Cross section of the ending of a tracheal tubule 
surrounded by the epithelium of a glandular unit. The tracheal lumen is filled with different mucoid sub-
stances E Longitudinal section of a tracheal tubule near the pericardial septum filled with electron-dense 
and electron-lucent mucoid substances F Part of a longitudinal section of a tracheal tubule. The special-
ized cuticle is covered by mucoid substances G Oblique section of a tracheal tubule. The tracheal cuticle 
is covered by a distinct mucoid substance. bl basal lamina; c cuticle; cc canal cell; cd cuticular duct of the 
canal cell; ed electron-dense fraction of mucous; el electron-lucent fraction of mucus; ic intermediary cell; 
m mucoid substance; sc secretory cell, sr secretory reservoir; te tracheal epithelium; tt tracheal tubules; ar-
rows, presumed interdigitations between tracheae and glandular compartment.



Gero Hilken et al.  /  ZooKeys 510: 233–242 (2015)250

Each glandular unit is composed of a secretory cell, an intermediary cell, and a canal 
cell (Fig. 1F). The tip of each tracheal tubule is anchored to the epithelium of the peri-
cardial septum and comes into direct contact with the canal cell of each glandular unit 
(Fig. 2A–B). Thus, substances are secreted directly via the canal cells into the tracheal 
tubules. At the point of contact, presumed cellular interdigitations are formed by the 
surrounding cells (arrows, Fig. 2C). The lumen of the terminations of the tracheal tu-
bules is often completely filled by mucoid substances (Fig. 2C–G). Two mucoid sub-
stances are discernible at the outermost tips of the tracheal tubules. An electron-dense 
fraction that contains several electron-lucent droplets is covered by an electron-lucent 
fraction (Figs 2C–E). A more or less dense layer of electron-lucent mucoid substances 
covers the cuticle along the tracheal tubules (Fig. 2F–G).

Discussion

We are now able to resolve previous confusion on the length and connectivity of trache-
al tubules of scutigeromorph centipedes. Whereas the majority of reports thus far con-
sidered tracheal tubules to end freely in the tracheal sinus compartments (e.g. Sinclair 
1892, Dubuisson 1928, Prunescu and Prunescu 1996, Hilken 1997, 1998), we can 
now show that in Scutigera coleoptrata the tracheal tubules are anchored in a part of the 
pericardial septum. Our observations add further evidence to conclusions drawn from 
illustrations by Wirkner and Pass (2002) and Wirkner et al. (2013). Other findings de-
scribed herein are also new, such as (1) the epithelium of the pericardial septum consists 
of hundreds of glandular units, and (2) the glands of the pericardial septum open into 
the tracheal tubules. It could be shown that the tips of the tracheal tubules are pierced 
by the conducting canals of numerous specialized glands. These glandular units are 
aggregated in a fashion similar to the class of aggregated epidermal glands (see below).

The structure and position of scutigermorph (notostigmophoran) tracheal systems 
are unique among Chilopoda (Hilken 1997, 1998, Hilken et al. 2011) and have been 
proposed as constitutive features (apomorphies) of this group (e.g., Borucki 1996, 
Edgecombe and Giribet 2004). In comparison to their sister group, the Pleurostig-
mophora, representatives of Notostigmophora possess unpaired, dorsal spiracles local-
ized at the posterior edges of the seven long tergites. The respiratory organ is formed 
by hundreds of short tracheal tubules which formerly have been described as not hav-
ing any contact with the organs of oxygen consumption, i.e. muscles or the nervous 
system (Prunescu and Prunescu 1996, Hilken 1997, 1998). The tracheal tubules are 
situated within dorsal compartments of the pericardial sinus. Therefore, they are sur-
rounded by hemolymph. Interactions between tracheal tubules and hemocytes have 
previously been observed (Hilken et al. 2003). The hemolymph is enriched with the 
respiratory pigment hemocyanin (e.g., Mangum et al. 1985, Kusche et al. 2003). The 
tracheal tubules are strengthened by helically arranged chitin fibers, forming a one- or 
two-layered fiber network, whereas taenidia are not developed (Prunescu and Prunescu 
1996, Hilken 1997, 1998). Because of these findings and the different position of the 
stigmata, it has frequently been inferred that the tracheae of notostigmophorans are 
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not homologous to those of Pleurostigmophora and that they might be of an inde-
pendent origin (Haase 1884, Dohle 1988, 1997, Minelli 1993, Hilken 1997, 1998).

Recently, there has been a particular increase in knowledge of epidermal glands of 
various degrees of organization in Chilopoda. It is possible to distinguish four classes of 
epidermal glands: 2-cell-glands (composed of a single secretory cell and a single canal 
cell), 3-cell-glands (composed of a proximal secretory cell, an intermediary cell, and a dis-
tal canal cell), 4-cell-glands (composed of a proximal secretory cell, an intermediary cell, 
a distal canal cell, and a proximal canal cell), and 5-cell glands (composed of two secre-
tory cells, an intermediary cell, a distal canal cell, and a proximal canal cell) (see Table 2 
in Müller et al. 2014). According to the terminology introduced by Hilken et al. (2005), 
Rosenberg (2009), Müller et al. (2009), and Rosenberg et al. (2011), three classes of epi-
dermal glands can be distinguished depending on their structural complexity: (1) solitary 
epidermal glands, (2) aggregated epidermal glands (e.g. maxillary organ gland, vesicular 
gland; Hilken and Rosenberg 2009, Hilken et al. 2005), and (3) compound epidermal 
glands (maxilla-I-gland, accessory glands; Carcupino 1996, Hilken et al. 2005, Hilken 
and Rosenberg 2006, Rosenberg 2009, Rosenberg et al. 2011). The diversity and clas-
sification of oligocellular epidermal glands were modified, including a classification into 
recto-canal and flexo-canal epidermal glands, by Müller et al. (2009, 2014).

Many features indicate that the glands in question strongly resemble aggregated 
recto-canal glands in the epidermis. These include the following: (1) the structure of the 
glands associated with the tracheae; (2) the universal tricellular construction of the glan-
dular units (consisting of a canal cell, an intermediary cell, and a secretory cell); (3) the 
presence of an intermediary cell surrounding an almost non-cuticularized duct; and (4) 
the independent release of a secretion of every glandular unit into the tracheal tubules 
via its own duct. Thus, an epidermal origin of the tracheae-associated glands cannot be 
excluded. In no other arthropods are connections between tracheae and multicellular 
glands observed. Future studies are needed to unravel the cellular diversity, functional 
complexity, distribution, and organization of the pericardial septum as a whole.

The closely adjoined glandular units release their secretion via canal cells into 
the connected tracheal tubules. It is likely that each secretory gland secretes mucous 
substances into the tracheal tubules which cover the luminal side of the cuticle of 
each tracheal tubule along its entire extension. Sundara Rajulu (1971) detected acid 
mucopolysaccharides and collagen in the tracheal tubules of Thereuopoda longicornis 
(Scutigeridae, Thereuoneminae) by histological staining. It is possible that these mu-
copolysaccharides correspond to the mucoid substances observed here on the cuticle 
of the tracheal tubules in Scutigera coleoptrata. It can be assumed that the mucoid layer 
might support the uptake and/or diffusion of oxygen over the tracheal cuticle and 
the epithelium into the hemolymph. Here, the respiratory protein hemocyanin serves 
as a transport molecule of oxygen into the body fluid. Hemocyanins are present in 
the hemolymph of various myriapod species and have been identified in Thereuopoda 
longicornis (Sundara Rajulu 1969) and S. coleoptrata (Mangum et al. 1985), as well as 
in various Spirostreptidae (Diplopoda) (Jaenicke et al. 1999, Kusche and Burmester 
2001, Hagner-Holler 2004). The hemocyanin of Scutigera coleoptrata displays a low 
oxygen affinity and allosteric behavior with very high cooperativity. It is thus an effi-
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cient oxygen carrier with considerable functional plasticity (Mangum 1985, Mangum 
and Goddet 1986, Burmester 2001, 2002, Kusche et al. 2003). Facilitated uptake and/
or diffusion of oxygen into the body and subsequent uptake and transport within the 
hemolymph provide for a passive exhaust ventilation of the tracheal tubules. Thus, we 
assume that the mucoid substances secreted by the aggregated epidermal glands of the 
pericardial septum are important in notostigmophoran respiratory physiology.
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Abstract
Mandibular mechanisms in Geophilomorpha are revised based on three-dimensional reconstructions of 
the mandibulo-tentorial complex and its muscular equipment in Dicellophilus carniolensis (Placodesmata) 
and Hydroschendyla submarina (Adesmata). Tentorial structure compares closely in the two species and ho-
mologies can be proposed for the 14/17 muscles that attach to the tentorium. Both species retain homo-
logues of muscles that in other Pleurostigmophora are traditionally thought to cause swinging movements 
of the tentorium that complement the mobility of the mandibles. Although the original set of tentorial 
muscles is simplified in Geophilomorpha, the arrangement of the preserved homologues conforms to a 
system of six degrees of freedom of movement, as in non-geophilomorph Pleurostigmophora. A sim-
plification of the mandibular muscles is confirmed for Geophilomorpha, but our results reject absence 
of muscles that in other Pleurostigmophora primarily support see-saw movements of the mandibles. In 
the construction of the tentorium, paralabial sclerites seem to be involved in neither Placodesmata nor 
Adesmata, and we propose their loss in Geophilomorpha as a whole. Current insights on the tentorial 
skeleton and its musculature permit two alternative conclusions on their transformation in Geophilomor-
pha: either tentorial mobility is primarily maintained in both Placodesmata and Adesmata (contrary to 
Manton’s arguments for immobility), or the traditional assumption of the tentorium as being mobile is a 
misinterpretation for Pleurostigmophora as a whole.
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Introduction

The tentorium of myriapods is a cuticular formation of the head with a distinct com-
position of exoskeletal bars around the mouth opening and endoskeletal processes 
(Koch 2003). Since Manton’s (1964) comparative studies of the head morphology 
in mandibulate arthropods, structural correspondences of the tentorium and its par-
ticipation in movements of the mandibles are considered as the most compelling 
morphological evidence for the monophyly of Myriapoda (Edgecombe 2004, Shear 
and Edgecombe 2010). In the context of myriapod phylogeny (e.g., Edgecombe 
2011), however, ambiguity remains with regard to Manton’s (1964) conclusion that 
the myriapod tentorium is primarily mobile, and that its “swinging” movements cor-
relate with the presence of a mobile mandibular gnathal lobe that lacks a mandibular 
muscle for its abduction. This uncertainty results in particular from the presence of 
an apparently immobile tentorium in the basalmost offshoot among centipedes, the 
Scutigeromorpha, and from apparent differences among pleurostigmophoran cen-
tipedes, symphylans, and millipedes as to how tentorial movements are transferred 
onto the mandibles, including eventual absence of tentorial mobility in subordinate 
taxa within each of these groups (Verhoeff 1918, Attems 1926, 1929, Manton 1964, 
1965, Desbalmes 1992).

An immobile tentorium was assumed by Manton (1965) for geophilomorph cen-
tipedes among Pleurostigmophora, based on her studies of a few representatives of the 
clade Adesmata. Recent comparative studies of the peristomatic structures in a broader 
sampling of geophilomorphs by Koch and Edgecombe (2012) challenged this assump-
tion. They revealed anatomical evidence in support of the view that at least in the sister 
group to all other geophilomorphs, the Placodesmata, the mobility of the tentorium 
is maintained, its loss accordingly being potentially synapomorphic for adesmatan 
Geophilomorpha only. This preliminary conclusion still required more comprehen-
sive anatomical studies of the mandibulo-tentorial complex, including its muscular 
equipment. Some of the evolutionary transformations of the tentorium in Adesmata as 
advocated by Koch and Edgecombe (2012) were contradicted by Bonato et al. (2014) 
within the scope of their analyses of geophilomorph phylogeny.

In order to contribute to a clarification of the mobility versus immobility of the 
tentorium in geophilomorphs, we here present anatomical 3D-reconstructions of the 
mandibulo-tentorial complex and its muscular system based on histological studies of 
two species, one representing each of the clades Placodesmata and Adesmata, respec-
tively. Insights obtained demand a more general revision of whether the tentorium in 
pleurostigmophoran centipedes is mobile at all.
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Materials

This study is based on histological sections of the head of Dicellophilus carniolensis 
(Koch, 1847) (Placodesmata, Mecistocephalidae) and Hydroschendyla submarina 
(Grube, 1792) (Adesmata, Schendylidae). The heads were fixed in alcoholic Bouin 
solution (modified according to Duboscq-Brazil) after removal of the forcipules, dehy-
drated in a graded ethanol series, and transferred via propylene oxide into epoxy resin 
(Araldite). Series of semithin transverse sections (0.5–1 µm thickness) were performed 
with a Jumbo-Diatome diamond knife on an Ultracut E microtome (Fa. Reichert) and 
stained with 1% Toluidine blue. Digital images (tiff-format) of the sections were made 
with an Olympus BX51dotSlide microscope and semi-automatically aligned into a 
digital image stack with the open source software imodalign (http://www.evolution.
uni-bonn.de/mitarbeiter/bquast/software). The image stacks used for 3D-reconstruc-
tions (Fig. 1) are provided as supplementary files (Suppl. materials 1 and 2).

For three-dimensional reconstructions the software Amira 5.4.5 (FEI Visualization 
Sciences Group) was used for segmentation. As recommended by Friedrich and Beutel 
(2008), the segmented volume data were imported as bmp-files into the software Bit-
plane Imaris 5.7 (Bitplane AG, Zürich, Switzerland) for surface rendering, smoothing 
and downsampling. The surfaces (inventor format) were then converted with the free-
ware Transform2 (Heiko Stark, Jena, Germany; http://starkrats.de) into object format 
for final processing with the Autodesk Maya software (Students & Educators version 
2013; Alias Wavefront, Toronto/Ontario, Canada), applying the Cleanup, Average 
Vertices, Poly Reduce, and Smooth options to remove minor segmentation artifacts. 
The surface models were then exported from Maya as u3d-files (Universal 3D format) 
and processed with the Adobe 3D-Reviewer plug-in in Adobe Acrobat 9 Pro Extended 
(Adobe Systems, San Jose, California, USA) to generate an interactive pdf-file. Images 
and plates were edited with the Adobe Illustrator and Adobe Photoshop CS4 software.

The interactive 3D-mode can be activated by clicking on the images of Figures 2C 
and 3C. A tool bar then opens that allows the user to rotate, move and magnify the 
model, to isolate elements, and to change the background and light settings. Elements 
of our models comprise the head capsule, the tentorium, the mandible, and all mus-
cles related to the tentorio-mandibular complex. Single elements can be displayed by 
opening the “model hierarchy” and clicking off/on the respective elements according 
to their label. Clicking on any element in the model hierarchy highlights the respec-
tive element in red. The “initial configuration” shows all elements in ventral view. The 
views of our models shown in Figures 1–3 can be displayed by choosing the respective 
configuration in the toolbar under “views”.

Results

In both D. carniolensis and H. submarina the tentorium forms a clasp-like structure 
dorsally around the mandible (Figs 1–3: tt). Its external sclerotisation comprises a 
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short, slender epipharyngeal bar to which the mandibular gnathal lobe is attached 
via a condyle on its dorsal surface (arrow in Figs 2A, 3A); a slender transverse bar that 
is laterally jointed to the cephalic pleurite; and a supramandibular arch that behind 
the mouth opening continues into a hypopharyngeal bar (Fig. 4C). The configura-
tion of these exoskeletal components in ventral view is Y-shaped in D. carniolensis and 
T-shaped in H. submarina, with the epipharyngeal bar being in either a submarginal 
(D.c.) or marginal (H.s.) position relative to the labral sidepieces. Endoskeletal pro-
cesses of the tentorium comprise a massive ridge (including a frontal process fide Koch 
2003) formed by the supramandibular arch, and a flat, wing-like apodeme (posterior 
process fide Koch 2003) arising at the junction with the hypopharyngeal bar and pro-
truding into the head in a curved, almost vertical orientation. A collagenous bridge 
interconnecting left and right posterior processes is absent in both species.

Tentorial muscles

The muscular equipment of the tentorium largely corresponds in the two species 
studied (Figs 1–3). A total of 17 (D.c.) or 14 (H.s.) muscles attach at the tentorium, 
including extrinsic muscles of the mandibles and of the first and second maxillae, 
two hypopharyngeal muscles, a dilator of the pharynx, muscles arising from the 
clypeus and the epicranium, and ventral longitudinal muscles (see Table 1). The 
muscles attach either at the supramandibular arch or at the posterior process; no 
muscles insert at or originate from the epipharyngeal bar, the transverse bar, or the 
hypopharyngeal bar. In D. carniolensis the respective muscles of the first and second 
maxillae (muscles 2, 7, 11, 16, and 23) partly or entirely arise from collagenous ten-
dons attached to the posterior tip of the tentorial posterior process (Fig. 4D). The 
homologous muscles in H. submarina originate directly from the posterior process 
(Fig. 5D); this species entirely lacks collagenous tendons associated with the tento-
rium. Antennal muscles do not arise from the tentorium in either species, but from 
the clypeus and epicranial wall.

Muscles that in Lithobiomorpha and Scolopendromorpha are thought to move 
the tentorium are represented in D. carniolensis and H. submarina by the following set:

M.9 is a fan-shaped vertical muscle that originates medio-dorsally from the epic-
ranial wall (Figs 1–3). Its insertion on the tentorium extends from the posterior dorsal 
edge of the supramandibular arch to the anterior dorsal edge of the posterior process, 
gradually expanding backwards onto its mesial surface. Relative to the posterior process 
the origin of this muscle in H. submarina lies more posteriorly than in D. carniolensis.

M.14 is a broad, fan-shaped muscle passing from the clypeus towards the supra-
mandibular arch of the tentorium to insert on its frontal process and mesial surface 
along its entire length (Figs 1, 2B, 3B, 4A–C, 5A, B).

M.15 passes almost transversely from the lateral epicranial wall towards the su-
pramandibular arch, on which it inserts along its dorsal rim on its lateral face. In H. 
submarina (Figs 3, 5B) the insertion is direct at the tentorium, whereas it is mediated 
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Figure 2. Dicellophilus carniolensis, surface model of the left mandibulo-tentorial complex. A Medio-
frontal view, tentorial muscle 14 removed; arrow points to condyle of mandibular gnathal lobe B Oblique 
dorso-frontal view, extrinsic mandibular muscles removed. Numbers refer to muscles as listed in Table 1. 
Abbreviations: md mandible tt tentorium.
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Figure 2C. Dicellophilus carniolensis, surface model of the left mandibulo-tentorial complex in situ. 
Click on the image to activate the interactive 3D-mode.

by a collagenous tendon in D. carniolensis (Figs 2, 4C). In both species the origin of 
this muscle lies immediately above mandibular muscle 13.

M.18 arises medio-dorsally from the epicranial wall and inserts anteriorly on the 
mesial surface of the posterior process, in front of the insertion of pharyngeal muscle 
8 and below the insertion of tentorial muscle 9 (Figs 1A, 2). The relative positions of 
these three muscles (8, 9, and 18) are the same in the two species studied, although 
in H. submarina tentorial muscle 18 is far larger than in D. carniolensis (Fig. 5C, D).

M.22 is a ventral longitudinal muscle attached to the posterior tip of the tentorial 
posterior process. In both species the muscle consists of two strands. In D. carniolensis 
(Figs 1A, 2B, 4D) they insert adjacent to each other at collagenous tendons connected 
to the posterior process. In H. submarina (Figs 1B, 3) the two strands insert directly on 
the tentorium: a smaller strand (22a) on the dorso-lateral edge of the posterior process 
above the origin of maxillary muscle 2, and a larger strand (22b) on the ventro-lateral 
edge of the posterior process below the origin of maxillary muscle 2 (Fig. 5D).

In D. carniolensis an additional fan-shaped muscle (M.20) passes from the back of 
the posterior process anteriorly towards the dorsal epicranium (Figs 1A, 2B, 4D). Its 
attachment at the epicranium lies immediately adjacent (lateral) to the origin of tento-
rial muscle 9.
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Figure 3. Hydroschendyla submarina, surface model of the left mandibulo-tentorial complex. A Medio-
frontal view, tentorial muscles 14, 18, and 22b removed as well as hypopharyngeal muscle 25; arrow 
points to condyle of mandibular gnathal lobe B Oblique dorso-frontal view, extrinsic mandibular muscles 
3, 5, and 13 removed as well as tentorial muscles 18 and 22b. Numbers refer to muscles as listed in 
Table 1. Abbreviations: md mandible tt tentorium.
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Figure 3C. Hydroschendyla submarina, surface model of the left mandibulo-tentorial complex in situ. 
Click on the image to activate the interactive 3D-mode.

Mandibular muscles

The mandibles of D. carniolensis and H. submarina each consist of a rod-shaped base, 
somewhat twisted at half length, and a gnathal lobe (for SEM-illustration of the latter 
see Koch and Edgecombe 2012, their figs 7C and 17C). Both species lack a suture 
delimiting the two components, but in D. carniolensis a narrow, circumferential stripe 
of flexibility within the endocuticle (i.e., an area showing the same histological staining 
properties as the articular membranes between sclerites) indicates their borders (Fig. 
4B, inset). The mandibular musculature differs among the two species in some details.

Extrinsic mandibular muscles:

M.3 basically corresponds in the two species in its large extent and transverse orienta-
tion. It originates dorso-medially from the epicranial wall and inserts on the dorsal 
margin of the mandibular base at about half its length (Figs 1, 2A, 3A, 5D).

M.5 is a longitudinal muscle originating dorsally from the posterior wall of the epi-
cranium (Fig. 1). In D. carniolensis it consists of about 13 smaller bundles; most 
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Table 1. Compilation of all mandibular and tentorial muscles, numbered in accordance to their illustra-
tion in Figs 1–5 and the 3D-reconstructions. Potential homologues in Orya barbarica are inferred from 
Manton (1965) under citation of her muscle numbering; muscles not mentioned or depicted in her work 
are indicated by a question mark.

Muscles 
(this study) Origin Insertion Dicellophilus 

carniolensis
Hydroschendyla 

submarina
Orya barbarica 
(Manton 1965)

Tentorium (tt)

9 epicranium posterior process + + ?
(T10)

14 clypeus supramandibular 
arch + + +

(T4/T5, or T2-T6)

15 epicranium supramandibular 
arch +* + ?

(T7)

18 epicranium supramandibular 
arch + + ?

(T9)

20 epicranium posterior process + – ?
(T8)

22 forcipular 
tendon posterior process +* + slm / vlm

Mandible (md)
3 epicranium base + + 26
4 base gnathal lobe + + 31

5 epicranium base + + –
(25, or 24+25)

6 tentorium gnathal lobe + + 27
10 gnathal lobe gnathal lobe – + 29
12 tentorium base + + 22/23
13 epicranium gnathal lobe + + 20

17 epicranium base + – 19
(25 fide Manton)

19 epicranium base + – (21?) –
21 epicranium gnathal lobe – (19?) +** 21

24 tentorium base + +
–

(30, unified with 23 
fide Manton)

26 mesial inter-
connection base – +** –

(32)
Hypopharynx 

(hy)

1 tentorium front side along 
mesial lips + + +

25 tentorium
back side near 

opening of 
hypoph. gland

+ + +

Pharynx (ph)

8 tentorium ventral pharyngeal 
wall +* + ?
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Muscles 
(this study) Origin Insertion Dicellophilus 

carniolensis
Hydroschendyla 

submarina
Orya barbarica 
(Manton 1965)

Maxilla I (mxI)

2 tentorium coxosternite 
(paramedial) +* +

(+)***16 tentorium coxosternite 
(lateral to 2) +* –

23 tentorium
coxosternite 
(paramedial, 

posterior to 2)
+* –

Maxilla II 
(mxII)

7 tentorium
coxosternite 

(medial at base of 
telopodite)

+* +
(+)***

11 tentorium coxosternite 
(lateral)

+* +

* insertion via collagenous tendon
** not shown in the 3D-reconstruction
*** depicted in Manton’s Fig. 81a but no unambiguous homologisation possible

of them insert one by one on the posterior dorsal margin of the mandibular base, 
except for three bundles that pass into the concavity of the mandibular base to 
insert on its internal wall, one far anteriorly to the other two (Fig. 4D). In H. sub-
marina this muscle comprises only 6 bundles (Fig. 5D), all of which insert within 
the mandibular concavity on its internal wall.

M.6 arises from the tentorium and passes towards the gnathal lobe. In D. carniolensis 
this muscle is larger than in H. submarina and shows a more longitudinal course; it 
originates from the posterior part of the posterior process, where it covers its entire 
lateral surface, and inserts on the frontal wall of the gnathal lobe (Fig. 4B,C). In H. 
submarina the origin of this muscle lies anteriorly on the posterior process close to 
the junction of the hypopharyngeal bar; its insertion extends from the latero-ven-
tral, proximal part of the gnathal lobe onto the anteriormost part of the mandibular 
base. The course of this muscle accordingly is almost transverse in H. submarina.

M.12 passes from the posterior dorsal margin of the mandibular base towards the su-
pramandibular arch of the tentorium. In D. carniolensis this muscle is larger than 
in H. submarina, its insertion covering the entire lateral surface of the supraman-
dibular arch from the frontal process towards the origin of the posterior process 
(Figs 1A, 2B, 4B–D). In H. submarina the insertion of this muscle on the dorsal 
rim of the supramandibular arch is restricted to its posterior part while it expands 
onto the anteriormost dorsal rim of the posterior process (Figs 1B, 3B, 5C).

M.13 is a transverse muscle passing from the cranial wall towards the gnathal lobe. In 
both species it consists of two sections, a larger fan-shaped dorsal section (13a) and 
a few bundles below it (13b). In D. carniolensis (Fig. 1A, 2A) both sections arise 
dorso-laterally from the epicranial wall; the bundles of the dorsal section (13a) 
insert on a short, inconspicuous cuticular tendon (Fig. 4C, inset) formed by the 
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dorsal margin of the gnathal lobe, whereas all bundles of the lower section (13b) 
pass into the concavity of the gnathal lobe to insert directly on its dorsal wall (Fig. 
4B,C). In H. submarina (Fig. 1B, 3A), the cuticular tendon of the gnathal lobe 
is larger and more elongate, and all muscle bundles of both sections insert on it. 
In this species, however, only the bundles of the dorsal section (13a) arise from 
the latero-dorsal wall of the epicranium, whereas the bundles of the lower section 
(13b) originate from the ventro-lateral part of the head capsule (Fig. 5B,C).

Figure 4. Dicellophilus carniolensis, selection of micrographs of transverse sections through the head from 
anterior to posterior. A Section through anterior head part in front of the mandibulo-tentorial complex, 
highlighting muscles arising from the clypeus B Section through the mandibulo-tentorial complex (left 
side of head) slightly anterior to C; in the inset (scale: 25 µm) the area of flexibility (arrow) between man-
dibular gnathal lobe and base is magnified. C Section through the mandibulo-tentorial complex (right 
side of head) at the level of the cuticular tendon (arrow in inset; scale: 25 µm) of the mandibular gnathal 
lobe. D Section through posterior part of tentorium and mandible (left side of head), showing collagen-
ous tendon system and mandibular septum. Numbers refer to muscles as listed in Table 1. Abbreviations: 
br brain cl-ecr clypeo-epricranial muscle cl-ep clypeo-epipharyngeal muscle cl-lbr clypeo-labral muscle 
ct collagenous tendon, ecr epicranium hb hypopharyngeal bar of tentorium lbs labral sidepiece mb man-
dibular base md mandible mgl mandibular gnathal lobe, mxI first maxilla ph pharynx pp posterior 
process of tentorium, se septum of mandibular gnathal pouch sma supramandibular arch of tentorium 
st stilus tb transverse bar of tentorium tmxII telopodite of second maxilla.
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M.17 interconnects the posteriormost end of the mandibular base with the dorso-
lateral wall of the epicranium along a (collagenous?) septum connected to the pos-
terior cuticular, non-sclerotized wall of the mandibular gnathal pouch (Figs 1A, 
4D). Although this septum is present in both species, the muscular bundles con-
nected to it in D. carniolensis are absent in H. submarina.

M.19 is an almost vertical muscle in D. carniolensis (Figs 1A, 4D). It arises from the 
dorsal epicranial wall and inserts on the ventral margin of the mandibular base at 

Figure 5. Hydroschendyla submarina, selection of micrographs of transverse sections through the head 
from anterior to posterior. A Section through the anterior head part, showing the mandibulo-tentorial 
complex at the level of the epipharyngeal bar B Section through the mandibulo-tentorial complex (right 
side of head) at the level of the junction between epipharyngeal bar and supramandibular arch. C Section 
through the mandibulo-tentorial complex (left side of head) between the levels shown in B and D. D Sec-
tion through posterior part of tentorium and mandible (right side of head) at the level of the mesial inter-
connection of the mandibles by muscle 26. Numbers refer to muscles as listed in Table 1. Abbreviations: 
br brain cl clypeus, cl-ecr clypeo-epicranial muscle eb epipharyngeal bar of tentorium, ecr epicranium 
hy hypopharynx lbs labral sidepiece mb mandibular base md mandible mxI first maxilla ph pharynx 
pp posterior process of tentorium sma supramandibular arch of tentorium sog subesophageal ganglion 
tb transverse bar of tentorium tmxII telopodite of second maxilla.
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its posterior half. A corresponding muscle seems to be absent in H. submarina (but 
see discussion of its potential homology to mandibular muscle 21)

M.21 is a slender longitudinal muscle composed of four or five small bundles in H. 
submarina (Fig. 5C). It extends from the posterior dorsal wall of the epicranium 
between the posterior process of the tentorium and the mandibular base towards 
the gnathal lobe where it inserts proximally at its soft ventral (posterior) wall. A 
corresponding muscle is absent in D. carniolensis (but see discussion of its potential 
homology to mandibular muscle 19).

M.24 interconnects the ventral margin of the mandibular base with the ventral margin of the 
posterior process. The course of this muscle is almost transverse in H. submarina (Figs 
3B, 5C) but more oblique in D. carniolensis. In the latter its insertion at the mandibular 
base lies more anteriorly than its origin on the posterior process, and it does not attach 
at the sclerotic part of the mandibular base but on its ventral arthrodial membrane.

M.26 is a transverse muscle in H. submarina that interconnects the posterior ends of the 
left and right mandibular bases (Fig. 5D). The strands of the left and right muscle 
overlap mesially between the pharynx and the subesophageal ganglion, where 
they seem to be directly interconnected without any contribution by collagenous 
tendon. D. carniolensis lacks this muscle entirely and shares with H. submarina the 
absence of a transverse mandibular tendon.

Intrinsic mandibular muscles:

M.4 is a large muscle in both species, passing from the posterior end of the mandibular 
base to the dorsal (anterior) wall of the gnathal lobe (Fig. 3B). In D. carniolensis 
this muscle comprises about 15 smaller bundles, all of which extend below man-
dibular muscle 13 into the gnathal lobe to insert on its proximal, dorsal wall (Fig. 
4B,C). In H. submarina this muscle instead consists of five larger bundles, three 
of which extend below the cuticular tendon of mandibular muscle 13 into the 
gnathal lobe while the other two insert on the base of this tendon (Fig. 5B-D).

M.10 is an intrinsic muscle of the gnathal lobe. In H. submarina it connects the lateral 
distal wall of the gnathal lobe with its proximal, soft mesial wall, immediately in 
front of mandibular muscle 6 (Fig. 5B). The gnathal lobe of D. carniolensis lacks 
any intrinsic muscles.

Discussion

Verhoeff (1918) was the first to put forth the view that the tentorium of lithobiomorphs 
and scolopendromorphs is mobile and actively involved in movements of the mandi-
bles. He inferred tentorial mobility in Lithobius and Scolopendra from dissected heads 
after removal of all mouthparts behind the mandibles, from which he could ‘observe’ a 
rotation of the tentorium along the articulation of its transverse bar with the cephalic 
pleurite by manually pulling on the loosened mandibles and the tentorial posterior pro-
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cess. For geophilomorphs he concluded that movements of the tentorium are primarily 
maintained, as exemplified for Himantarium gabrielis (Adesmata, Himantariidae), albe-
it in an altered manner and no longer directly accompanying movements of the mandi-
bles due to transformations of the tentorium and mandible morphology correlated with 
suctorial feeding habits. Attems (1926, 1929) largely adopted Verhoeff’s interpretations.

Manton (1965) basically corroborated Verhoeff’s conclusions with comparative 
studies on the skeleto-muscular system of the head in centipedes, but she denied any 
tentorial mobility for geophilomorphs. While including direct observations of man-
dible movements in live Lithobius and Scolopendra specimens, she could not directly 
observe movements of the tentorium but, like Verhoeff, inferred them from the pres-
ence and positions of muscles attached at the tentorium, and from manipulation of 
its skeleton (Manton 1964: 87). Her main reasons for considering the tentorium of 
geophilomorphs as immobile were based on the view that their heads are primarily 
adapted to burrowing life habits. Anatomical transformations considered by her as 
to correlate with burrowing life habits include (i) alteration of the tentorial skeleton, 
especially absence of a transverse bar; (ii) absence of a “coclypeus” (i.e., paralabial scle-
rites), “whose movements are not needed” (p. 340); (iii) absence of all tentorial muscles 
(T2-T10 fide Manton) effecting the swing of the tentorium in non-geophilomorph 
representatives of the Pleurostigmophora; and (iv) simplification of the mandibular 
musculature, including absence of a transverse mandibular tendon, under restriction 
of mandible movements to those affected by the mandibular muscles alone. In the 
light of the current results all these assumptions must be reconsidered.

Derivation of the tentorial skeleton

The entire construction of the tentorium surprisingly shows no basic difference be-
tween D. carniolensis and H. submarina. They indeed seem to differ only in the spatial 
extension of the tentorium in correspondence to the different shape of the head, in be-
ing relatively broad and short in D. carniolensis versus narrower and more expanded in 
the longitudinal plane in H. submarina. Previous descriptions of the posterior process 
(“anterior tentorial apodeme” fide Manton 1964, 1965) as rod-shaped proved to be 
misleading. In both Placodesmata and Adesmata it primarily forms a curved, wing-
like apodeme in a similar manner as in non-geophilomorph centipedes. The condition 
found in D. carniolensis seems to be plesiomorphic relative to that in H. submarina in 
that remnants of the collagenous, formerly transverse tendon system attached to the 
posterior processes are preserved in the former.

Placodesmata

As inferred from D. carniolensis, the original composition of the tentorium and an-
cestral arrangement of its cuticular components in Pleurostigmophora are maintained 
in Placodesmata. A main deviation in Placodesmata concerns the sclerotization of the 
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exoskeletal components that are reduced to slender strips (Koch and Edgecombe 2012, 
Bonato et al. 2014), as well as a shortening of the epipharyngeal bar. The latter seems 
to be characteristic for all geophilomorphs. The manner in which the sclerotized lateral 
end of the transverse bar in placodesmatans bends anteriorly between the cephalic 
pleurite and the labral sidepiece is reminiscent particularly of the state in scolopen-
dromorphs, in which the lateral end of the transverse bar similarly bends anteriorly to 
form a hook-shaped point of articulation with the cephalic pleurite (Desbalmes 1992). 
While the hook-shaped end of the transverse bar in scolopendromorphs borders an-
terio-mesially against the paralabial sclerite, the antero-mesial border in Placodesmata 
seems to be formed by the labral sidepieces; paralabial sclerites are not distinct in Pla-
codesmata (see Koch and Edgecombe 2012, their Fig. 2B). Their apparent absence is 
traditionally interpreted as a loss correlated with a lateral expansion of the labral side-
pieces (e.g. Bonato et al. 2014). The alternative interpretation that the paralabial scle-
rites may be fused with the labral sidepieces has never been taken into consideration, 
but may be favoured by the labral muscles in D. carniolensis not showing any marked 
lateral expansion but instead maintaining a paramedian origin and insertion (Fig. 4A), 
as in lithobiomorphs (Applegarth 1952, Rilling 1968) and scolopendromorphs (Man-
ton 1964, Desbalmes 1992). This argument, however, is not necessarily conclusive 
because the clypeo-tentorial muscle (M.14) prevents a lateral expansion of the labral 
muscles. Since no muscles seem to attach at the paralabial sclerites in any pleurostig-
mophoran, neither of the two interpretations can unambiguously be favoured by the 
muscular equipment of the head. Another potential marker to recognise paralabial 
sclerites is their lateral articulation with the cephalic pleurite in lithobiomorphs and 
scolopendromorphs. We would expect this articulation to be preserved in placodes-
matans were the paralabial sclerites fused with the labral sidepieces. The absence of an 
articulation between the lateral margins of the sclerite interpreted as a broadened labral 
sidepiece and the cephalic pleurites in Placodesmata instead supports the traditional 
interpretation that paralabial sclerites are entirely reduced in Placodesmata.

Adesmata

There is general agreement on Verhoeff’s (1918) and Manton’s (1965) view that the 
T-shaped configuration of the exoskeletal components in Adesmata is due to a lateral 
shift of the entire tentorial complex. The coincident transformation of the tentorial 
transverse bar and of the paralabial sclerites has, however, been contentious. Three 
hypotheses have been discussed thus far:

(i) The original articulation between the tentorium (i.e., its transverse bar) and the 
cephalic pleurite is maintained in adesmatans but has been transformed into a 
hinge for the gain of an additional articulation between the tentorium and the 
labral sidepieces; paralabial sclerites are exceptionally identified in adesmatan spe-
cies such as Himantarium gabrielis, in which they are no longer articulated to the 
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labral sidepieces but are anteriorly displaced into a ‘non-functional’ position be-
tween the cephalic pleurite and the clypeus (Verhoeff 1918).

(ii) The lateral shift of the tentorium correlates with a loss of both the tentorial trans-
verse bar and the paralabial sclerites as a result of loss of any tentorial mobility 
(Manton 1965).

(iii) The transverse bar (and its articulation with the cephalic pleurite) is maintained in 
adesmatans, but it extends straight in line with the epipharyngeal bar, such that the 
original bifurcation point between these two bars (and their distinct identities) is no 
longer recognizable. Unified in this manner into a single oblique bar, it positionally 
replaces the paralabial sclerites, which are lost (Koch and Edgecombe 2012).
Based on light microscopical studies of whole-mounts, Bonato et al. (2014, their 
Table S2) followed Verhoeff’s assumption in considering paralabial sclerites as 
 “recognizable in the Adesmata” (coded as present in all sampled adesmatan species), 
in contrast to Koch and Edgecombe (2012) who could not confirm presence of 
distinct paralabial sclerites in the position indicated by Verhoeff (1918) in any of 
the species sampled by them, including Himantarium gabrielis (see Koch and Edge-
combe 2012, their Fig. 2G). These contrasting views raise the question whether in 
whole-mounts paralabial sclerites can reliably be distinguished from parts of the 
tentorium (L. Bonato, pers. comm.). Since the paralabial sclerites in non-geophilo-
morphs are also articulated to the cephalic pleurites via a hinge-line (e.g., Manton 
1965), the difficulty of unambiguously recognizing paralabial sclerites in adesmatan 
geophilomorphs may indeed be due to the possibility that

(iv) the paralabial sclerites are fused with the tentorium. Loss of the transverse bar 
would result in the articulation of the tentorium with the cephalic pleurite via its 
original articulation with the paralabial sclerites.

The cephalic musculature of H. submarina does not unambiguously allow a choice 
of any of the four hypotheses (i-iv) on the transformation of the tentorium in Adesmata. 
The original muscular equipment of the transverse bar in Pleurostigmophora is absent 
in this species, which may support the view that the transverse bar is absent as well. 
Absence of these muscles, however, remains inconclusive, because they are also absent 
in D. carniolensis, in which the transverse bar is unambiguously maintained. The tento-
rial exoskeleton itself in H. submarina still raises doubts that the tentorium is coalesced 
with the paralabial sclerite. This is because the sclerotized oblique bar passing from the 
cephalic pleurite towards the labral sidepiece proved to merely represent the sharp lat-
eral margin of the tentorium, its external surface being mostly inclined into the depth 
of the preoral cavity (see Koch & Edgecombe, their Fig. 1F). If the oblique bar – which 
we consider to comprise both the former transverse and epipharyngeal bars – were to 
include the paralabial sclerite, one would expect it to form a broader surface onto the 
ventral head wall posterior to the clypeal sclerotization (i.e., outside the preoral cavity).

We accordingly propose that geophilomorphs overall lack any marker to unam-
biguously recognize paralabial sclerites. Our data favour a loss of paralabial sclerites 
in the geophilomorph stem species as a simpler assumption than assuming different 
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transformations of these sclerites in Placodesmata and Adesmata. This view implies 
that the transverse bar and its articulation with the cephalic pleurite are (primarily) 
maintained in Adesmata.

Derivation of the tentorial muscles

The basic set of muscles that in non-geophilomorph Pleurostigmophora are thought 
to move the tentorium proved to be present in D. carniolensis and H. submarina. 
Among them, Manton (1965) only recorded the ventral longitudinal muscles for Orya 
barbarica (M.22 in D. carniolensis and H. submarina), as well as a large unlabeled mus-
cle passing from the clypeus to the tentorium “as in no other chilopod” (p. 339). This 
latter muscle corresponds to tentorial muscle 14 in D. carniolensis and H. submarina. 
Judging from its origin and insertion this muscle can straightforwardly be homolo-
gized with tentorial muscles arising in a corresponding position from the clypeus in 
lithobiomorphs and scolopendromorphs. These comprise a set of muscles (T2-T6 fide 
Manton) whose insertions are distributed from the anterior tip of the epipharyngeal 
bar over the supramandibular arch to the lateral tip of the transverse bar. In geo-
philomorphs they seem to be either unified into a single muscle, or restricted to those 
muscles formerly inserting close to and on the supramandibular arch at the bifurcation 
point of the epipharyngeal and transverse bars (i.e., T4 and/or T5). The latter interpre-
tation may be favoured due to the presence of several muscle bundles passing almost 
vertically from the clypeus to the dorsal epicranial wall in geophilomorphs (Figs 4A, 
5A). For these muscle bundles no homologue seems to exist in non-geophilomorph 
centipedes; with respect to their origin we suspect that they might be derived from ten-
torial muscles formerly inserting on the epipharyngeal and/or transverse bars. Either 
transformation of the original set of clypeo-tentorial muscles implies an alignment and 
expansion of their insertion onto the supramandibular arch and its frontal process.

The set of tentorial muscles arising from the dorsal and dorso-lateral wall of the 
epicranium in lithobiomorphs and scolopendromorphs (T7-T10 fide Manton) is ba-
sically maintained in both D. carniolensis and H. submarina, except for muscle T8 
(M.20 in this study), which seems to be lost in H. submarina. In both species tentorial 
muscle 15 deviates from its homologue (T7) in non-geophilomorphs in the shift of 
its origin towards the lateral epicranial wall, thus acquiring a transverse orientation. 
Tentorial muscles 9 and 18 deviate from their homologues in non-geophilomorphs 
(T9 and T10) in the shift of their origin towards a more posterior position, while 
keeping their distance relative to each other. Compared to D. carniolensis, their greater 
distance in H. submarina seems to correlate with the stronger longitudinal expansion 
of the tentorium in this species. The insertion of tentorial muscle 18 (T9) is more 
derived than in non-geophilomorphs in its expansion onto the mesial surface of the 
tentorial posterior process. In non-geophilomorphs the corresponding surface of the 
posterior process mainly serves for insertion of antennal muscles, the insertion of T9 
being restricted to the dorsal edge of the posterior process. Its expansion onto the me-
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sial surface in geophilomorphs correlates with the shift of the origin of the respective 
antennal muscles from the tentorium onto the clypeus.

The arrangement of the clypeo-tentorial, epicranio-tentorial, and ventral longi-
tudinal muscles relative to each other in both D. carniolensis and H. submarina is 
comparable to a system of six degrees of freedom of movement – its three axes being 
indicated each by muscles 14 and 22, the set of muscles 9, 18, and 20, and muscle 15, 
respectively – and basically corresponds to the relative arrangement of their homo-
logues in lithobiomorphs and scolopendromorphs. In applying Manton’s (1964) and 
Desbalmes’s (1992) functional interpretations of the homologous muscles in scolo-
pendromorphs to D. carniolensis and H. submarina, one would consider muscles 14 
and 22 as antagonists for tilting the tentorium forwards and backwards, respectively, 
whereas muscle 15 and the set of muscles 9, 18, and 20 would be antagonists that tilt 
the tentorium around its longitudinal axis.

A mobile tentorium was already inferred for Placodesmata by Koch and Edgecombe 
(2012), but their assumption of a shift of tentorial movements from a longitudinal to 
a transverse plane in this taxon can no longer be upheld. This assumption was based 
on consideration of only a few muscles of the mandibulo-tentorial complex, especially 
tentorial muscles 14 (Koch and Edgecombe 2012: t1) and 15 (t2). The entire set of ten-
torial muscles revealed in the present study instead questions basic differences in the mo-
bility of the tentorium in Placodesmata and Scolopendromorpha. Adesmata as well does 
not seem to differ in the mobility of the tentorium, as H. submarina proved to largely 
correspond to D. carniolensis in the equipment of muscles that are traditionally consid-
ered as to primarily cause tentorial movements in other Pleurostigmophora. Koch and 
Edgecombe (2012) considered the tentorium of adesmatans as immobile because of its 
transformation correlated with its shift into a more lateral position, with immediate con-
tact to the labrum. This shift and coincident T-shaped configuration of the exoskeletal 
components necessarily alter the freedom of movements of the tentorium. If this caused 
the tentorium of adesmatans to be immobile, one would expect the tentorial muscles 
to be reduced because they are no longer needed. Their presence, however, allows two 
alternative conclusions: either the tentorium of adesmatans primarily maintains some 
restricted mobility along a hinge determined by its oblique bar, as advocated by Verho-
eff (1918); or the respective tentorial muscles have been misinterpreted as ‘movers’ of 
the tentorium – not only in Placodesmata, but in Pleurostigmophora as a whole.

Arguments in support of the former interpretation mainly relate to the strength of 
the muscles and their apparent arrangement as antagonists for each other. Alternatively, 
if the tentorial muscles are not used to move the tentorium, their main function may 
rather be to stabilize the tentorium in suspending it firmly at the cranial wall and to 
keep it in optimal position for its articulation with the mandibles. This new alternative 
interpretation gains support from current insights on the tentorium in Adesmata, move-
ments of which have traditionally been denied. A case can further be made to question 
the view that the tentorium performs swinging movements in Pleurostigmophora as a 
whole. A considerable bulk of muscles originate from the tentorium: apart from extrin-
sic mandibular muscles these primarily also include antennal muscles, extrinsic muscles 
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of the first and second maxillae, hypopharyngeal muscles, dilators of the foregut, and 
suspensory muscles of the collagenous transverse tendon system. These muscles drasti-
cally reduce the space available for elaborate movements of the tentorium and, because 
of their origin from the tentorium, its swinging movements would necessarily have an 
impact on movements of all these head structures. We further suspect that the original 
interconnection of the posterior processes of the tentorium by the collagenous trans-
verse tendon system in Pleurostigmophora impedes independent movements of the left 
and right tentorium, and thus also independent movements of the left and right mandi-
ble, if swinging movements of the tentorium are really required for the mandibles. We 
do not deny that the tentorium is flexible to variable degrees in pleurostigmophorans. 
This flexibility, however, might not be caused by the need to actively contribute to man-
dibular movements. To allow the mandibles to act against the tentorium, the latter’s 
flexibility may rather be attributed to a need to stabilize it.

Derivation of the mandibular muscles

Our current results for D. carniolensis and H. submarina basically confirm Manton’s 
(1965) view that the mandibular muscles are simplified in geophilomorphs. Her ho-
mologies with mandible muscles in non-geophilomorph centipedes, however, are re-
vised as follows.

Among the 14–16 mandibular muscles described for scolopendromorphs (Man-
ton 1964, for Cormocephalus nitidus; Desbalmes 1992, for Scolopendra cingulata and 
Theatops erythrocephalus), nine homologues are identified in D. carniolensis, 10 in H. 
submarina. The most remarkable findings pertain to mandibular muscles 17 and 26.

Mandibular muscle 17 was considered by Manton (1965, her muscle 19) to be 
absent in geophilomorphs, in correlation with the absence of a suspensory sclerite 
that in Pleurostigmophora primarily connects the posterior tip of the mandibular base 
along the mandibular gnathal pouch with the epicranial wall. Our results confirm 
absence of both a suspensory sclerite and associated muscle only for H. submarina. Al-
though the suspensory sclerite is also absent in D. carniolensis, its mandibular gnathal 
pouch is connected to a septum along which muscle 17 passes backwards to insert on 
the posteriormost parts of both gnathal pouch and the mandibular base (Fig. 4D). A 
corresponding muscle was depicted by Manton (1965) for Orya barbarica, but she ho-
mologized it with a muscle (25) that in scolopendromorphs differs both in origin and 
insertion. The respective muscle of scolopendromorphs is represented in a correspond-
ing position in both D. carniolensis and H. submarina by mandibular muscle 5. Our 
results accordingly favour the view that a homologue to mandibular muscle 5 (25 fide 
Manton) is absent in Orya barbarica but instead showing a homologue to mandibular 
muscle 17 (19 fide Manton in Scolopendromorpha).

Mandibular muscle 26 is remarkable as it seems to represent a remnant of a mus-
cle (32 fide Manton) that in other Pleurostigmophora primarily fills almost the entire 
concavity of the mandible and interconnects left and right mandible via the transverse 
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mandibular tendon. Its presence in H. submarina (Fig. 5D) – not known for any 
other geophilomorph thus far – provides the first evidence that this muscle is primarily 
maintained in Geophilomorpha.

The remaining mandibular muscles vary to a lesser degree among geophilomorphs. 
The strongest adductor of the mandibular gnathal lobe (M.13 in this study; 20 fide 
Manton) is very much alike in geophilomorphs. As pointed out by Koch and Edge-
combe (2012), it deviates from its homologue in lithobiomorphs and scolopendro-
morphs in its almost transverse orientation, based on the shift of its origin from the 
dorsal towards the lateral epicranial wall. Its insertion on a cuticular tendon of the 
mandibular gnathal lobe is more derived in D. carniolensis (Fig. 4C) than in adesma-
tans in the reduced size of this tendon and the coincident shift of the insertion of some 
bundles directly onto the wall of the gnathal lobe. The gnathal lobe of D. carniolensis is 
further derived in entirely lacking intrinsic muscles, whereas at least one of the original 
set in Pleurostigmophora is maintained in Adesmata (M.10 in H. submarina, Fig. 5B; 
29 fide Manton in Orya barbarica and scolopendromorphs). Its absence in D. carni-
olensis may correlate with the enormous enlargement of a muscle (M.6 in this study; 
27 fide Manton) that passes from the tentorium into the gnathal lobe. As pointed out 
by Manton (1965), this muscle is generally enlarged in geophilomorphs, but in ades-
matans apparently to a lesser degree than in D. carniolensis. The same holds true for an 
intrinsic muscle (M.4 in this study; 31 fide Manton) that passes from the mandibular 
base into the gnathal lobe (Fig. 4B,C). Our results confirm that this muscle is relatively 
larger and longer in geophilomorphs than in scolopendromorphs, correlated with the 
shift of its origin to the posterior tip of the mandibular base. Again D. carniolensis 
seems to be more derived than adesmatans in the relatively larger size of this muscle 
and its strongly broadened insertion on the gnathal lobe.

A muscle of the gnathal lobe arising from the dorsal epicranial wall (M.21 in this 
study and fide Manton) was considered by Manton (1965) to be also enlarged in geo-
philomorphs, but in H. submarina this muscle is similarly slender as in scolopendro-
morphs, whereas in D. carniolensis this muscle may be lost. We suspect though that it 
rather shifted its insertion onto the mandibular base, because in this species a muscle 
arises from the epicranial wall (M.19 in this study) that attaches to the ventral margin 
of the mandibular base, a condition not known from any other pleurostigmophoran. 
Another muscle that inserts on the ventral margin of the mandibular base commonly 
arises from the tentorium in pleurostigmophorans and is also maintained in D. carni-
olensis and H. submarina (M.24 in this study; 30 fide Manton). Manton (1965) re-
garded this muscle as “indistinguishable” from longitudinal muscles in Orya barbarica 
(M.12 in this study; 22 and 23 fide Manton) passing from the tentorium to the poste-
rior end of the mandibular base. This view is rejected because these muscles (M.12 and 
M.24 in this study) have clearly different origins and insertions in both D. carniolensis 
and H. submarina, as in scolopendromorphs. This rather supports the view that muscle 
24 (30 fide Manton) is entirely reduced in Orya barbarica.

The longitudinal muscle (M.12) passing from the tentorium to the posterior end 
of the mandibular base is remarkably larger in D. carniolensis and O. barbarica than 
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in H. submarina. This may support Manton’s view that originally separate muscles 
(22, 23, and 33 fide Manton) are primarily unified in geophilomorphs but are partly 
reduced in H. submarina. The single muscle arising posteriorly from the dorsal epi-
cranial wall to insert at the dorsal margin of the mandibular base (M.5 in this study) 
may likewise comprise two formerly separate muscles (24 and 25 fide Manton). These 
assumptions on unifications of muscles, however, remain uncertain, since in scolopen-
dromorphs some of them seem to be variably reduced (according to Desbalmes 1992: 
24 fide Manton in Scolopendra and Theatops, 33 fide Manton in Theatops) and may be 
convergently reduced in geophilomorphs. The only additional muscle attached to the 
dorsal margin of the mandibular base (M.3 in this study) seems to be enlarged in D. 
carniolensis and H. submarina relative to the state of its homologue (26 fide Manton) 
in Orya barbarica and scolopendromorphs.

Whether these transformations of the mandibular musculature in geophilomorphs 
alter the mandible mechanism to a degree that movements of the tentorium are dispen-
sable remains unclear. This also considers Manton’s (1965) view that the mandibles of 
geophilomorphs no longer perform see-saw movements. She inferred this mainly from 
the absence of the transverse mandibular tendon and of the strong mandibular muscle 
(32 fide Manton) primarily arising from it in Pleurostigmophora. This muscle was inter-
preted by Manton (1964: 90) to form the “fulcrum of the see-saw mandibular movements” 
in scolopendromorphs. The detection of remnants of it (M.26) in H. submarina, albeit 
devoid of the transverse mandibular tendon, raises doubts on whether abandonment of 
mandibular see-saw-movements can be generalized for geophilomorphs. Another argu-
ment against this view is the presence of a muscle (M.17 in D. carniolensis, 19 fide Man-
ton) that Manton considered in scolopendromorphs as to be involved in the “recovery 
movement” of the mandible (Manton 1964: 91), while being absent in geophilomorphs. 
The differences in the muscular equipment in geophilomorphs overall seem to mainly 
correlate with the smaller size of the mandibular base that does not provide enough 
space for all the muscles present in scolopendromorphs. However, all main “functional 
groups” fide Manton (1964: 91) nevertheless still seem to be represented in geophilo-
morphs by at least one muscle, albeit in variably altered manners.

Summary and Perspective

Previous arguments for considering the tentorium of geophilomorphs to be immobile 
are revised as follows:

(1) Derivation of the tentorial skeleton. – Absence of the transverse bar of the tentori-
um – until now presumed to determine the axis of tentorial swing in Lithobiomor-
pha and Scolopendromorpha – is rejected for both Placodesmata and Adesmata. 
In the former, remnants of the collagenous tendon system proved to be preserved. 
The muscular system of the tentorium remains ambiguous with regards to the fate 
of the paralabial sclerites. They may be fused to either the labral sidepiece (Placo-
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desmata), or to the transverse bar of the tentorium (Adesmata), but unambiguous 
evidence for their presence is lacking. Accordingly, paralabial sclerites may have 
been lost across Geophilomorpha as a whole.

(2) Derivation of the tentorial muscles. – Entire absence of the muscles that are pre-
sumed to effect swinging movements of the tentorium in Lithobiomorpha and 
Scolopendromorpha is rejected for Geophilomorpha. The respective set of muscles 
is simplified (either by unification or loss), but the main functional groups fide 
Manton (1965) are primarily preserved in both Placodesmata and Adesmata. The 
tentorium of geophilomorphs still serves as the origin for muscles of the mandi-
bles, first and second maxillae as well as both the hypopharynx and pharynx, but 
no longer for antennal muscles.

(3) Derivation of the mandibular muscles. – A simplification of the mandibular mus-
culature is basically confirmed for Geophilomorpha, but Manton’s (1965) homol-
ogisations are partly refuted. The transformation of the mandibular musculature 
proved to be variable in Placodesmata and Adesmata but in neither instance can a 
participation of the tentorium in movements of the mandibles be excluded.

As such, our current insights on the morphology of the mandibulo-tentorial com-
plex in geophilomorphs accordingly cause us to doubt that the mandible mechanism 
differs among pleurostigmophoran centipedes in terms of whether or not movements 
of the tentorium are required to abduct the mandibular gnathal lobe. With respect to 
the apparently immobile tentorium in Scutigeromorpha, the size of the mandible and 
its armature are inconclusive for this problem. The complexity of the muscles involved 
renders it difficult to unambiguously reveal their interplay and individual function. 
We therefore think that kinematic studies of living specimens are required to decisively 
elucidate the functional role of the tentorium during feeding. For this purpose, current 
advances in 4D in-vivo microtomography (see, e.g., Santos Rolo et al. 2014) seem to 
provide the most promising technique.
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Digital image stack used for 3D-reconstruction of the mandibulo-tentorial complex 
of Hydroschendyla submarina
Authors: Markus Koch, Johannes Schulz, Gregory D. Edgecombe
Data type: QuickTime mov file
Explanation note: Series of transverse histological sections from anterior to posterior, 

provided as movie.
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Abstract
The function of the variously shaped ultimate legs of Scolopendridae is briefly reviewed. Their function 
in Scolopendra heros Girard, 1853, Scolopendra subspinipes Leach, 1815, Scolopendra morsitans (Linnaeus, 
1758), Scolopendra galapagoensis Bollman, 1889, Scolopendra hainanum Kronmüller, 2012, Scolopendra 
spinosissima Kraepelin, 1903 Cormocephalus aurantiipes (Newport, 1844) and Ethmostigmus trigonopodus 
(Leach, 1817), in which they are least specialised has been investigated. Specimens were tapped with 
forceps on different parts of the trunk to simulate the attack of a predator. When tapped on the first third 
of the trunk (near the head), the centipedes attacked the forceps with their forcipules. When tapped on 
the last third or the ultimate legs, they adopted a warning position, raising the ultimate legs to display 
the ventral and medial prefemoral spines as well as the spined coxopleural processes. In some cases the 
centipedes attacked the forceps with the claws of the ultimate legs by chopping down on them after lifting 
the legs high into the warning position. When tapped in the mid part of the trunk, the centipedes curled 
sideways to reach the forceps with their forcipules and ultimate legs simultaneously. Scolopendra galapa-
goensis not only lifted the ultimate legs into the warning position but also the last 3-4 pairs of locomotory 
legs, presenting their distodorsal prefemoral spines. This resembles the warning posture of some spiders. 
In addition to their function in warning behaviour, defensive stabbing, ritualised meeting reactions and 
during courtship behaviour, the ultimate legs may in addition act as hooks and perhaps be involved in 
species recognition. No evidence was found that the ultimate legs are used to catch prey, nor of prey or 
predators being held between the prefemora.

ZooKeys 510: 269–278 (2015)

doi: 10.3897/zookeys.510.8674

http://zookeys.pensoft.net

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

RESEARCH ARTICLE

Launched to accelerate biodiversity research

A peer-reviewed open-access journal



Christian Kronmüller & John G. E. Lewis  /  ZooKeys 510: 269–278 (2015)282

Keywords
Chilopoda, Scolopendromorpha, ultimate legs, prey capture, defence reaction, courtship behaviour, mating

Introduction

The ultimate legs of scolopendrids exhibit a variety of shapes, the majority being what 
Schileyko (2009) called the common shape, the least specialised and most like locomo-
tory legs (Figure 1A). They are pincer-shaped in Scolopendropsis, Edentistoma, and Ar-
throrhabdus and this type Schileyko stated are adapted for capturing prey (Figure 1B). The 
African scolopendrid Asanada socotrana Pocock, 1899, also has pincer-like legs. These lack 
prefemoral spines and are probably involved not in the capture of prey but in the distrac-
tion of a would-be predator as they are readily autotomised and when detached perform 
wriggling movements (Lewis, 1981). Species of the genus Alipes have large leaf-like ulti-
mate legs (Figure 1C). Alipes grandidieri Lucas, 1864 when irritated swings these from 
side to side and stridulates perhaps to frighten potential mammalian predators (Skovmand 
and Enghoff 1980). The legs are sometimes autotomised and when this happens the legs 
continue to stridulate. Cloudsley-Thompson (1961) reported that the long ultimate legs 
of the West African Rhysida nuda togoensis Kraepelin, 1903 (now R. immarginata togoensis) 
(Figure 1D) slowly bend and straighten when detached and emit a faint creaking sound.

In this paper we review the functions of ultimate legs in those species that have the 
least modified ultimate legs and report the results of laboratory experiments on species 
of Scolopendra, Cormocephalus and Ethmostigmus.

Review of the function of the ultimate legs in the Scolopendridae

Anchoring

Field observations have shown that the ultimate legs of scolopendrids are used as hooks 
from which the animal can hang. Thus Remington (1950) reported that S. subspinipes 
Leach, 1815, fastened onto a tent near the ventilator hole with their ultimate legs and 
swung their bodies to one side or the other to seize insects that had alighted nearby. On 
4.xi.95 Peter Daszak and Janet Cottingham found a female Scolopendra abnormis Lewis 
& Daszak, 1996, hanging by her ultimate legs in a hollowed out cavity beneath a slab 
of tuff on Serpent Island, Mauritius. The anterior part of the body was curled around 
40 oval yellow eggs (Lewis unpublished data).

Molinari et al (2005) observed two specimens of Scolopendra gigantea L., 1758, 
feeding on bats whilst hanging from the roof of a Venezuelan cave to which they an-
chored using the last five or eight pairs of legs.

Kronmüller (2013, unpublished data) reported and photographed a Scolopendra 
dehaani that escaped the plastic container in the laboratory and was later found hang-
ing on the camera tripod just using the ultimate legs (Figure 3A).
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Defence reactions

Warning posture

Lewis (unpublished data) noted in Nigeria that a small Scolopendra morsitans L., 1758, 
raised and splayed its ultimate legs when approached from behind by a large Mecisto-
cephalus (Geophilomorpha). Neck (1985) described such threat display in Scolopendra 
viridis Gervais, 1847, the ultimate legs being spread apart and in Scolopendra heros Gi-
rard, 1853, where the legs were raised and waved back and forth, active defence involv-
ing biting or “holding” with the ultimate legs. A photo of an Ethmostigmus sp. sent to 
one of us (J G E L) by Chris Pennington from Krambach, New South Wales, Australia, 
showed the ultimate legs lifted and splayed revealing the spines on the median surface 
of the prefemora and on the coxopleural processes. A predator approaching from be-
hind would come into contact with a battery of spines.

Autotomy and sound production

As noted above, in case of danger the members of the genus Alipes swing the ultimate 
legs from side to side and stridulate perhaps to distract or frighten potential predators.. 

Figure 1. Different shape of ultimate legs: A The least specialised ultimate legs of Scolopendra gigantea 
B pincer-like ultimate legs in Asanada akashii C leaf-like ultimate legs of Alipes grandidieri D the long and 
slender ultimate legs of Rhysida longipes that can be autotomised.
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They also use autotomy to detract potential predators like birds, lizards or mammals. 
In case of an attack, the centipede starts to stridulate which directs the attention of 
the predator to the ultimate legs which can be autotomised to make the escape easier. 
When detached with forceps the leaf-like ultimate legs of an Alipes grandidieri from 
Tanzania continued to stridulate for more than half a minute.

Cloudsley-Thompson’s (1961) observed that the long ultimate legs of the West Af-
rican Rhysida nuda togoensis (now R. immarginata togoensis) slowly bend and straighten 
when detached and emit a faint creaking sound. This observations were repeated in 
Northern Nigeria in 1967 by Lewis (unpublished data): an ultimate leg of the same 
species detached with forceps produced very quiet squeaking for about 75 seconds, 
flexing at 2–3 second intervals and Kronmüller (2009, unpublished data) observed 
that the long slender ultimate legs of Rhysida immarginata immarginata (Porat, 1876) 
from the Philippines (Figure 1D) as well as Rhysida longipes (Newport, 1845) from 
various countries in Africa bend and straighten for a few minutes presumably to enable 
the centipede to flee while potential predators become distracted. In our experiments, 
when the ultimate legs were detached with forceps,they did not squeak as did those of 
Rhysida immarginata togoensis..

Video clips of Alipes sp. showing the typical defence behaviour including the sound 
of the stridulation as well as the bending movements of the detached ultimate legs of 
Rhysida sp. can be seen on the website http://www.scolopendromorpha.com.

Intraspecific reactions

Meeting reactions

Ritualised meeting reactions have been described for Scolopendra cingulata Latreille, 
1829 (Klingel 1960), Cormocephalus anceps anceps Porat, 1871 (Brunhuber 1969) and 
observed in Scolopendra galapagoensis Bollman, 1899 (Kronmüller 2010, unpublished 
data). When two specimens meet, each attempts to grasp the posterior region of the 
trunk of the other with its last pair of legs (Figure 2C).

In head to head contact both rapidly swing round the posterior part of body and 
attempts to grip the other with the ultimate, followed by the more posterior legs. 
Brunhuber’s plate 1A shows that the legs are parted and hooked over the body of 
the other animal. In this reaction the median spines on the ultimate legs seem to aid 
the grip. Kronmüller (unpublished data) observed that when two Scolopendra dehaani 
meet and they grasp each other in the previous described way, they hold this position 
for several minutes and up to more than half an hour. This ritual may be to avoid any 
aggressive behaviour.

A short video clip of this meeting reaction can also be seen on the website http://
www.scolopendromorpha.com.
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Courtship behaviour

During courtship behaviour in Cormocephalus anceps anceps the “defence posture” is adopt-
ed both partners use their antennae to tap the posterior part of the body especially the ul-
timate legs of the opposite sex (Figure 2D). Tapping and/or stroking with the ultimate legs 
is carried out by both sexes. The ultimate legs are waved sideways and tapped irregularly up 
and down and quite quickly (Brunhuber 1969) [for a recent review see Rosenberg (2009)].

Species recognition

Lewis (1985) argued that as the prefemoral spines on the ultimate legs are directed 
backwards (posteriorly) it is unlikely that they are used to facilitate gripping for which 
they should be directed forwards (anteriorly). He suggested that the function of the 
spines was that of specific discrimination during courtship prior to sperm transfer. If 
this were the case then one would not expect sympatric species to have a similar spine 
arrangement. There followed a lengthy discussion to justify this hypothesis. However 
no evidence has been found in this investigation to support this suggestion.

Figure 2. A Warning posture of Scolopendra spinosissima B Warning posture with lifted ultimate legs 
as well as the last pairs of locomotory legs in Scolopendra galapagoensis C Interlocked ultimate legs in a 
pair of Scolopendra galapagoensis just before mating D antennae tapping under the lifted ultimate legs in 
Scolopendra dehaani in courtship behaviour.
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Laboratory experiments

Material and methods

Laboratory experiments were carried out to further investigate behaviour in prey cap-
ture as well as possible defence reactions in case of a predator attack. To simulate a the 
attack of mammal or bird predator, a piece of foam held with 25cm forceps was used 
to tap the centipedes from above.

The centipedes that were used for the experiments were either adult wild caught 
specimens (Scolopendra heros, Scolopendra subspinipes, Ethmostigmus trigonopodus, Scol-
opendra morsitans, Scolopendra hainanum, Cormocephalus aurantiipes) or, in one case, 
an adult captive bred specimen (Scolopendra galapagoensis).

The specimens were kept for at least 12 weeks before the experiments started in 
plastic containers of different sizes depending on the size of the specimen, with an air 
temperature of 25 degrees Celsius in day-time (around 10 hours illumination with a 
neon lamp) and 20–22 degrees Celsius at night-time. The average air humidity was 
around 70%. All plastic containers had a layer of humus and a piece of bark as a 
hiding-place. Once a week, the humus was sprayed with water to keep it moist and the 
specimen was fed one adult cricket (Gryllus assimilis).

For the experiments, the centipedes were moved to a 20 × 20 cm plastic container 
with a layer of about 2cm humus and left for at least one hour without disturbance 

Figure 3. A Scolopendra dehaani hanging from a camera tripod just using the ultimate legs B Scolopendra 
multidens and C Scolopendra heros showing possible auto mimicry as the ultimate legs and last segments 
of the trunk mimic the head and antennae.
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before the experiments started. After each experiment, the centipedes were left for a 
further hour to recover before the next experiment.

The first experiment involved tapping the centipedes at different parts along the 
length of the body (anterior third, middle third and posterior third) to observe possible 
differences in defense reactions and to compare the responses of the investigated species.

In a second experiment a piece of bark was placed in the container as a refuge and 
the layer of humus was increased to 10cm. A centipede was placed in the container 
and as soon as the first third of the trunk was hidden either by the centipede crawling 
under the bark or by it digging into the humus, the tapping experiments described 
above were repeated.

Photos and short video clips are made with a Canon EOS 60D and a Canon EOS 
6D, connected either to a Canon standard lens (18-55mm) or a Canon macro lens 
(100mm), three Canon Speedlight EX550/EX430 flashes (photos only), a tripod and 
a remote control (video clips).

Results of the laboratory experiments

Initial experiments were carried out on an adult Ethmostigmus trigonopodus (Leach, 
1817) from Tanzania, length 13 cm. When tapped on the first third of the trunk 
(near the head), the centipede attacked the forceps with the forcipules. When tapped 
on the posterior third, or even at the ultimate legs, it adopted the warning position, 
raising the ultimate legs to display the ventral and medial prefemoral spines as well as 
the coxopleural processes which are also equipped with spines. In the most cases the 
centipede directed the warning position towards the forceps by turning the posterior 
segments. In some cases, depending on the strength and speed of the simulated attack, 
the centipede counter-attacked the forceps with the claws of the ultimate legs by chop-
ping down on them after lifting them high into the warning position.

When the E. trigonopodus was tapped in the mid part of the trunk, the centipede 
curled sideways to reach the forceps with the forcipules and the ultimate legs simulta-
neously. These observations were repeated in experiments with Scolopendra heros var. 
arizonensis Kraepelin, 1903 (USA), Scolopendra galapagoensis (Peru), Scolopendra mor-
sitans (Pakistan), Scolopendra cingulata (Spain), Scolopendra subspinipes (Indonesia), 
Scolopendra hainanum Kronmüller, 2012 (China), Scolopendra spinosissima Kraepelin, 
1903 (Philippines), and Cormocephalus aurantiipes (Newport, 1844) (Australia). All 
showed the same warning posture raising the ultimate legs (Figure 2A).

In addition Scolopendra galapagoensis lifted not only the ultimate legs into the 
warning position but also the last 3-4 pairs of locomotory legs (Figure 2B). This may 
be to present the distodorsal prefemoral spines on these legs. This behaviour was not 
seen in S. heros var. arizonensis, the other New World species investigated which lacks 
these spines.

In the experiments with bark and a thicker layer of humus, no difference was ob-
served in the behaviour depending on whether the specimen was tapped on the mid 
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part of the trunk or on the last third. The result was the same when the centipede was 
fed (Schistocerca sp.) and the forcipules as well as the anterior pairs of locomotory legs 
were involved in feeding. In this situation the centipede could not use the forcipules to 
carry out a warning bite and the only defence behaviour was hitting with the ultimate 
legs and stabbing with the ultimate leg pretarsi (claws). The experiment was repeated 
with Ethmostigmus trigonopodus, Scolopendra galapagoensis, Cormocephalus aurantiipes 
and Scolopendra subspinipes, which all showed the same results.

Discussion

The scolopendrid species investigated here have unmodified and relatively robust ulti-
mate legs. Species with very long thin ultimate legs such as some Otostigmus (Otostig-
mus) and Rhysida species, have not been investigated.

Bücherl (1971) stated that “The specimens of Scolopendra and Otostigmus, Cryptops 
and others attack their prey with the last prehensorial anal legs, then the head is rapidly 
curved behind and the venom claws deeply and firmly buried in the body of the prey.” 
Lewis (2010) concluded that there was no evidence to support the suggestion that the 
ultimate legs of Cryptops were involved in the capture of prey, instead suggesting that 
they are defensive; trapping some part of a potential predator and then being autot-
omised as the centipede makes good its escape. Dugon and Arthur (2012) stated that 
several species of scolopendrids had been observed seizing prey with the terminal pair 
of legs and then flicking the anterior half of the body to inject the prey with venom but 
in experiments with Scolopendra subspinipes mutilans Koch, 1878 (now S. subspinipes 
Leach, 1815) prey was only attacked with the forcipules.

We conclude that in the case of the species investigated the use of the ultimate 
legs is primarily for defence, however, should potential prey make contact with the 
centipede, the defensive response and defensive biting will lead to feeding whereas in 
the case of a predator, the centipede will try to escape after one or more warning bites.

Rowland Shelley (email dated 03 January 2011) notes “that there are frequently 
spines on the medial surface of the scolopendrid (ultimate leg) prefemora and I’ve 
always presumed that these must function to hold something steady I had always 
thought this would be prey ... ” We were unable to confirm that scolopendrid cen-
tipedes hold prey or predators between the ultimate leg prefemoral, although in the 
ritualised meeting reaction in some species, the median spines on the ultimate legs 
seem to aid the grip.

The four main functions in species in which the ultimate legs are little specialised are:

1) Acting as hooks to suspend the animal for example from cave ceilings.
2) Warning position, when the legs are raised and splayed to reveal the prefemoral 

and coxopleural spines.
3) Stabbing as a defence, especially when the front part of the trunk and the head are 

unable to carry out any defensive action.
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4) Grasping, the legs being flexed as when two animals assume the defence posture or 
as part of the mating ritual. In this case posteriorly directed spines would aid the 
grip. No evidence was found of objects being held between the prefemora.

The investigated centipedes (S. heros, S. subspinipes, S. morsitans, S. hainanum, S. 
galapagoensis, S. spinosissima, C. aurantiipes, E. trigonopodus) are from different genera, 
different continents and different types of habitat. Nevertheless, their behaviour in 
prey capture and defense reaction do not differ. Also the meeting reaction seems to be 
very similar the same in all observed species.

In addition to the behavioural functions of the ultimate legs, two visual signals 
should be considered:

Auto mimicry

Some scolopendrid centipedes, especially the giant Scolopendra sp. have striking col-
our patterns. In several species, the colouration of the last trunk segments and the 
ultimate legs is the same as the colouration of the head and antennae (Figure 3 B and 
C). Predators may not be able to differentiate between the head and the posterior part 
of the trunk.

Possible signal co-evolution

The warning posture, especially that of Scolopendra galapagoensis, where the last three 
or four pairs of locomotory legs are raised in addition to the ultimate pair, resembles 
that of spiders such as Phoneutria sp. or tarantulas and may be a case of possible signal 
co-evolution.
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