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ABSTRACT

Millipedes are globally distributed most diversified soil fauna on the earth.
Currently estimated species richness of Diplopoda is over 80,000, they are mainly
confined to the tropical and subtropical regions. Pill-millipedes are of
Gondwanan origin with large-bodied detritus feeders feeding on a variety of
litter and surviving up to 12 years. There is little recent study on their phylogeny
even though research on pill-millipedes is centaury old. The phylogenetic
analysis revealed that pill-millipedes originated in the Pre-Jurassic era and they
are microendemic in distribution. It is suggested that the richness of the litter
strata in tropical or subtropical habitats helped the succession of pill-millipedes
since Pre-Jurassic periods. Their microendemic nature and slow-moving nature
severely hindered their distribution. They are under threat owing to human
activities like deforestation and unconventional agricultural practices. Faunistic
records showed many species are extinct and more emphasis should be focused
on their conservation. Conservation of pill-millipedes is the need of the hour and
connecting patchy forests, agricultural lands and reserve forests for conservation.
The present review encompasses a general account of millipedes with diversity,

phylogeny, distribution, endemism and conservation of pill-millipedes.

Keywords: Classification, conservation, distribution, endemism, phylogeny,
threats

1. INTRODUCTION

According to Giller (1996), decomposition (up to 60-90%) of terrestrial primary
production takes place in the soil as a main ecological service. Plant detritus (e.g.,
leaf, bark and woody litter) are often not utilizable immediately as many of the
nutrients are locked up in highly complex physical structures. Such recalcitrant
detritus decomposition is controlled by several edaphic factors (e.g., climate, litter
quality and soil fauna) (Cotiteaux et al., 1995; Gonzalez and Seastedt, 2001; Zhang
et al., 2008). Breakdown of the physical structure of the organic matter is
necessary for transformation through microbial mineralization. Mechanical
breakdown serves as a key factor necessary to increase microbial activities, which

happens via limited routes and such a non-biological phenomenon through
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natural seasonal weathering requires an extended time frame. This leads to the degradation of waxy outer surfaces of leaf and bark
litter and the eventual breakdown of structural components into simpler constituents (Chapin et al., 2002). The climatic conditions
and litter chemistry are the major regulators of plant litter decomposition (Meentenmeyer, 1978; Aerts, 1997). Climatic conditions in
humid tropics have narrow variations, thus litter chemistry significantly plays an important role in determining the transformation
of detritus by soil invertebrates as well as microbiota (Henegan et al., 1999; Gonzalez et al., 2001).

One of the most efficient biological routes of mechanical breakdown of plant detritus is by detritivorous soil macroinvertebrates
as an integral part of the soil ecosystem (e.g., earthworms, snails, insects, mites and millipedes). Arthropoda, the earth’s major
component of biological diversity has a dynamic role in ecosystem services especially the decomposition of plant-derived litter and
humus formation (Plowman, 1990; Wilson, 1992; Stork, 1993; Golovatch et al., 1995; Giller, 1996). They fragment organic matter
through grinding (increasing the surface area), mixing (with soil minerals) and enhancing channeling (improve the soil structure)
(Nicholson et al., 1966; Webb, 1977; Hanlon, 1981; Cofiteaux and Bottner, 1994). Such fragmentation results in an increase in surface
to volume ratio of detritus and facilitates the growth of mineralizing microorganisms (e.g., bacteria and fungi). Even though various
methods have been employed to understand litter decomposition in terrestrial ecosystems, Prescott (2005) argued that an accurate
estimate of litter decomposition in forests depends on the fate of fecal material generated by the soil fauna as a product of litter
breakdown. The fecal pellets of millipedes in temperate regions (Glomeris marginata) attract earthworms (Octolasion lacteum and
Lumbricus castaneus), thus incorporating the fecal pellets into the soil and elevating carbon mineralization (Bonkowski et al., 1998;
Scheu and Wolters, 1991). Stork and Eggleton (1992) proposed a sole index of soil quality by combining non-biological (chemical,
hydrological and physical) with biological (microbial) criteria to account for the function of soil invertebrates with their diversity
and species richness as keystone species. The activity of millipedes is governed by the chemistry of litter at wide narrow spatial
scales and thus they are reliable indicators of qualities of soil (Warren and Zou, 2002). Interestingly, giant millipede Seychelleptus
seychellarum (Spirostreptidae) endemic to Seychelles consumes litter of 73.6 kg/day has been considered a keystone species in

Cousine Island (Lawrence and Samways, 2003).

2. MILLIPEDES

The fourth-largest class of Arthropoda is the Diplopoda, which belongs to the Devonian period as well as the largest terrestrial
arthropods (after Hexapoda Crustacea and Chelicerata) (Bueno-Villegas et al.,, 2003; Sierwald and Bond, 2007; Shear and
Edgecombe, 2010). Among 80,000 estimated species in all continents (except for the Antarctica), 12,000 described species are
assigned to 2,947 genera in 145 families under 15 orders with three subclasses (Helminthomorpha, Penicillata and Pentazonia)
(Hoffman 1980; WCMC, 1992; Heywood and Watson, 1995; Golovatch et al., 1995; Hoffman et al., 2002; Bueno-Villegas et al., 2003;
Shelley, 2003; Sierwald and Bond, 2007). Millipedes are housed in 268 repositories in 143 countries (9 and 77 of them consist of over
20,000 and over 1,000 specimens, respectively). However, Asia, Africa, Central America and South America are deficient of
millipede collections (Sierwald and Reft, 2004). Even though the class Diplopoda is the most diverse among terrestrial organisms,
their morphology phylogeny and diversity are less studied compared to other arthropod groups (Sierwald and Bond, 2007).

According to Sierwald and Bond (2007), currently, eight orders of millipedes have been extinct (Amynilyspedida,
Archidesmida, Arthropleurida, Cowiedesmida, Eoarthropleurida, Euphorberiida, Microdecemplicida and Pleurojulida). They are
the oldest millipedes in the mid-Silurian (Cowiedesmus eroticopodus) and Lower Devonian (Archidesmus macnicoli) periods. In the
Carboniferous period, several millipedes including pill-millipedes were recovered (e.g., order: Amynilyspedida) (Hannibal and
Feldmann, 1981). A decline in fossil records was seen subsequently and several Spirobolida were described from Mongolia in the
late-Cretaceous period (Kraus, 1974; Dzik, 1975). Amber-preserved millipedes have been collected belonged to the Oligocene period
(Shear, 1981). Millipedes belonging to Callipodida, Choreumatida, Glomerida, Polyxenida and Polyzoniida are known from the
Baltic amber (Sierwald and Bond, 2007).

Millipedes show a wide range of lifestyles, reproductive strategies and lifespan (1-11 years) (Carrel, 1990; Dangerfield and
Telford, 1991). The extended lifespan has been linked with the consumption of poor quality dietary sources (Blower, 1985). Tropical
millipedes possess a larger body size than their temperate equivalents (e.g., Julidae and Spirostreptidae; 2 g vs. 40 g) (Lawrence,
1984; Dangerfield and Telford, 1989). Similarly, increased body size of millipedes inhabiting high altitudes was reported Enghoff
and Baez (1993). The larger body size is advantageous to tolerate increased moisture stress and enhance the burrowing ability
(Manton, 1977; Baker, 1980). The size of the body is known to influence energy acquisition as well as utilization, which in turn,
affects the decomposition rates of organic matter (Peterson and Luxton, 1982). Millipedes are rich in tropical and temperate forests,
but some have adapted to extreme habitats (e.g., freshwater habitats, marine littoral habitats, deserts, tundra and caves) (Golovatch

and Kime, 2009). Depending on the structural features, five morphotypes have been identified: i) Bristly millipedes or bark-dwellers
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(Polyxenidae); ii) Pill-millipedes or rollers (Glomeridae and Sphaerotheriidae); iii) Bulldozers or rammers (Julidae); iv) Wedge or
litter-splitters (Polydesmidae); v) Borers (Platydesmidae) (Kime and Golovatch, 2000). Millipedes contribute significantly to the
turnover of organic matter in soil through fragmentation, ingestion and fecal pellet production. Mechanical fragmentation of plant
detritus influences the rates of decomposition by conditioning suitable for microbial processing (Swift et al., 1979). Millipedes are
known to be highly sensitive even to a single factor like litter thickness, and thus inventory of their richness and diversity helps to
explicitly evaluate the negative or positive impacts on forestry or agricultural practices.

The order Glomerida consists up to 280 species in 33 genera, which has Holarctic distribution (Southern North America, Europe
and North Africa, and Asia except for India) (Wesener, 2010; Shelley and Golovatch, 2011). On the contrary, the order
Sphaerotheriida encompasses up to 343 species in 25 genera endemic to the Ethiopian, Oriental and Australian zoogeographic
regions (Wesener, 2014). The following sections briefly review literature pertaining to pill-millipedes (order, Sphaerotheriida)

distributed in various paleotropic regions.

3. DIVERSITY AND DISTRIBUTION

The order Sphaerotheriida consists of two families Sphaerotheriidae and Zephroniidae with two (Sphaerotheriinae and
Arthrosphaerinae) and three (Zephroniinae, Castanotheriinae and Rajasphaerinae) subfamilies, respectively (Fig. 1). The subfamily
Sphaerotheriinae consists of two tribes: Sphaerotheriini (two genera) and Cyliosomatini (three genera). The subfamily
Arthrosphaerinae also consists of two tribes: Arthrosphaerini (one genus) and Zoosphaeriini (three genera). The family
Zephroniidae consists of three subfamilies (Zephroniinae, Castanotheriinae and Rajasphaerinae). The subfamily Zephroniinae has
two tribes: Zephroniini and Sphaeropoeini with nine and three genera, respectively. The subfamilies Castanotheriinae and
Rajasphaerinae consist of three genera and one genus, respectively. Overall, the family Sphaerotheriidae encompasses 201 described
species in 9 genera, while the family Zephroniidae has 142 described species in 16 genera. Species belonging to the order
Sphaerotheriida are microendemic to the Ethiopian (130 species in 6 genera), Oriental (181 species in 16 genera) and Australian (32

species in 3 genera) zoogeographic regions (Wesener et al., 2010a; Wesener, 2014) (Fig. 2).

Order: Sphaerotheriida

I

Families I
Sphasrotheriidas Zzphroniidas
Sub families Sub families |
hasrotheriinas Asthrozphaerinas E iinas
i 2 g Castanotheriinas Rajasphasrinas
Tribes Tribss | Teibes Camotherium (50)  Raiasphasra(l)
. i Cyliosomatini : ini cini PP O Castanotheroides (3
Sphasrotheriind Asthrosphazrini Zoosphaeriini b—lI“m“m Sphaeropoaini Sec helliosoma (1) :
2 3 Borwobelum (2 Lepoprotopus (1)
Sphasroterion (54) Prociiosoma(12) Arrosphaem (40) Zoosphaerion €D G D GREUORTO),
Kulindotherium (1)~ Qvliosoma (18) Sphaeromimus (10) = .
Ginoslopus (1) Microsphasrotherium (2) O2x (1) Tigridogphasra(4)
ep SANTOP, = Indosphaera (2)
Kophosphasra (4)
Lepwrelopus (1)
Prionobeium(T)
Sphasrobelum (5)
Zephronia (37)

Figure 1. Current scheme of classification of the Order Sphaerotheriida (number of species in parentheses).
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Figure 2. Distribution map of Sphaerotheriida in Ethiopian, Oriental and Australian zoogeographic regions.

3.1 Sphaerotheriidae

Individuals of the family Sphaerotheriidae are giant pill-millipedes with disjunct distribution predominantly in the Southern
Hemisphere (South Africa, Madagascar and Indo-Australia) (Jeekel, 1974). Subsequently, wiped out in the intermediary geographic

locations owing to hostile climatic circumstances. Currently, up to 201 nominal species in nine genera have been described from

Southern Africa, Madagascar, India, Sri Lanka, Australia and New Zealand (Wesener et al., 2010a; Wesener, 2014).

Fifty-four species in the genus Sphaerotherium and one species Kylindotherium leve were recorded from South Africa (Wesener
and Vanden Spiegel, 2009). Six species of Sphaerotherium are known from Northern South Africa (Redi et al., 2005). Sphaerotherium
punctulatum and S. giganteum were broadly spread in post-mining transformed, naturally regenerated and mature dune forests,

while the Sphaerotherium spp. 1, 2 and 3 were confined to the mature sites and another Sphaerotherium sp. was found in post-mining

transformed and mature sites in South Africa.

Up to 62 species of Zoosphaerium (Pocock, 1895; Wesener et al., 2010b; Wesener, 2014), 10 species of Sphaeromimus (De Saussure
and Zehntner, 1902; Wesener, et al., 2014) and two species of Microsphaerotherium (Wesener and Van den Spiegel, 2007) were
explored from the Madagascar. According to Wesener and Sierwald (2005a), the genus Sphaeromimus shares certain characteristics
with other genera like Arthrosphaera as well as Zoosphaerium. De Saussure and Zehnter (1897) showed the genus Sphaeromimus as a
single male specimen (Sphaeromimus musicus) from the Malagasy of Madagascar. Later, two new species of Sphaeromimus (S.
inexpectatus and S. splendidus) have been described by Wesener and Sierwald (2005a) from the patches of littoral forests (Mandena
and Sainte Luce) of southern Madagascar. All three species of Sphaeromimus collected from the forests were restricted to semi-
humid habitats (1,000 m asl). Sphaeromimus inexpectatus was restricted to patches of the littoral forest floor of Mandena (5-30 cm dry
leaf litter covered with fruits). In Sainte Luce littoral rainforest, juveniles and adults of S. splendidus were found in 30-80 cm thick
wet leaf litter. Recently, Wesener et al. (2014) discovered seven new species of Sphaeromimus (S. andohahela, S. andrahomana, S.
ivohibe, S. lavasoa, S. saintelucei, S. titanus and S. vatovavy) in Madagascar. As these species are microendemic, human interference in

such littoral forest patches and mining activities leads to extinction of these millipedes. Fascinatingly, the members of the genus
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Zoosphaerium were also found in three collection sites along with Sphaeromimus. Despite geographic barriers (e.g., rivers and hills)
amid the Sainte Luce and Mandena littoral rainforests, the annual precipitation drastically differs, which might have geographically
restricted these pill-millipedes. From the native woodland (100 and 120 m asl) and at a low altitude (87 m asl) in the mixed
woodland of Marianne (Seychelles), Hill et al. (2002) collected two individuals of Cyliosomella furciparum.

Table 1. Distribution of Arthrosphaera spp. on the Indian subcontinent.

Location . e
Location Pill-millipede Reference
code
1 Adyanadka, Karnataka A. magna Ashwini (2003)
Arthrosphaera sp.; Ashwini (2003);
2 Agumbe, Karnataka
A. lutescens Kadamannaya (2008)
o . A. disticta; Achar (1986);
3 Alagarkovil hills, Tamil Nadu ) .
A. dalyi Paulpandian (1966)
Annamalai hills A. davisoni Pocock (1899)
Bababudangiri hills, Karnataka A. carinata Attems (1936)
Basarikallu, Karnataka Arthrosphaera sp. Kadamannaya (2008)
A. wroughtoni;
7 Bombay, Maharashtra . Pocock (1899)
A. atrisparsa
Chenganacherri, Kerala Arthrosphaera sp. Achar (1986)
Coimbatore, Tamil Nadu A. fumosa Pocock (1899)
10 Courtalam, Tamil Nadu A. gracilis Attems (1936)
11 Dharvad, Karnataka A. versicolor Kadamannaya (2008)
12 Ganjam, Orissa A. transitiva Attems (1936)
13 Kadaba, Karnataka A. dalyi Kadamannaya (2008)
14 Karkala, Karnataka A. magna Achar (1986)
. A. magna; Attems (1936);
15 Khandala hills, Maharashtra o
A. davisoni Achar (1986)
16 Kodaikanal, Tamil Nadu A. hendersoni Attems (1936)
17 Kollur, Karnataka Arthrosphaera sp. Ashwini (2003)
18 Kotagiri, Tamil Nadu A. marmorata Pocock (1899)
19 Kudremukh, Karnataka A. davisoni Kadamannaya (2008)
20 Kulthupuzha, Kerala A. lutescens Attems (1936)
21 Lonavala, Maharashtra A. magna Attems (1936)
22 Maddathoray, Tamil Nadu A. lutescens Attems (1936)
o Kadamannaya (2008);
23 Madikeri, Karnataka A. fumosa
Achar (1986)
A. heterosticta;
) A. severa; Pocock (1899),
24 Madpras, Tamil Nadu . .
A. inermis; Attems (1936)
A. pygostolis
25 Marian shola, Palani hills, Tamil Nadu | A. scholastica Attems (1936)
26 Nilgiri hills, Tamil Nadu A. thurstoni Pocock (1899)
o ) A. dalyi;
27 Palani hills, Tamil Nadu o Pocock (1899)
A. nitida
28 Parambikulam, Kerala A.craspedota Attems (1936)
29 Phonda Ghats, Maharashtra A. magna Attems (1936)
30 Rajahmundry, Andra Pradesh A. magna Attems (1936)
31 Sagara, Karnataka A. zebraica Chowdaiah (1966a)
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32 Sakleshpur, Karnataka Arthrosphaera sp. Chowdaiah (1966a)
33 Salem, Tamil Nadu A. bicolor Pocock (1899)
34 Sampaje, Karnataka A. magna Ashwini (2003)

) . A. magna; Attems (1936);
35 Shevaroy hills, Tamil Nadu )

A.thurstoni Pocock (1899)

36 Thirthahalli, Karnataka A. lutescens Achar (1986)
37 Thumbri, Karnataka A. carinata Ashwini (2003)
38 Travancore, Kerala A. inermis Attems (1936)
39 Ulvi, Karnataka A. craspedota Kadamannaya (2008)
40 Uppala, Karnataka A. hendersoni Kadamannaya (2008)
41 Varadalli, Karnataka A. zebraica Kadamannaya (2008)
42 Wayanad, Kerala A. nitida Achar (1986)

Figure 3. Distribution map of Arthrosphaera on the Indian Subcontinent (see location code in Table 1).
Sphaerotheriid millipedes are generally associated with tree species in Africa (Haacker and Fuchs, 1972). Arthrosphaera brandti
was recorded in Amani (Tanzania) possibly introduced from Sri Lanka (Enghoff, 1977). Pocock (1899) published a monograph

consisting of 27 species of Arthrosphaera based on the collections (Government Central Museum, Madras, India; Sri Lanka and
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Burma). Subsequently, Attems (1936) gave an exhaustive report on the Indian diplopods and currently up to 40 species are found in
the southern plateau in India as well as Sri Lanka (156 and 2,130 m asl) (Pocock, 1899; Attems, 1936; Chowdaiah, 1962, 19664, b, c,
1969; Chowdaiah and Kanaka, 1974; Achar 1986; Janardanan and Ramachandran, 1983; Ashwini, 2003; Kadamannaya, 2008) (Table
1; Fig. 3). They are residents of regions with sufficient rainfall in the Western Ghats as well as Eastern Ghats forests of peninsular
India (Maharashtra, Karnataka, Kerala, Tamil Nadu and Andhra Pradesh states). Some Arthrosphaera is common in the high
altitudinal regimes of the Western Ghats (1,430-2,130 m asl) (e.g., A. carinata, A. dalyi, A. davisoni, A. fumosa, A. hendersoni, A. nitida,
A. scholastic and A. disticta) (Attems, 1936, Achar, 1986; Sridhar and Ashwini, 2011; Ambarish and Sridhar, 2016, Ambarish and
Sridhar, 2018). Arthrosphaera magna is extensively spread in the foothills of coastal regions of three states (Maharashtra, Karnataka
and Tamil Nadu states) (156—450 m asl) (Attems, 1936; Achar, 1986; Ashwini and Sridhar, 2008). About five Arthrosphaera species
were found in the Western Ghat forests in the one-time survey in nine localities each of forests and plantations (Kadamannaya et al.,
2010). Seasonal survey (monthly) in the forests and adjoining plantations situated in the foothills of the Western Ghats showed
extensive activities of pill-millipedes with high richness and biomass in mixed plantations managed by organic manure than in
natural forests (Ashwini and Sridhar, 2006; Kadamannaya et al., 2010). The coastal regions (120-150 m asl) showed scanty
distribution possibly owing to low forest cover, deficient litter strata and soil erosion (Ashwini, 2003). In the litter strata of the
coastal Acacia plantation close to Uppala (Kerala State; ~10 km inside to the west coast), a few young Arthrosphaera magna were
found. Similarly, Arthrosphaera hendersoni was plentiful in mixed plantations close to Uppala (Kadamannaya et al., 2010). Among the
10 species of Arthrosphaera found in Sri Lanka (A. brandti, A. corrugata, A. dentigera, A. inermis, A. leopardina, A. noticeps, A. pilifera, A.
rugosa, A. rugulosa and A. versicolor) only A. inermis is common to India and Sri Lanka (Attems, 1936).

Australian Zoogeographic regions are dominated by pill-millipedes of the tribe Cyliosomatini. The pill-millipedes of Australia
was explored by Silvestri (1917) by reporting 11 species of Procyliosoma and 15 species of Epicyliosoma. Jeekel (1986) recorded single
species in the genus Cynotelopus from the Australian continent. Historically, the investigation of the pill-millipedes of New Zealand
was revised by Silvestri (1917) and the pill-millipedes of New Zealand were placed under two genera: Cyliosoma and Procyliosoma.
Holloway (1956) further revised the Sphaerotheriidae of New Zealand and authenticated five major species in the genus
Procyliosoma (Procyliosoma delacyi delacyi, P. delacyi striolatum, P. leiosomum, P. tuberculatum tuberculatum and P. tuberculatum
westlandicum). However, he also reported four additional species of Procyliosoma plentiful in decaying leaves as well as rotten logs in
New Zealand forests (700 m asl). Meads and Fitzgerland (2001) found P. tuberculatum on Mokoia Island in New Zealand.
Sphaerotherium species were also reported from New Zealand (S. angulatum, S. leiosomum and S. novae-zealandiae) (Holloway, 1956).

Another endemic is Sphaerotheriid Epicyliosoma excavatum has recorded in Queensland as well as New South Wales (Jeekel, 1986).

3.2 Zephroniidae

Pill-millipedes belonging to the order Zephroniidae dominated in Southeast Asia and up to 142 nominal species have been
described in 16 genera. Several species in the tribe Zephroniini and Sphaeropoeini were found in Southeast Asia (Wesener and
Vanden Spiegel, 2009; Wesener, 2014). Recently four species such as Tigridosphaera bimaculata, T. evansi, T. globusmagicus and T.
zonata have been reported by Jeekel (2001). The genus Rajasphaera consists of only one species (Rajasphaera montana) known from
Borneo Island (Attems, 1935). Likewise, the genus Sechelliosoma also possesses single species (Sechelliosoma forcipatum) in the islands
of Seychelles (Mauries, 1980). Zephronia siamensis has been recognized in Kosichang-Chantaboon, Thailand (Hirst, 1907; Engohff,
2005). Similarly, Zephronia moderata as well as Z. tivia were found in Java and Sumatra, respectively (Chamberlin, 1945). Prionobelum
joliveti, a new species has been described from Hainan (China) in comparison with Zephronia hainani by Mauries (2001). Recently,
Wongthamwanich et al. (2012) described another new species of the pill-millipede belonging to the genus Sphaerobelum based on

molecular analysis from Northern Thailand.

4. ENDEMISM

Hopkin and Read (1992) opined that owing to limited mobility resulted in a high degree of speciation as well as the evolution of a
large number of endemic millipedes. Unlike other fauna, millipedes have a narrow range and disjunct pattern of endemism. For
instance, the East African coastal forests are well known for the diversity of endemic millipedes (Hoffman, 1993; Burgess, 1998).
According to Hamer and Slotow (2002), a large number of described millipedes (243 species: ~50%) is known from single localities
less than 10 km separation. In South Africa, the millipede’s endemism has been divided into four classes: i) Site endemics (<10 km);
ii) Local endemics (<70 km); iii) Regional endemics (<150 km); iv) South African endemics (inside the country) (Hamer and Slotow,
2002). This approach is judicious instead of following the area occupied based on the occurrence or lack of a species from one

locality or between two or more localities. Endemic millipedes have numerous precise ecological and life-history characteristics like
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poor powers of dispersal, restricted to sporadic habitats, strongly seasonal, only active during wet periods with low levels of
fecundity (Harvey, 2002). Examination of millipedes having limited dispersal abilities is highly valued to follow their evolution and
biogeographic history (Wesener et al., 2010a).

Wesener and Sierwald (2005a, b) described the endemism of Sphaeromimus and Zoosphaerium in Madagascar owing to limited
abilities of dispersal. Sphaeromimus inexpectatus is microendemic in a patch of the littoral forest floor of Mandena (5-30 cm cover of
dry leaf litter). In Sainte Luce littoral rainforest, juveniles and adults of S. splendidus were also microendemic and restricted (wet leaf
litter thickness, 30-80 cm). Wesener (2009) emphasized endemism in Madagascar and stated that 26 out of 55 species of
Zoosphaerium are geographically endemics and 42 species are ecosystem endemics.

Attems (1936) also opined that Arthrosphaera has a limited range of distribution (endemic to a single location) in Peninsular
India. Such endemic and restricted distribution in Southern India as well as Sri Lanka, denote highly amiable soil edaphic factors
for their inhabitation. The presence of more than one Arthrosphaera species was not seen despite inventorying 70 sites in 14 Western
Ghat forests and plantations (Ashwini and Sridhar, 2008). Such a pattern of endemism with restricted distribution was also seen in
one Zoosphaerium and two Sphaeromimus in the forest patches of Madagascar (Wesener and Wagele, 2007). Nevertheless, 2-3 species
were noted within 200 m transects in the Western Ghat forests (Kadamannaya et al., 2010). The Western Ghat forests can be divided
into different pill-millipede distributional zones (Ashwini, 2003; Kadamannaya, 2008): i) High altitude Kodagu (Madikeri) and
Kudremukh (Basrikallu) regions are known for A. fumosa and A. davisoni, respectively; ii) The Western Ghat foothill regions are
dominated by either A. dalyi (Kadaba and Uppinangadi) or A. magna (Karkala and Adyanadka); iii) Forests of Sagar and Shimoga
are dominated by A. disticta (Shankaraghatta) and A. zebraica (Ulvi) (Western Ghats), respectively; iv) One of the gigantic
Arthrosphaera sp. was confined to three Western Ghat locations (Hulikal, Kollur and Nittur).

5. THREATS AND CONSERVATION

It is necessary to understand various threats, possible conservation measures and futurology of pill-millipedes in peninsular India.
Highly populated pill-millipedes are facing natural and human threats often in their habitats. The predators like mongoose, crow,
wild boars and ants attack these millipedes often as their food source (Khadka et al., 2022). Mass cultivation of exotic plantations
especially Acacia, Casuarina, Eucalyptus, Grevillea and Tectona in the Western Ghats has a major impact on the habitat destruction of
Arthrosphaera. Litter generated from the exotic plantations is not easily degradable, not palatable due to rich phenolics or volatile
compounds and changes the soil conditions unfavorable for pill-millipedes. The floors with exotic vegetation will affect the
chemistry as well as the water-holding capacity of soil leading to interference feeding, egg laying, juvenile activities and molting of
pill-millipedes. However, limited plants along with heterogeneous natural vegetation as forestry practice may not be a major threat
to the invasion and survival of these millipedes. The road killing of pill-millipedes is a major issue of human interference.
Construction of roads, dams and railway tracks demands a major area of virgin forests, which are the stabilized habitats of
protection of pill-millipedes. Forest fragmentation, encroachment and use of chemicals in agriculture are the additional potential
threats to the survival and activities of these endemic pill-millipedes.

Pill-millipedes mainly require moist and shredded litter strata for inhabitation and are thus traditionally considered important
for forest-dwelling invertebrates. Surprisingly, most of the organically managed plantations of the foothill parts of Western Ghats
are invaded by pill-millipedes. Unlike fast-moving and migrating arthropods, pill-millipedes are ground-dwelling with limited
mobility need special restoration and conservation measures of their habitats. Specific conservation measures need to be
implemented for pill-millipedes imply that such measures restore and protect much associated fauna of the ecosystem. The current
fragmentary knowledge on the lifestyle and endemism of pill-millipedes hampers planning their restoration and conservation. One
of the positive signs of restoration comes from the invasion of organically managed heterogeneous plantations by the species of
Arthrosphaera in the foothills regions of the Western Ghats. Ecological restoration is an important issue in the conservation of several
threatened soil fauna. Basic ecological knowledge of a specific target species is necessary for successful population restoration and
supporting their new population (Bullock et al., 1996). Many threatened invertebrates rely on habitat restoration for their long-term
security, thus restoration of existing local fauna has been considered an important approach in conservation and management
strategies (New, 2009). Restoration measures have been proposed for threatened millipedes in Seychelles and Seychelles Island
(Lawrence et al., 2012). Similarly, pill-millipedes should be considered for conservation on priority in the Western Ghats because of
their long history of Gondwanan origin and active role in organic matter recycling. An ecological network has been projected for
the conservation of Gondwanan giant pill-millipedes of Western Ghats by following the basic approaches proposed by Pryke and
Samways (2012) (Fig. 4). The current landscape of Western Ghats reveals that most of the forests (including the sacred groves) are

fragmented by roads and social forestry (monoculture or multiculture plantations). The ecological networks are necessary for those
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forests under threat from agricultural activities and other anthropogenic pressures. The ecological network consists of corridors
almost in a linear fashion sufficient to connect the patchy forest habitats. The corridor should mimic the wild habitats for the normal
movement of millipedes and other fauna. The network connects the fragmented forest regions with other protected areas like
scared groves and virgin forests in most parts of the Western Ghats.

Forest

L

ST Corridor-1

[ FONDESREIT——-

—‘—’ ’,\)‘:'-‘.---.' . ;
= Corridor-2

-
-
-

Forest

Figure 4. The illustration of possible ecological network corridors to connect fragmented forests and foothill plantations of the
Western Ghats of India for conservation of threatened pill-millipedes (plain area, forest reserve and protected areas; gray shade,
mixed and monoculture plantations (i.e. hub for pill-millipedes); dotted area, buffer zone. Corridor 1, connects forests to prevent
human interference; Corridor 2, connects forests and plantations with interference by human inhabitation; Corridor 3, establishes a
connection between patchy mixed plantations and buffer zone connections; Corridor. 4, to construct passage across the
road/subways to connect fragmented forests and plantations for free movement of pill-millipedes (passage should mimic the
natural habitat) (after Pryke and Samways, 2012).

Besides networking, various strategies could be implemented at local and regional scales for ecofriendly conservation and
utilization of pill-millipedes of the west coast and Western Ghats of India:
i Survey maps should be constructed for different locations of the west coast and Western Ghats (forests and plantations)
consisting of pill-millipedes to earmark as “pill-millipede banks’ for restoration.
ii. Additional efforts should be invested to trace the distribution of pill-millipedes on ethnic knowledge of local people on the
west coast and the Western Ghats.
iii.  Organic farming should be practiced, the use of agricultural chemicals in pill-millipede invaded plantations should be
curtailed, and heterogeneity of plantations and organic matter accumulation on the floor should be maintained.
iv. Activities of pill-millipedes will be during the monsoon period, which continues till post-monsoon, thus population
expansion should be considered during such period to improve successful restoration.
v. Practice of urban organic waste utilization through pill-millipede compost round the year helps to meet the manure

requirements at household or local or regional levels.
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vi. Creating awareness and providing guidelines to local people for conservation and reap the advantage of ecological
services of millipedes and earthworms to maintain the ecological balance.

vii. If large-scale cultivation is possible, the use of millipedes' byproducts in industries or for research (e.g., chitin and
pharmaceuticals) should be supported.

6. OUTLOOK

Pill-millipedes belonging to the Order Sphaerotheriida are the important soil biotic component of the forest ecosystem in
paleotropics. They serve as important indicators of soil quality and fertility. They are facing many threats due to human
interference and need conservation strategies to utilize their ecosystem services. Conflicts between wildlife and human interests
have increased in the recent past due to population explosion and anthropogenic pressures on wildlife habitats, especially the forest
ecosystem. Ecological impacts of roads and traffic are important environmental issues for environmental managers and ecologists
(Spellerberg, 2002). Such landscape alterations have a dramatic negative impact on the wildlife habitats. Western Ghats regions of
India are experiencing extensive changes during the last century due to the development of plantations as well as townships.
Fragmentation by roads severely affected the South African coastal forest dunes (Northern KwaZulu-Natal), especially by the
mining and post-mining activities (Weiermans and Aarde, 2003). Millipede sensitivity serves as an authentic fingerprint of drastic
climatic changes caused by human interference, especially litter chemistry at restricted spatial scales (1 m to 10 m) compared to
earthworms (Warren and Zou, 2002; Jean-Frangois, 2009). Climate change towards desiccation especially by vegetation clearing has
a major threat to the decline of the millipede population in Australia (Moir et al., 2009). Goodman and Benstead (2005) opined that
the priority of conservation depends on two important criteria like estimates of species diversity and levels of endemism.
Unfortunately, the biological exploration of millipedes in the tropics is still in its infant stage in spite of their high biodiversity and
heterogeneity.

Habitat preservation and restoration become utmost importance to conserve pill-millipedes and in turn soil fertility (Bonham et
al., 2002; Snyder and Hendrix, 2008; Lawrence et al., 2012). Considerations and specific strategies need to be implemented to
develop corridors for wildlife including millipedes during roadways through forests. In the west coast and Western Ghat
plantations, two plantation practices are followed: i) Making basins for each plant/tree to apply organic manure and rows of
bunds/trenches to enable water as well as manure application (e.g., Areca, coconut and coffee plantations), which has resulted in the
migration of pill-millipedes from forests to plantations; ii) A significant association was found between the biomass of Arthrosphaera
in the Western Ghats against soil organic carbon (Ashwini and Sridhar, 2008); in forest floors of foothill of the Western Ghats region
(e.g., Mundaje, Gundya and Sampaje) consist of rocks and boulders with the increased population of Arthrosphaera owing to
retention of sufficient organic matter in their terrain; large scale conversion or disruption of natural terrain exerts negative pressure
on the habitat preference of pill-millipedes.

Pill-millipedes” sensitivity to ecological fluctuations at narrow spatial scales qualifies them to employ as reliable indicators of
superior soil quality or superior habitat for their restoration. Preservation of native tree classes in the surroundings of the
plantations produces mixed leaf litter suitable feedstock for pill-millipedes. Even though ex situ annual active periods of pill-
millipedes are narrower than the rest of the soil fauna, they process a large quantity of organic matter and generate a huge amount
of fecal pellets leading to improvement of soil fertility. There are many knowledge gaps on the pill-millipedes of paleotropics.
Assessment of the diversity and ecological functions of pill-millipedes especially in Australian and Oriental Zoogeographic regions
have been neglected. Understanding the precise conditions required for their activity and survival will be valuable for conservation
as well as to consider them as indicator species. Studies on their behavior will be helpful to rear in the laboratory or controlled
conditions in view of transforming organic solid wastes into manure. It is necessary to integrate morphological, cytological,

biochemical and molecular strategies to strengthen pill-millipede taxonomy and phylogeny.
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