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PREFACE

Millipedes are an ecologically important group of soil detritivores. Although
abundant, millipedes are poorly known and difficult to identify. Their taxonomy is
confusing, with many species in Africa as yet undiscovered and undescribed, The
distributions of species are also poorly understood. Owing to poor dispersal ability,
millipedes have high levels of endemism, making them wulnerable to habitat
modification, and hence the urgency to describe millipede diversity and distribution
patterns.

In addition, most existing classifications of arthropods are based on morphological
characters. Some of these characters are not taxonomically informative, because they
vary intraspecifically. Therefore, some classifications need to be re-evaluated by revising
genera into monophyletic taxa, in addition, several new taxa need to be described.

The taxonomic study of African spirostreptid millipede genera presented here
attempts to clarify the generic and specific limits of the taxa, improve taxonomic
resolution and revise distribution data. The study should improve our fragmentary
knowledge of millipede diversity, distribution patterns and processes/events that
influence diversification.

This thesis is presented as a series of published papers. A general introduction
forms the first chapter, followed by published papers which make up the results section.
The papers are taxonomic revisions of the genera Bicoxidens, Spirostrepius,
Plagiotaphrus and Archispirostreptus, as well as descriptions of new species from East
Africa. The last paper assesses genetic divergence and cryptic diversity in some of the
genera by comparing mitochondrial DNA gene sequences. The last chapter is a general
discussion and conclusion.

The general introduction briefly introduces the terms taxonomy and systematic, and
discusses species concepts. Furthermore, the introduction covers the diversity and
ecological importance of millipedes. This section also discusses the threats to biodiversity
caused by habitat alterations. The taxonomic problems among millipedes are identified,

current trends in millipede taxonomic research are briefly described and useful taxonomic
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characters are discussed. Lastly, the importance of taxonomic research is highlighted in
light of the biodiversity crisis.

The taxonomic revision of Bicoxidens includes descriptions of three new species,
an identification key to species, and a tentative phylogeny. An additional new species
from northern Zimbabwe is described in a separate paper. In addition, factors that
influence distribution patterns and levels of endemism are discussed.

The genus Spirostreptus is redefined and described in the third chapter. A new
genus and a new species are described, and new distribution records are added. This
revision demonstrates that diversity and distribution data of millipedes are incomplete.

Plagiotaphrus, which is probably the least known genus in the study, is revised to
clarify generic boundaries and include new distribution records. The new distribution
records suggest that the genus has a wider range than previously thought.

Archispirostreptus is the most widely distributed among the genera under review.
Some species names are synonymised or removed from Archispirostreptus. The generic
boundaries are re-defined resulting in splitting of the genus. A new genus, with three new
species, is erected. Subtle intra-specific variations in genitalic morphology of some
species suggest the existence of species complexes.

The publication on the spirostreptids of Taita Hills, Kenya, includes descriptions of
new species and new distribution records of several taxa. The material was identified
from unprocessed specimens in the Royal Museum of Central Africa, Belgium. This
demonstrates that several taxa have not been described and that taxonomic research needs
to increase.

The last manuscript looks at genetic divergence in the genera and phylogenetic
relationships using mitochondrial 16S rRNA and CO1 gene sequences. Both genetic
markers confirmed monophyly of the spirostreptids and the taxonomic validity of the
genera, and suggest the presence of cryptic species in Bicoxidens.

The discussion and conclusion section explain the high levels of endemism and
distribution patterns reported in this study. In addition, this section summarizes the
challenges facing millipede taxonomists and conservationists, suggests areas that require

urgent investigation, and recommends approaches to enhance millipede conservation.
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ABSTRACT

Past taxonomic work on millipedes has been largely inaccurate and incomplete. It is
important therefore that modem millipede systematics involves taxonomic revisions and
biogeographic reviews of taxa, and phylogenetic analyses using new techniques and
informative taxonomic characters (including gene sequences). The Afrotropical genera
Archispirostreptus Silvestri 1895, Bicoxidens Attems 1928, Plagiotaphrus Attems 1914
and Spirostreptus Brandt 1833 belonging to the order Spirostreptida and family
Spirostreptidae were identified as problematic taxa because of the ambiguity of their
genetic limits and their undetermined distributions and species richness. In this study,
taxonomic revisions of the four genera were undertaken using morphological characters,
mainly relating to the male genitalia. Furthermore, genetic divergence of
Archispirostreptus, Bicoxidens, Orthoporoides Krabbe 1982, Doratogonus Attems 1914,
Plagiotaphrus, Cacuminostreptus Mwabvu 2010 and Spirostreptus, and intra-specific
variation in Bicoxidens flavicollis Attems 1928, were assessed. In addition, phylogenetic
relationships among the genera were inferred by analyzing sequences of the
mitochondrial 168 rRNA and cytochrome ¢ oxidase 1 genes. Bayesian, maximum
parsimony and neighbour-joining analyses were performed on each dataset to determine
genetic distances and phylogenetic relationships among the taxa.

In addition to defining the generic boundaries of these faxa using genitalic
morphology and reporting new distribution records, two new genera (Namibostreptus and
Cacuminostreptus), three new species of Cacuminostrepius, five new species of
Bicoxidens, a new species of Spirostreptus, and three new species (Bucinogonus aviceps,
Lophostreptus minimus and Tibiozus vulgaris) from Taita Hills, Kenya, were described.
These new taxa illustrated that in millipedes, the number of known taxa increased mostly
due to discoveries in previously unsurveyed biomes. Furthermore, unlike non-genitalic
characters such as body size, genitalic morphology provided characters of taxonomic
value for diagnosing taxa.

Based on the gene sequences of Archispirostrepius, Bicoxidens, Orthoporoides,
Doratogonus, Plagiotaphrus, Cacuminostreptus and Spirostreptus, the order Spirostreptida
is monophyletic (Bayesian posterior probability 1.00). High genetic distances (> 20 %)




supported the taxonomic validity of the genera, including the recently described
Cacuminostreptus. In addition, sequence differences between genera are congruent with
classifications that are based on genitalic morphology. However, the high sequence
divergence values also suggest slow genitalic evolution relative to molecular evolution.
This supports the notion that millipede gonopod morphology underestimates species
richness. Within the colour-polymorphic B. flavicollis, high sequence divergence among
populations (168 rRNA = 6 %; CO1 = 19.1 %) suggests the presence of cryptic species.
Although taxon sampling was limited, these results are largely concordant with
morphological evidence. Because the circumscriptions are corroborated by different lines
of evidence, they are considered reliable and present data of greater predictive value.
Findings suggest that sequence data can be used in integrative taxonomy of spirostreptids
to identify cryptic diversity and to re-assess classifications based on genitalic morphology.
However, until taxon sampling improves and a large database of DNA sequences is
established, comparative morphology will continue to be the dominant tool in millipede
taxonomy.

The genera Bicoxidens, Plagiotaphrus and Spirostreptus are endemic to Southern
Africa, while Archispirostreptus occurs throughout Africa and in the Arabian Peninsula.
Although the genera are widespread, many species in woodland and montane vegetation
are endemic. This suggests that vegetation types and climatic factors influence the
distribution patterns of millipedes and demonstrate that most species have narrow
distributions. Furthermore, distribution ranges differ among taxa, with the small-bodied
species having more restricted distributions.

The taxonomic revisions of Bicoxidens, Archispirostreptus, Plagiotaphrus and
Spirostreptus have illustrated that millipede diversity is underestimated, that generic
boundaries need to be re-examined in other genera, and that biogeographical data on most
taxa are incomplete. Therefore, future taxonomic research on millipedes should focus on
sampling in unsurveyed localities, revising the taxonomy and distributions of more genera,
increasing the pace of descriptions of new taxa and DNA sequencing, and producing
identification keys to the species. This will assist to produce stable classifications which
would provide reliable data for other disciplines, including biodiversity monitoring and

conservation.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 Introduction

The definition of taxonomy and its position in relation to systematics is an on-going debate
among biologists (see Wheeler, 2008; Enghoff, 2009). Many workers, including Wheeler,
consider systematics a sub-discipline of a broader field of taxonomy; others look at taxonomy
as a small part of systematics (Quicke, 1993). Many definitions of taxonomy have been
proposed, in many cases the terms taxonomy and systematics have been used synonymously
(Quicke, 1993; Wheeler, 2008). Enghoff (2009) listed seven activities associated with
taxonomy, among these are classifying, identifying, comparing, describing and naming of taxa.
In this thesis, in order to avoid ambiguity, taxonomy is defined as a science of identifying,
naming and classifying organisms, and is viewed as an important part of systematics, a
discipline in which the evolutionary relationships (phylogeny) among organisms are
determined (Quicke, 1993; Dayrat, 2005). As such, taxonomies are based on evolutionary
principles (De Queiroz & Gauthier, 1992).

Different sources of taxonomic data, including morphology, ecology and genetics, are
used in taxonomy (Lee, 2004). According to Sadava er al. (2008), morphological data based on
the shape, size and presence of body attributes have been the basis for taxonomy in most
organisms. Although recent advances in DNA sequencing have resulted in increased use of
molecular data in systematics, morphology is still a major source of data for describing taxa
(Schlick-Steiner et al., 2007; Lefébure et al., 2006), particularly in poorly studied groups such
as invertebrates (see Lefébure et al., 2006),

The classification of organisms is based on a hierarchical system, which begins with
species (the smallest and most exclusive taxonomic unit), above which there are mandatory
categories (kingdom, phylum, class, order, family and genus) (De Queiroz & Gauthier, 1992).
All known species have to be assigned to a taxon in each of these categories, for example
related species would be placed into the same genus (De Queiroz & Gauthier, 1992). Although
the term species is widely used in biology, what constitute a species is still debatable. This has
been exacerbated by the drive to use DNA sequences to delimit species (see Lee, 2004;
Lefébure et al., 2006), despite weak correlation between genetic divergence and reproductive




isolation (Lee, 2004; Adams et al., 2009), and lack of consensus on the genes (Lee, 2004) and
divergence thresholds to use in determining species boundaries (see Lefébure er al., 2006;
Wiemer & Fiedler, 2007; Meier et al., 2006). Bond and Sierwald (2002} also reported that
definition of species based only on gene sequences or morphology could be misleading.

Despite its importance as the currency in conservation (Agapow er al., 2004) and its
wide use in biological disciplines (see Agapow et al., 2004; Balakrishnan, 2005; Padial & De
la Riva, 2006; Pfenninger et al., 2006), there is substantial contention about the definition of
species (Gaston & Spicer, 1998; Barton, 2001; Wiens, 2004). As a result, more than 20 species
concepts have been proposed (Hey, 2001; Agapow et al, 2004), among these are the
biological, morphological and phylogenetic species concepts. The biological species concept is
based on reproductive isolation caused by the presence of biological barriers {Wiens, 2004;
Agapow et al., 2004). The phylogenetic species concept, which identifies more species than
traditional concepts (Gaston & Spicer, 1998), describes a species as a group of individuals
having common ancestry, and forming a single branch on a phylogenetic tree (Agapow e al.,
2004; Wiens, 2004). Finally, the morphological species concept describes species using
heritable body and structural characteristics (Gaston & Spicer, 1998), for example, male
genitalia (Funk, 1999). Descriptions of most known species are based on the morphological
characters (Gaston & Spicer, 1998; Lefébure et al., 2006; Padial et al., 20 10).

The choice of species concept in taxonomic research is critical to address the research
questions adequately, because it could have implications for how organisms are assigned to .
taxonomic categories (Lee, 2004). Depending on the species concept applied, species may be
“split”, thus increasing the number of species, or “lumped” (Agapow e al., 2004; De Queiroz,
2007). Generally, using the phylogenetic species concept increases the number of recognised
species (Agapow ef al., 2004). In this study, the morphological and phylogenetic species
concepts are probably the most appropriate, because the former represents the widely used
traditional approach, and the latter, the new and sometimes complementary approach. It is
important to note that morphology-based classifications of organisms may match their
phylogeny (Padial & De la Riva, 2010), however, sometimes the two are discordant (see
Pfenninger et al., 2006; Vogler & Monaghan, 2007). How species are delineated based on the
different species concepts has implications for the accuracy of species boundaries, which in
turn is critical in addressing evolutionary, conservation and biogeographic questions (Dayrat,
2005).

The biodiversity crisis, largely due to the modification and destruction of natural
habitats, has resulted in many species facing extinction, most of them before they have been




classified and described (Quicke, 1993). As a result, efforts are being made to describe taxa
before they become extinct. Besides the need to describe thousands of newly discovered
species each year (Padial & De la Riva, 2006), taxonomic revisions are also required because
many taxa are incorrectly classified or grouped with unrelated species (see Dayrat, 2005;
Meier, 2008). Therefore, taxonomic research is critical in re-assessing earlier classifications, in
order to ascertain the taxonomic validity of taxa, for identifying and describing new species,
and for determining morphological and genetic variation, and evolutionary relationships among
taxa using modem techniques (Meier, 2008). Furthermore, reliable species lists and distribution
data are presented and keys to species identification produced. All these outcomes of careful
taxonomic study are immediately and strongly applicable to conservation planning and
management {Padial & De la Riva, 2006).

1.2 Millipedes and other invertebrates

The most numerous, diverse and specialized animals in ecological systems are
invertebrates (Campbell er al., 2008; Freeman, 2005; New, 1995). They make up 95 % of
known animals and occupy most habitats (Campbell et al,, 2008). Yet, despite their high
abundance and high species richness, invertebrates are under-studied. Most invertebrates
remain undescribed; the ecology and distributions of described groups are incompletely known
(New, 1995), and their taxonomy is confusing,

In recent years, the ecological importance of invertebrates in natural ecosystems has
being increasingly recognized. Some invertebrates form an important link in ecological systems
by facilitating decomposition of organic matter. In addition, the burrowing activity of some
groups of invertebrates improves soil structure (New, 1995). Soil fertility and nutrient cycling,
as well as the physical properties of the soil such as aeration, are also enhanced (Lee, 1991
Dangerfield & Telford, 1991).

As with other organisms, many invertebrate groups are probably facing extinction
because of increasing habitat modification, anthropogenic habitat loss and habitat
fragmentation (see Hamer, 2000; Hamer & Slotow, 2009). Thus far, the viability of populations
of several invertebrate species (Freeman, 2005), including millipedes (Hamer & Slotow, 2009)
and indigenous South African earthworm species, which have a narrow distribution and occur
only in forests (Hom et al., 2007), have been threatened. As such, conservation of invertebrates
needs to be prioritised (Hamer & Slotow, 2002). However, the knowledge gaps that exist in
taxonomy, ecology and geographical distribution of invertebrates (including millipedes), are




impediments to their conservation, and to our understanding of their role in ecosystems (see
Hamer & Slotow, 2009).

In some terrestrial ecosystems, millipedes are a major part of the soil macrofauna
(Bueno-Villegas et al., 2008; Crawford, 1992), in terms of the numbers of species and biomass
(Dangerfield, 1990). In tropical environments, high densities of large-bodied millipedes
emerge from the soil during the rainfall season. Dangerfield and Telford (1989) reported
population densities of up to 15 individuals per square meter in Miombo woodland. As
detritivores, not only do millipedes enhance organic matter breakdown (Bond & Sierwald,
2002; Sierwald & Bond, 2007), but they also mix organic matter with upper soil layers
(Edwards et al., 1970). Furthermore, millipedes have characteristically high ingestion rates,
low assimilation efficiencies and high egestion rates, all of which positively modify soil
structure and characteristics (Dangerfield & Telford, 1991). In Miombo woodland, millipedes
consume an estimated 30.6 % of annual litter fall (Dangerfield & Telford, 1989) and they
produce up to 21 faecal pellets per day per individual (Mwabwu, per. obs.). The high densities
of surface active millipedes during the rainfall season, their large body size relative to other soil
invertebrates and relatively high faecal pellet production, suggest a much greater importance of
these detritivores in the tropics than previously thought (Dangerfield & Telford, 1989).

Although several millipede species co-occur in the savanna biome in Southern Africa
(Mwabvu et al,, 2009), millipedes typically have low vagility, high levels of endemism
(Hopkin & Read, 1992; Hamer, 2000; Hamer & Slotow, 2002; Marek & Bond, 2006; Druce et
al., 2007, Hamer & Slotow, 2009) and narrow geographical distributions (Sierwald & Bond,
2007). Millipedes are vulnerable to desiccation, as their spiracles cannot close completely, thus
they tend to occur in patchy, moist micro-habitats, and do not disperse over long distances
(Hopkin & Read, 1992). Consequently, many millipede species are geographically isolated and
occur in small areas (Hopkin & Read, 1992; Druce ef al., 2007). Their specific habitat
requirements and poor dispersal ability make millipedes particularly vulnerable to habitat
disturbance and extinction (Hamer & Slotow, 2000; 2002). Thus, millipedes can be potential
indicators of ecosystem functioning and environmental quality {see Hamer, 2000; Hamer &
Slotow, 2002).

Despite being conspicuous, important in ecological processes, diverse, range-
restricled, and habitat-specific, millipedes remain under-utilised in biodiversity and
conservation studies because of the lack of data on their diversity and distribution patterns
(Hamer & Slotow, 2000). In Southern Africa, the paucity of taxonomic and distribution data
has also been reported in other invertebrate groups, such as earthworms (Horn et al., 2007)




and spiders (Foord et al., 2008). Compared to other arthropods in the tropics, an understanding
of millipede diversity is incomplete (Sierwald & Bond, 2007), largely because of the scarcity of
millipede taxonomists (Hamer, 1997). Consequently, the number of new species described
annually has decreased in recent years (Sierwald & Bond, 2007). Meanwhile, many species are
probably facing extinction because of habitat destruction (Hopkin & Read, 1992).

1.3 Spirostreptid millipede taxonomy, phylogeny and distribution

Approximately 12 000 millipede species (Sierwald & Bond, 2007; Marek & Bond,
2007; Bueno-Villegas et al., 2008) of an estimated 80 000 species (Sierwald & Bond, 2007)
have been described. Millipedes occur on all the continents except Antarctica, and are speciose
in tropical and temperate forests (Bueno-Villegas er al., 2008). Currently, 2 947 genera
(Sierwald & Bond, 2007) are grouped into 145 families in 16 orders (Sierwald & Bond, 2007;
Bueno-Villegas e al., 2008). In Southern Africa, 552 species belonging to 71 genera have been
described (Hamer, 2000).

Millipede orders, including Spirostreptida, are taxonomically stable and they are
considered monophyletic (Sierwald & Bond, 2007). Phylogenies of polydesmid genera using
morphological and molecular characters have been studied (Bueno-Villegas ef al., 2008; Marek
& Bond, 2006; Marek & Bond, 2007). With respect to the Spirostreptidae, Hamer and Slotow’s
(2000) phylogeny of Deratogonus Attems 1914 species, which was not resolved, and a
tentative phylogeny of Bicoxidens Attems 1928 species (Mwabwvu et al., 2007), have been
published. Both phylogenies were based on morphological data, mainly based on genitalic
characters. Phylogenetic studies using molecular data have not been undertaken in spirostreptid
genera. The reason for this, amongst many others, could be because many genera have not been
revised (Hamer, 1999), and because few spirostreptids have had their DNA sequenced.

The Order Spirostreptida, which is the second largest after the Polydesmida (Hoffman
et al., 1996), contains four diverse families (Spirostreptidae, Harpagophoridae, Odontopygidae
and Julomorphidae) of relatively large, cylindrical and worm-like millipedes that have between
40 and 70 body rings (Hamer, 1999). The family Spirostreptidae contains the largest-bodied
millipedes in the order Spirostreptida, which are differentiated from the other three families
by the absence of a dorsal spine on the anal valves (found in the Odontopygidae), the absence
of a dorsal spine on the preanal ring (found in some Harpagophoridae), or the lack of a
reduced first pair of male legs (found in the Julomorphidae) (Hamer, 1999).

The last published taxonomic account of the family Spirostreptidae by Krabbe (1982)




listed 52 African genera. The family contains the understudied, large-bodied and common
afrotropical spirostreptid genera, Archispirostreptus Silvestri 1895, Plagiotaphrus  Attems
1914, Spirostreprus Brandt 1833 and Bicoxidens, whose taxonomy and distribution have not
been reviewed since Krabbe (1982). The first three genera are morphologically similar, in
terms of body colour and body size range, making it difficult to identify them without specialist
knowledge (see Enghoff, 1992; Mwabvu et al., 2009a; Mwabvu ef al., 2009b; Mwabvu et al,
2010). Apart from Archispirostreptus, which is widely distributed in Africa (Mwabvu er al.,
2010), the other three genera oceur in Southern Africa only (Mwabvu er al., 2009a; Mwabvu et
al., 2009b). Krabbe (1982) listed 15 species and five subspecies of Archispirostreptus, six
species of Bicoxidens, six species of Spirostreptus (previously Triaenostreptus Attems 1914)
and three species of Plagiotaphrus. Based on my observations, the definitions of these genera
are ambiguous and questionable, the validity of some species is doubtful and many species
have not been described. These observations are consistent with Hamer's (2000; 2009)
conclusions on Doratogonus, which is the most common and speciose spirostreptid millipede
genus in Southern Africa.

The actual geographic distributions of many millipede species are unknown because
identifications are difficult and distribution data are incomplete (Hamer, 2000), Millipedes in
un-surveyed localities or in unprocessed museum collections could reveal undescribed taxa or
new distribution records (Sierwald & Bond, 2007). According to Hamer and Slotow (2002) the
paucity of data on the number of species and distribution patterns of millipedes hinders
conservation efforts. Only after extensive sampling and after taxonomic reviews of genera are
undertaken, will the distribution patterns of millipedes, and the factors that influence the
patterns, be understood. Given these gaps in knowledge and that taxonomy provides data for
biogeographical studies and conservation planning, taxonomic research on millipedes is

critical,

1.4 History of taxonomic research in millipedes

Among the taxonomists who contributed immensely to the taxonomic knowledge of
millipedes worldwide are Attems, Cook, Karsch, Silvestri, Koch, Brandt, VerhoefT,
Chamberlin, Pocock, Schubart, De Saussure, Porat, Brolemann, Karsch (Sierwald & Bond,
2007), Hoffman, Lawrence, Kraus and Peters (Krabbe, 1982). According to Sierwald & Bond
(2007), Attems, Chamberlin and Verhoeff each described more than 1 000 millipede species.
Other notable contributions were by Silvestri who described 684 species, and Carl, Schubart,




Brélemann, Loomis and Pocock who each described between 300 and 400 species (Sierwald &
Bond, 2007).

The spirostreptid fauna of Southem Africa was extensively studied pre-1970 by Attems,
Lawrence and Schubart. More recently, Dangerfield and Telford (1989; 1991) studied
millipede ecology. Hamer (2000) revised the taxonomy of Doratogonus and described 15 new
species, presented a checklist of Southern African millipedes (Hamer, 1998) and a key to the
identification of Southern Africa genera (Hamer, 1999). Despite these contributions, millipede
taxonomy remains problematic and is a huge challenge to the small group of taxonomists
(Sierwald & Bond, 2007) working on African millipedes.

1.5 Taxonomic problems in millipedes

Only 12 % of existing millipede diversity has so far been described (Hoffman, 1993:
Sierwald & Bond, 2007) and several taxonomic problems have been identified. Hence,
taxonomic research on millipedes needs to increase and should focus on taxonomic descriptions
of taxa, specifically genus and species diagnoses, inferring phylogenetic relationships and
determining distribution pattems of the taxa.

The classification of millipedes in general has many nomenclatorial problems at
different taxonomic levels (Hoffman, 1991). Some genera are poorly defined and not
monophyletic (Hamer, 1999), and very little is known about millipede phylogeny (Sierwald &
Bond, 2007). Hamer (2000) reported that problems in millipede taxonomy are a result of the
choice of morphological characters used. Good taxonomic characters should diagnose taxa
consistently and the characters should not be influenced by environmental conditions (Krabbe,
1979). Traits that are plastic, such as body size for example, which varies intra-specifically in
the spirostreptids, are taxonomically uninformative (Enghoff, 1992). Furthermore, descriptions
of some species were based on few specimens or female specimens only, and other descriptions
did not compare male genitalia among described taxa, which resulted in isolated descriptions
and erection of invalid taxa (Hamer, 2000). As a consequence, many taxa have been
misidentified (Hamer, 2000) and many of the taxonomic and biogeographic data are
incomplete (Redman & Hamer, 2003). The lack of expertise in collecting, identifying and
publishing results (Hamer, 1997; Bond & Sierwald, 2002) compound these problems. Based on
this evidence, taxonomic revisions, which are a major part of modem millipede taxonomy
(Sierwald & Bond, 2007) and which lead to identification of monophyletic taxa (Smith, 1964),
should be the focus of taxonomic research,




Taxonomic revisions of genera should also be undertaken using informative characters.
These taxonomic reviews, such as that of Doratogonus (Hamer, 2000), not only identify
taxonomically useful characters and define taxa boundaries, but also update data on species
composition and distribution patterns, provide keys to species identification and accumulate
data that can be used in conservation planning. The importance of taxonomic and distribution
data to conservation was highlighted in the assessment of Doratogonus which lead to 14
species being identified as facing extinction (Hamer, 2009).

For African millipedes specifically, the problems in taxonomy were illustrated in
Hamer’s (2000) review of the diverse genus Doratogonus. In brief, Hamer (2000) indicated
that accurate distribution data are scarce and that many species were synonyms or undescribed.
These problems are compounded by post-colonial name changes to several regions and towns
in Africa, that make the actual identification of localities from literature or specimen labels
problematic. In addition, some type specimens on which species descriptions are based, are
missing from museum collections. Furthermore, political strife in many countries has rendered

several regions inaccessible to taxonomists.

1.6 Taxonomic characters

According to Winston (1999) taxonomic characters can be morphological, genetic,
chemical, physiological, behavioural, reproductive or ecological. However, Quicke (1993)
cautioned against assuming that all such characters are of taxonomic value, because their
expression may be influenced by age, nutritional status or diet and the organism’s health or
stage in its breeding cycle. In millipedes, morphological features are the primary sources of
taxonomic characters and species descriptions are based on morphology of body characters
and male genitalia (Hamer, 2000). Recent advances in molecular techniques have made DNA
sequences an additional source of taxonomic characters. For example, DNA sequences have
been used to reassess morphology-based classifications in other non-volant invertebrate taxa,
such as annelids (Kupriyanova et al., 2006), polydesmid millipedes (Marek & Bond, 2007)
and spirobolid millipedes (Bond & Sierwald, 2002).

Taxonomic characters need to be defined unequivocally and should be homologous
(Pfenninger et al.,, 2006; see Lee, 2004; Dayrat, 2005; Meier, 2008). This is of particular
importance in millipedes because external attributes appear to be of limited taxonomic value
because they are often correlated with the habitats of the animal, thus making them unreliable
indices of taxon validity (Krabbe, 1979). Although some external characters are plastic and




taxonomically uninformative, in the spirostreptid millipedes the homology of male gonopod
features is not contentious and, therefore, gonopods are comparable between species
(Hoffman, 1971).

External body features have also been employed as secondary taxonomic characters in
millipedes (Hamer, 2000). These characters include the shapes of prefemoral processes of the
first pair of legs of males, the shape of the collum, the body colour, number of body rings and
the size of the body (Hamer, 2000). Although body size can be used to distinguish taxa at
higher taxon level, its usefulness appears to vary among taxa (Enghoff, 1992). Generally, size
is not a reliable taxonomic character in spirostreptid millipedes because it is influenced by
ancestry, age, sex, food quality and quantity, altitude, latitude, habitat and coexisting
competitors (Enghoff, 1992). Habitat type influences body size in millipedes because of the
size-desiccation resistance correlation; for example, specimens of Archispirostreptus
tumuliporus judaicus (Attems 1926) from arid areas have larger and a greater number of body
rings than those of the same stadia from different habitats (Enghoff, 1992), Enghoff (1992)
also reported that two coexisting species are likely to differ in size and exploit different
micro-habitats to reduce direct competition. Thus, size can distinguish sympatric species, as
in Anadenobolus spp. (Bond & Sierwald, 2002). Although closely related species may have
similar body size ranges, Enghoff (1992) cautioned against using body size as a taxonomic
character because of size polymorphism and convergence in most invertebrates. However,
because the addition of new body rings is terminated after reaching maturity, the number and
diameter of body rings are potentially useful taxonomic characters in spirostreptid millipedes
(Enghoff, 1992).

1.6.1 Genitalic morphology

Male genitalia/gonopods of arthropods are assumed to be fast evolving and diverging
(Svensson et al., 2004; Jacob et al., 2004; Taylor & Knouft, 2006; Soto et al., 2007). Thus,
these structures have been used extensively in taxonomy as the main source of diagnostic
characters (Bond et al., 2003; Jacob et al., 2004; Marek & Bond, 2006; Sierwald & Bond,
2007; Soto et al., 2007) and form the basis of hypothesized phylogenetic relationships. Because
they do not vary widely within species (Huber et al., 2005), male gonopods are considered
reliable indices of taxon validity (Hamer, 2000). Although several hypotheses have been
reported to explain the evolution of genital morphology, two have considerable support. The
lock and key hypothesis states that the evolution of male genitalia is driven by selection to fit
into female genitalia (Huber er al, 2005; Soto er al., 2007), while the sexual selection




hypothesis explains the rapid evolution of male genitalia compared to other traits is driven by
selection for increased reproductive success (Soto et al., 2007).

Male gonopods have been used in millipede taxonomy for more than 100 years
(Krabbe, 1979). They are derived from the anterior pair of legs of the 7" body ring, the
posterior pair being lost in the adult stage (Hamer, 1999). The gonopod has two main parts, the
telocoxite and the telopodite, which are useful in distinguishing taxa (Hamer, 1999), While the
proximal half of the telopodite is enclosed by the enlarged and variously modified coxite, the
distal part is free and emerges from the coxite anteriorly (Hamer, 1999). Hoffman (1971; 1991)
considered male genitalia to be consistent indicators of millipede identity because they are
homologous and, therefore, comparable between species. However, because of morphological
stasis, when morphological change does not occur because of stabilizing selection (Bickford
et al., 2006, Adams et al., 2009), speciation may occur in the absence of morphological
divergence in male genitalia (Bond et al., 2003), especially in sibling species (Winston,
1999). Hence, using only gonopod morphological characters to diagnose or distinguish
millipedes could result in fewer taxa being recognized (Bond & Sierwald, 2002).

Bond and Sierwald (2002) observed that genitalic morphology was too inclusive and
failed to separate genetically distinct millipede species in the Anadenobolus excisus complex,
Bond et al. (2003) also reported speciation in the absence of clear morphological divergence
in male genitalia. That being the case, groups that were differentiated using gonopod
morphology need to be re-evaluated against other character suites, particularly molecular
characters, because genitalic morphology alone could underestimate diversity (Sierwald &
Bond, 2007; Padial et al., 2010).

Although recent advances in molecular techniques have resulted in increased use of
DNA sequences in species identification and estimating phylogenies (Meier, 2008),
morphology-based taxonomy is still extensively used in delimiting taxa (Schlick-Steiner et al.,
2007). However, as molecular sequencing techniques become increasingly available, more
taxonomists are advocating exclusive use of DNA in alpha taxonomy (Tautz et al., 2003;
Hebert et al., 2003; Hebert et al., 2004).

1.6.2 DNA in taxenomy

In the past, the requirement of fresh biological material limited the use of DNA in
taxonomy (Quicke, 1993). However, advances in polymerase chain reaction and gene cloning
technologies allow extraction of usable DNA from old specimens (Quicke, 1993). As a result,
using DNA in species identification has increased in recent years (see Bond & Sierwald, 2002;
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Tautz et al, 2003; Hebert et al, 2004; Brower, 2006: Bickford er al., 2006; Vogler &
Monaghan, 2006; Hickerson er al., 2006; Hajibabaei er al., 2007; Wiemers & Fiedler, 2007;
Van Velzen ez al., 2007; Bums et al., 2008), and has helped to identify cryptic species and
improve taxonomic resolution (Will et al., 2005).

DNA sequence data can be used in taxonomy in two different but not exclusive ways,;
DNA barcoding and DNA taxonomy. DNA barcoding uses a short section of DNA to identify
species (Dasmahapatra & Mallet, 2006; Vogler & Monaghan, 2006; Winston, 1999; Will &
Rubinoff, 2004) by sequencing a gene from an unknown specimen (Tautz ef al., 2003; Hebert
et al., 2003; Moritz & Cicero, 2004; Winker, 2009; Van Velzen er al., 2007), after which the
sequence is compared to reference sequences in the database (Wiemers & Fiedler, 2007). The
mitochondrial cytochrome ¢ oxidase Subunit 1 (CO1) gene is widely considered a suitable
marker (Hebert et al., 2003; Hajibabaei et al., 2007). This system was proposed as a rapid
method for identifying and discovering species (Hebert et al., 2003; Blaxter, 2004: Hebert ef
al., 2004; Gregory, 2005; DeSalle ¢t al., 2005; Rubinoff et al., 2006; Vogler & Monaghan,
2006; Wiemers & Fiedler, 2007). Currently, DNA barcoding is considered better suited for
distinguishing taxa than determining species boundaries (Will & Rubinoff, 2004). In DNA
taxonomy, sequences that are not in databases are highlighted for taxonomic study, leading to
definition of taxon boundaries (see Vogler & Monaghan, 2006). Thus, DNA barcoding would
identify unknown groups prior to taxonomic descriptions (see Moritz & Cicero, 2004; DeSalle
et al., 2008).

Potentially, DNA sequences complement other sources of data in identifying cryptic
diversity (Rubinoff et al., 2006; Gregory, 2005; Pfenninger et al., 2007) and resolving
taxonomic problems that other approaches fail to solve (Pfenninger et al., 2007), particularly in
groups such as spirostreptid millipedes that are considered taxonomically difficult (Sierwald &
Bond, 2007). Therefore, several authors advocate using DNA characters (Tautz et al., 2003;
Bond et al., 2003), more so because sequencing techniques are becoming available to more
taxonomists, and because there are numerous DNA characters that can be used in phylogenetic
analysis and delimiting taxa (Hillis, 1987).

The use of mitochondrial DNA sequences to complement morphology-based taxonomy
(see Wahlberg & Nylin, 2003; Schlick-Steiner et al., 2006) is likely to reduce misidentification
of species, increase identification of cryptic taxa, and result in faster and reliable identification
(Dayrat, 2005; Dasmahapatra & Mallet, 2006). Using mitochondrial DNA also allows for the
testing of interesting and better phylogenetic hypotheses, and provides data of greater
predictive value (Marek & Bond, 2007; Hajibabaei ef al., 2007). Although they have not been

11




used in taxonomic studies of spirostreptid millipedes, mitochondrial gene sequences have
been employed in taxonomic research of other invertebrates. For example, the mitochondrial
CO1 gene sequences revealed cryptic species in a butterfly genus Cymothoe (van Velzen et
al., 2007) and was used to infer phylogeny in mites and ticks (Cruickshank, 2002), and the
spider genus Apomastus (Bond, 2004), In addition, the mitochondrial 16S rRNA gene
sequences also identified cryptic species in a spirobolid millipede Anadenobolus excisus
(Bond & Sierwald, 2002). At present, only Edgecombe and Giribet (2004) are known to have
used both COl and 165 rRNA genes to assess the phylogeny of centipedes, which are a sister
taxen of millipedes.

The use of DNA sequences in taxonomy is an area of intense debate (Tauz ef al.,
2003; Will & Rubinoff, 2004: DeSalle er al., 2005; Hickerson er al., 2006; Wiemers &
Fiedler, 2007). Critics of DNA in taxonomy have identified several disadvantages of using
only DNA sequences. Among the disadvantages are the lack of standardised sequencing
(Moritz & Cicero, 2004), the use of small and potentially insufficient sections of a gene
sequence, the lack of broader sampling which underestimates intra-specific variation
(Dasmahapatra & Mallet, 2006; Rubinoff er al., 2006; Brower, 2006) and the limited
understanding of biodiversity (Will & Rubinoff, 2004). In addition, Van Velzen er al. (2007
questioned the accuracy of taxon diagnosis when the separation of intra-specific and
interspecific divergence is not consistent. Will and Rubinoff (2004) consider the determination
of the levels of sequence differences that define taxa as arbitrary. Additionally, because of the
limited number of nucleotides, there is greater likelihood of homoplasy (mainly reversals)
occurring in nucleotide sequences than in morphological characters (Fitch, 1997; Simmons,
2000). Furthermore, DNA sequences may fail to distinguish morphologically distinct species
which have recently diverged (Pfenninger er al., 2007), as in the cichlid fish in Lake Victoria
(Tautz er al., 2003). Despite these shortcomings, it is likely that using multiple gene
sequences rather than single gene sequences to separate closely related taxa and
morphologically indistinct species (Mallet & Willmott, 2003; Vogler & Monaghan, 2006)

would increase taxonomic stability and resolution.

1.6.3 Assessment of taxonomic characters

Although morphological data collection is time consuming and requires expertise (see
Bond, 2004), these data give more information about the organism than the limited set of
sequenced genes (Wahlberg & Nylin, 2003). However, morphology, such as the shapes of
structures, is associated with intra-specific variation if the shapes of the structures are
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correlated to their function. As a result, such structures could be taxonomically unreliable,
Apart from the additional complication of phenotypic plasticity, morphology-based taxonomy
is limited by failure to detect cryptic diversity (see Pfenninger er al., 2006) and reliance on
one life stage of an organism to diagnose taxa (Bond, 2004), In addition, besides the low
character/taxon ratio in morphology-based taxonomy, some morphological characters are
ambiguous and not independent (Scotland et al., 2003) to estimate phylogenies reliably. More
importantly, the definition and coding of non-discrete morphological characters by
taxonomists are ofien unclear or subjective (Scotland er al., 2003), leading to biased
comparisons and resulting in inaccurate phylogenies. According to Scotland et al. (2003),
such ambiguities are not found in nucleotides because the unit of comparison occurs in all
taxa. However, because morphological characters can have potentially many character states,
homoplasy is not a serious problem as in molecular characters, which have a limited number
of character states (Smith, 1994).

Among the problems of using only DNA sequences in taxonomy, are the facts that
sequenced genes constitute a small fraction of an organism’s genome, that sequences which
diverge by less than 5 % are considered conspecific in some groups and that sequences do not
provide additional biological information (Lipscomb et al., 2003) compared to when species
are described using morphological, ecological and behavioural characters (Hillis, 1987). In
addition, DNA may fail to diagnose recently diverged taxa (Pfenninger er al., 2006) because
morphologically distinct species could have similar CO1 sequences (Wiemer & Fiedler, .
2007).

Although DNA sequences complement morphological data (Mallet & Willmott, 2003)
by identifying cryptic diversity (see Bond, 2004), sequencing technology may be unavailable
in developing countries (which coincidentally have the most biodiversity), because of the
prohibitive costs of setting up laboratories and the shortage of expertise (Seberg et al., 2003).
However, it takes a relatively shorter time to master molecular techniques than morphology-
based methods (Bond, 2004).

With increasing use of DNA taxonomy as an identification tool, many biologists
advocate an integrative approach using all the available evidence in species discovery and
distinguishing species (Will & Rubinoff, 2004; Gregory, 2005; Dayrat, 2005; Brower, 2006;
Schlick-Steiner et al., 2006; Dasmahapatra & Mallet, 2006; Bickford et al., 2006: Wiemers &
Fiedler, 2007; Winker, 2009; Padial et al., 2010). Phylogenetic analyses which combine
morphological and molecular (mitochondrial and nuclear gene sequences) datasets produce
comparatively more stable and resolved phylogenies, than those that are analysed separately
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(Wahlberg & Nylin, 2003). Given the disadvantages of using one character source in millipede
taxonomy, the integrative approach should produce reliable circumscriptions, reduce
misdiagnosis or misidentification of taxa, and provide reliable data for use in conservation
planning and other fields. Thus using all the available data is not only geing to improve
taxonomic resolution but also make taxonomic conclusions and conservation decisions non-

arbitrary.

1.7 Conclusion

The increasing human population and associated demand for land have increased
pressure on natural environments and threatened survival of many species, particularly
endemics, which may be on the brink of extinction (Hamer, 2009). Because of the threats to
biodiversity due to habitat loss (Hamer & Slotow, 2009), it is essential that surveys and
taxonomic research are conducted to establish species diversity and distribution patterns, The
number of millipede species recorded in Southern Africa is expected to increase substantially
once more localities are sampled, existing aﬁd new material studied, and the genera are revised
(Hamer, 1997).

Using genital morphology and DNA sequence data in taxonomy should reduce
misdiagnoses and misidentifications of taxa, and provide reliable circumscriptions (see Dayrat,
2005; Padial et al., 2010)). Furthermore, revising genera and describing new species should be
prioritised because the results of this are of more than academic interest. Accurate definitions of
taxa have far reaching implications for biogeographic interpretations, phylogenetic conclusions
and biodiversity conservation (see Hamer & Slotow, 2002). The role of phylogenies in
conservation is critical because they show relationships between taxa/populations, thus if
lineages that are threatened with extinction are identified they could be targeted for
conservation. In addition, events or processes that drive diversification could be identified
and studied, and the localities that have high levels of unique taxa should be protected.

After Hamer’s (2000) taxonomi¢ revision of Doratogonus, the other common Southern
African spirostreptid genera Bicoxidens, Spirostreptus, Plagiotaphrus and Archispirostreptus,
were identified as requiring revision because they have nomenclatural problems. Furthermore,
not only are Bicoxidens, Spirostreptus and Plagiotaphrus endemic to Southem Africa, several
species within these genera have not been described and their distribution patterns and
phylogenetic relationships are poorly understood. Additionally, more reliable taxonomic and
distribution data that can be used in biodiversity conservation planning for millipedes are
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needed. As such, taxonomic revisions of the genera using informative morphological characters
to define generic limits and to describe new species are undertaken. In addition, new species of
East African spirostreptid genera that were collected from previously unsurveyed localities are
described. Finally, mitochondrial 168 rRNA and CO1 gene sequences are employed for the
first time in the Spirostreptidae to assess the reliability of morphology-based taxon boundaries.
This is in order to estimate the phylogeny of the taxa, and to investigate intra-specific variation,
inter-specific and inter-generic divergence, and cryptic diversity in the selected taxa.

1.8 Aim of the study

To revise the taxonomy and investigate the biogeographical distribution of selected African
spirostreptid millipede genera, to describe new taxa and to determine the phylogenetic
relationships of the genera. This will contribute to broader understanding of species diversity,
relationships among taxa, their geographical distribution patterns and the factors that determine
these patterns. This information will be important in conservation planning in which millipedes
can be used as surrogate taxa for other soil invertebrates that also have low vagility and narrow
distributions.

tiv he
1. Title of Section: A taxonomic review, phylogeny and biogeography of Bicoxidens.
Objectives:

a) to revise the genus and describe new taxa;
b} to construct a key to species identification; and
¢) to establish phylogenetic relationships and biogeographic patterns of Bicoxidens

species.

2. Title of Section: A taxonomic revision and distribution of Spirostreptus.
Objectives:

a) 1o revise Spirostreptus and describe new taxa;

b) to construct a key to species identification; and

¢) to establish biogeographic patterns.
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3. Title of Section: A review of the taxonomy and distribution of Plagiotaphrus.
Objectives:

a) to ascertain the taxonomic validity of Plagiotaphrus;

b) to construct a key to species identification; and

¢) to establish biogeographic patterns.

4. Title of Section: A review of the taxonomy and distribution of Archispirostrepius.
Objectives:
a) to revise Archispirostreptus and describe new taxa;
b) to construct keys to the identification of the selected genera;
¢) to construct keys to the identification of Archispirostreptus species; and
d) to establish biogeographic patterns of Archispirostreptus spp.

5. Title of Section: Spirostreptid millipedes of Taita Hills, Kenya.
Objectives:

a) to present a checklist of species and

b) to describe new taxa and present a key to identification of species.

6. Title of Section: Genetic divergence and phylogenetic relationships of selected African
genera.
Objectives:

a) to determine genetic divergence among the genera using mitochondrial 16S rRNA
and CO1 genes and to establish whether there is concordance with morphologic
divergence;

b) to investigate intraspecific variation in B. ﬂavicaﬂ:‘s; and

¢) to determine phylogenetic relationships among selected taxa.

16




1.9 References

Adams, D. C., Berns, C. M., Kozak, K. H. & Wiens, J. J. (2009). Are rates of species
diversification correlated with rates of morphological evolution? Proceedings of the Royal
Society B, 276, 2729-2738,

Agapow, P-M., Bininda-Emonds, O. R. P, Crandall, K. A., Gittleman, J. L., Mace, G. M.,
Marshall, J. C. & Purvis, A. (2004). The impact of species concept on biodiversity studies.
The Quarterly Review of Biology, 79(2), 162-179.

Attems, C. (1914). Afrikanische Spirostrptiden nebst Ueberblick iiber die Spirostreptiden orbis
terrarium, Zoologica, 25, 1-233.

Attems, C. (1928). The Myriapoda of South Africa. Annals of the South African Museum, 26,
1-431.

Balakrishnan, R. (2005). Species concepts, species boundaries and species identification: A
view from the tropics. Systematic Biology, 54(4), 689-693,

Barton, N. H. (2001). Speciation. Trends in Ecology & Evolution, 16(7), 325.
Bickford, D., Lohman, D. J., Sodhi, N, §., Ng, P. K. L., Meier, R., Winker, K., Ingram, K.
K. & Das, L (2006). Cryptic species as a window on diversity and conservation. Trends in

Ecology & Evolution, 22(3), 148—155.

Blaxter, M. L. (2004). The promise of a DNA taxonomy. Philosophical Transactions of the
Royal Society B, 3539, 669-679,

Bond, J. E, (2004), Systematics of the Californian euctenizine spider genus Apomastus

(Araneae: Mygalomorphae: Cyrtaucheniidae): the relationship between molecular and
morphological taxonomy. fnvertebrate Systematics, 18, 361-376,

17




Bond, J. E., Beamer, B, A., Hedin, M. C. & Sierwald, P. (2003), Gradual evolution of male
genitalia in sibling species complex of millipedes (Diplopoda: Spiroboloda: Rhinocricidae:
Anadenobolus). Inveriebrate Systematics, 17, 711-717.

Bond, J. E. & Sierwald, P. (2002). Cryptic speciation in the Anadenobolus excisus millipede
species complex on the island of Jamaica, Evolution, 56(6), 1123-1135.

Brandt, J. F. (1833). Tentaminum quorundam monographicorum Insecta, Myriapoda,
Chilognathi, Latreillii spectantium prodromus. Bulletin de la Société Impériale des
Natralistes de Moscou, 6, 194-2009,

Brower, A. V. Z. (2006). Problems with DNA barcodes for species delimitation: ‘ten species’
of Astraptes filgerator reassessed (Lepidoptera: Hesperiidae). Systematics & Biodiversity, 4(2),
127-132,

Bueno-Villegas, J., Sierwald, P. & Espinosa de los Monteros, A. (2008). Phylogeny of the
millipede genus Sphaeriodesmus Peters, 1864 (Polydesmida: Sphaeriodesmidae) based on
morphological characters. Organisms, Diversity & Evolution, 8, 99120,

Burns, J, M., Janzen, D. H., Hajibabaei, M., Hallwachs, W. & Hebert, P. D. N. (2008).
DNA barcodes and cryptic species in skipper butterflies in the genus Perichares in Area de
Conservacion Guanacaste, Costa Rica. Proceedings of the National Academy of Sciences,
105(17), 6350-6355.

Campbeli, N. A., Reece, J. B., Urry, L. A,, Cain, M. L., Wasserman, S. A., Minorsky, P, V.
& Jackson, R. B. (2008). Biology. Pearson Benjamin Cummings, New York.

Crawford, C. S. (1992). Millipedes as model detritivores. Berichze des Naturwissenschaftlich-
Medizinischen Vereins in Innsbruck Supplementum, 10, 277-288.

Cruickshank, R. H. (2002). Molecular markers for the phylogenetics of mites and ticks.
Systematic & Applied Acarology, 7, 3-14.




Dangerfield, J. M. (1990). Abundance,biomass and diversity of soil macrofauna in savanna
woodland and associated managed habitats. Pedobiologia, 34, 141-150.

Dangerfield, J. M. & Telford, S. R. (1989). Are millipedes important for soil fertility?
Zimbabwe Science News, 23(7/9), 66-68,

Dangerfield, J. M. & Telford, S. R. (1991). Seasonal activity of julid millipedes in
Zimbabwe. Journal of Tropical Ecology, 7, 281-285.

Dasmahapatra, K. K. & Mallet, J. (2006).Taxonomy: DNA barcodes: recent successes and
future prospects. Heredity, 97, 254-255.

Dayrat, B. (2005). Towards integrative taxonomy. Biological Journal of the Linnean Society,
55, 407-415,

De Queiroz, K. (2007). Species concepts and species delimitation. Systematic Biology, 56(6),
879-886.

De Queiroz, K. & Gauthier, J. (1992). Phylogenetic taxonomy. Annual Review of Ecology &
Systematics, 23, 449-480.

DeSalle, R., Egan, M. G. & Siddall, M. (2005). The unholy trinity: taxonomy, species
delimitation and DNA barcoding. Philosophical Transactions of the Royal Society B,
360(1462), 1905-1916.

Druce, D. J., Hamer, M. & Slotow, R. (2007). Patterns of millipede (Diplopoda), centipede
(Chilopoda) and scorpion (Scorpionida) diversity in savanna habitats within the Greater
Makalali Conservancy, South Africa. Afvican Zoology, 42(2), 204-215.

Edgecombe, G. D. & Giribet, G. (2004). Adding mitochondrial sequence data (168 rRNA
and cytochrome ¢ oxidase subunit 1) to the phylogeny of centipedes (Myriapoda: Chilopoda):
an analysis of morphology and four molecular loci, Jowrnal of Zoolagical Systematics &
Evolutionary Research, 42, 89-134,




Edwards, C. A, Reichle, D. E. & Crossley, D. A. Jr. (1970). The role of soil invertebrates in
turnover of organic matter and nutrients. pp 147-172. In: Reichle, D. E. (ed.), Analysis of
temperate forest ecosystems; Ecological Studies: Analysis and Synthesis. Chapman & Hall,
London.

Enghoff, H. (1992). The size of a millipede. pp. 47-56. In: Meyer, E. Thaler, K. & Schedl, W.
(eds.) Advances in Myriapodology. Proceedings of the 8" International Congress of
Mymapodology. Berichte des Naturwissenschaftlich-Medizinischen Vereins in Innsbruck
Supplementum 10, 465 pp.

Enghoff, H. (2009). What is taxonomy?-An overview with myriapodological examples. Soil
Organisms, 81(3), 441-451. In: Xylander, W. & Voigtlinder, K. (eds.) Myriapoda and
Onychophora of the World- Diversity, Biology and Importance. Proceedings of the 14"
International Congress of Myriapodology. Girlitz, Germany.

Fitch, D. H. A. (1997). Systematics and Phylogenetic Inference. Date accessed: 15 July 2008.
Available from; Siwww.nyu, rojects/fit urses/evoluti tml/.

Foord, 8, H., Mafadza, M. M., Dippenaar-Schoeman, A. S. & Van Rensburg, B. J. (2008),
Micro-scale heterogeneity of spiders (Arachnida: Araneae) in the Soupansberg, South Africa: a
comparative survey and inventory in representative habitats. 4frican Zoology, 43(2), 156-174.
Freeman, S, (2005). Biological Science. New Jersey: Pearson Prentice Hall,

Funk, D. J. (1999). Molecular Systematic of Cytochrome Oxidase 1 and 165 from
Neochlamisus Leaf Beetles and the Importance of Sampling. Molecular Biology & Evolution,

16(1), 67-82,

Gaston, K. J. & Spicer, J. I (1998). Biadiversitiy: An Introduction. Blackwell Publishing,
Oxford.

Gregory, T. R. (2005). DNA barcoding does not compete with taxonomy. Nature, 434, 1067.




Hajibabaei, M., Singer, G. A, C,, Hebert, P, D. N. & Hickey, D. A. (2007). DNA barcoding:
how it complements taxonomy, molecular phylogenetics and population genetics. Trends in
Genetics, 23(4), 167-172.

Hamer, M. (1997). A preliminary survey of the southemn African millipede fauna: diversity
and conservation (Diplopoda). Entomologica Scandinavica Supplements, 51, 209-217.

Hamer, M. (1998). Checklist of Southern African millipedes. Annals of the Natal Museum, 39,
11-82,

Hamer, M. (1999). An illustrated key to the spirostreptidian (Diplopoda: Spirostreptida)
genera of Southern Africa. Annals of the Natal Museum, 40, 1-22.

Hamer, M. (2000). Review of the millipede genus Doratogonus, with description of fifteen
new species from Southem Africa (Diplopoda, Spirostreptida, Spirostreptidae). Annals of the
Natal Museum, 41, 1-76.

Hamer, M. (2009). Three new species of Dorarogonus from South Africa (Diplopoda:
Spirostreptida: Spirostreptidae). /n: Roble, S. M. & Mitchell, J. C. (eds.), A lifetime of
contributions to Myriapodology and the Natural History of Virginia. A Festschrifi in Honor
of Richard L. Hoffman’s 80th Birthday. Virginia Museum of Natural History Special
Publication No. 16, 187-194, Martinsville, USA,

Hamer, M. L. & Slotow, R. (2000), Patterns of distribution and speciation in the genus
Doratogonus (Diplopoda: Spirostreptidae). In: Wytwer, J. & Golovatch, S. (eds.), Progress in

Studies on Myriapoda and Onychophora. Fragmenta Faunistica, 43 (Supplement), 295-311,

Hamer, M. L. & Slotow, R. H. (2002). Conservation application of existing data for South
African millipedes. African Entomology, 10(1), 29-42.

21




Hamer, M. & Slotow, R. (2009). A comparison and conservation assessment of the high-
altitude grassland and forest-millipede (Diplopoda) fauna of the South African Drakensberg.
Soil Organisms, 81(3), 701-717. In: Xylander, W. & Voigtlinder, K. (eds.) Myriapoda and
Onychophora of the World- Diversity, Biology and Importance. Proceedings of the 14"
International Congress of Myriapodology. Gérlitz, Germany.

Hebert, P. D. N., Penton, E, H., Burns, J, M., Janzen, D. H, & Hallwachs, W. (2004), Ten
species in one: DNA barcoding reveals cryptic species in the neotropical skipper butterfly
Astraptes fulgerator. Proceedings of the National Academy of Sciences, 101(41), 14812— .
14817.

Hebert, P. D. N., Ratnasingham, 8. & deWaard, J. R. (2003). Barcoding animal life:
cytochrome ¢ oxidase subunit 1 divergences and among closely related species. Proceedings of
the Royal Society of London B (Suppl.), 270, 96-99.

Hey, J. (2001). The mind of the species problem. Trends in Ecology & Evolution, 16(7), 326—
329,

Hickerson, M. J., Meyer, C. P. & Moritz, C, (2006). DNA barcoding will often fail to
discover new animal species over broad parameter space. Systematic Biology, 55(5), 729-739,

Hillis, D. M. (1987). Molecular versus morphological approaches to systematics. .4nnual
review of Ecology & Systematics, 18, 2342,

Hoffman, R. L. (1971). Studies on spirostreptid millipedes. X. Some taxonomic notes on the
tribe Triaenostreptini, specific and generic synonomy, and a new species of Trigenostreptus.
Revue de Zooogie et de Botanique Africaines, 83(3-4), 207-225.

Hoffman, R. L. (1991), What is Odontopyge? A solution to a long-standing nomenclatorial
enigma in the Diplopoda (Spirostreptida Odontopygidae). Tropical Zoology, 4, 65-73.

Hoffman, R. L. (1993). Biogeography of east African montane forest millipedes. In: Lovett, J,
C. & Wasser, 8. K. (eds.), Biogeography and ecology of the rain forests of eastern Afvica.
Cambridge University Press, Cambridge.




Hoffman, R. L., Golovatch, 8. 1. & de Morais, J. W. (1996). Practical keys to the orders and
families of millipedes of the Neotropical region (Myriapoda: Diplopoda). Amazoniana, XIV
(1/2), 1-35.

Hopkin, 8. J. & Read, H. J. (1992). The Biology of millipedes. Oxford University Press, New
York.

Horn, J. L., Plisko, J. D. & Hamer, M. L. (2007). The leaf-eater earthworm fauna (Annelida:
Oligochaeta) of forests in Limpopo Province, South Africa: diversity, communities and
conservation. African Zoology, 42(2), 172-179,

Huber, B. A., Rheims, C., A. & Brescovit, A. D. (2005). Speciation with changes in genital
shape: A case study on Brazilian pholcid spiders (Araneae: Pholcidae). Zoologischer Anzeiger,
243, 273-279.

Jacob, A., Gantenbein, B., Braunwalder, M. E., Nentwig, W. & Kropf, C. (2004). Complex
male genitalia (hemispermatophores) are not diagnostic for cryptic species in the genus
Euscorpius (Scorpiones: Euscorpiidae). Organisms, Diversity & Evolution, 4, 59-72.

Krabbe, E. (1979). The first pair of legs in male Spirostreptidae: Their function and taxonomic
importance. fn: Camatini, M. (ed.), Myriapod Biology. Pp 59-72. Academic Press, London,

Krabbe, E. (1982). Systematik der Spirostreptidae (Diplopoda, Spirostreptomorpha).
Abhandlungen des Naturwissenschaftlichen Vereins in Hamburg. Verlag Paul Parey. Hamburg,
476 pp.

Kupriyanova, E. K., Macdonald, T. A. & Rouse, G. W. (2006). Phylogenetic relationships
within Serpulidae (Sabellida, Annelida) inferred from molecular and morphological data.
Zoologica Scripta, 35(5), 421-439.

Lee, K. E. (1991). The role of soil fauna in nutrient cycling. pp. 465-472. In: Veeresh, G, K.,

Rajagopal, D. & Viraktamath, C. A. (eds.), Advances in management and conservation of soil
Jfauna. Oxford & IBH, New Delhi.

23




Lee, M. 5. Y. (2004). The molecularisation of taxonomy. Invertebrate Systematics, 18, 1-6.

Lefébure, T., Douady, C. J,, Gouy, M. & Gibert, J. (2006). Relationship between
morphological taxonomy and molecular divergence within Crustacea: Proposal of a molecular
threshold to help species delimitation. Molecular Phylogenetics and Evolution, 40, 435-447.

Lipscomb, D., Platnick, N. & Wheeler, Q. (2003). The intellectual content of taxonomy: a
comment on DNA taxonomy. Trends in Ecology & Evolution, 18(2), 65-67.

Mallet, J. & Willmott, K. (2003). Taxonomy: renaissance or Tower of Babel? Trends in
Ecology & Evolution, 18(2), 57-59.

Marek, P. E. & Bond, J. E. (2006). Phylogenetic systematics of the colourful, cyanide-
producing millipedes of Appalachia (Polydesmida, Xystodesmidae, Apheloriini) using a total
evidence Bayesian approach. Molecular Phylogenetics & Evolution, 41(3), 704-729.

Marek, P. E. & Bond, J. E. (2007). A reassessment of pheloriine millipede phylogeny:
additional taxa, Bayesian inference, and direct optimization (Polydesmida: Xystodesmidae).
Zootaxa, 1610, 27-39,

Meier, R. (2008). DNA Sequences in taxonomy Opportunities and challenges. n: Wheeler,
Q. D. (ed.). The new taxonomy. The Systematics Association Special Volume Series 76. CRC
Press, New York.

Meier, R., Shiyang, K., Vaidya, G. & Ng, P. K. L. (2006). DNA barcoding and taxonomy
in Diptera: A tale of high intraspecific variability and low identification success. Systematic

Biology, 55(5), 715~728.

Moritz, C, & Cicero, C. (2004). DNA barcoding: promise and pitfalls. PLoS Biology, 2(10),
28-30.

24




Mwabvu, T., Hamer, M., Slotow, R. & Barraclough, D. (2009a). A revision of the
taxonomy and distribution of Spirostreptus Brandt 1833 (Diplopoda, Spirostreptida,
Spirostreptidae) with descriptions of a new species and a new genus of spirostreptid
millipede. Zootaxa, 2211, 36-56.

Mwabvu, T., Hamer, M., Slotow, R. & Barraclough, D. (2009b). A revision of the
taxonomy and distribution of Plagiotaphrus (Diplopoda: Spirostreptida: Spirostreptidae).
Zootaxa, 2304, 51-60.

Mwabvu, T., Hamer, M., Slotow, R. & Barraclough, D. (2010). A revision of the
taxonomy and distribution of Archispirostreptus Silvestri 1895 (Diplopoda, Spirostreptida,
Spirostreptidac), and description of a new spirostreptid genus with three new species. Zootaxa,
2567, 1-49.

New, T. R. (1995}, An introduction to invertebrate conservation biology, Oxford University
Press, New York,

Padial, J. M. & De la Riva, L (2006). Taxonomic inflation and the stability of species limits:
The perils of ostrich’s behavior. Systematic Biology, 55(5), 859-867.

Padial, J. M. & De la Riva, 1. (2010). A response to recent proposals for integrative
taxonomy. Biological Journal of the Linnean Society, 101, 747-756.

Padial, J. M., Miralles, A., De la Riva, I. & Vences, M. (2010). The integrative future of
taxonomy. Date accessed: 10 December  2010. Available from:

http:/fwww. frontiersi /

Pfenninger, M., Cordellier, M. & Streit, B. (2006). Comparing the efficacy of morphologic
and DMA-based taxonomy in freshwater gastropod genus Radix (Basommatophora,
Pulmonata). Date accessed: 21 November 2008. Available

from: http://www.biomedcentral com/bmeevolbiol.




Pfenninger, M., Nowak, C., Kley, C., Steinke, D. & Streit, B. (2007). Utility of DNA
taxonomy and barcoding for the inference of larval community structure in morphologically
cryptic Chironomus (Diptera) species. Molecular Ecology, 16, 1957-1968.

Quicke, D. L. T. (1993). Principles and technigues of contemporary taxonomy. Blackie
Academic & Professional, London.

Redman, G. T. & Hamer, M. L. (2003). The distribution of southem African
Harpagophoridae Attems, 1909 (Diplopoda: Spirostreptida) African Invertebrates, 44(1), 213—
226,

Rubinoff, D., Cameron, S. & Will, K. (2006). A genomic perspective on the shortcomings of
mitochondrial DNA for “Barcoding” identification. Journal of Heredity, 97(6), 581-594.

Sadava, D., Heller, H. C,, Orians, G. H,, Purves, W. K. & Hillis, D. M. (2008). Life: The
Science of Biology. Sinauer Associates, Sunderland.

Schlick-Steiner, B. C., Seifert, B., Stanffer, C., Christian, E., Crozier, R. H. & Steiner, F.
M. (2007). Without morphology, cryptic species stay in taxonomic crypsis following
discovery. Trends in Ecology & Evolution, 22(8), 291-292,

Schlick-Steiner, B. C., Steiner, F. M., Moder, K., Seifert, B., Sanetra, M., Dyreson, E.,
Stauffer, C. & Christian, E. (2006). A multidisciplinary approach reveals cryptic diversity in
Western Palearctic Tetramorium ants (Hymenoptera: Formicidae). Molecular Phylogenetics &
Evolution, 40, 259-273,

Scotland, R. W., Olmstead, R. G. & Bennett, J. R, (2003). Phylogeny reconstruction: The
role of morphology. Systematic Biology, 52(4), 539-548.

Seberg, O., Humphries, C. J., Knapp, 8., Stevenson, D. W., Petersen, G., Scharff, N, &

Andersen, N. M. (2003). Shortcuts in systematics? A commentary on DNA-based taxonomy.
Trends in Ecology & Evolution, 18(2), 6365,

26




Sierwald, P. & Bond, J. E. (2007). Current status of the Myriapoda class Diplopoda
(millipedes): taxonomy diversity and phylogeny. Annual Review of Entomology, 52, 401-20.

Silvestri, F. (1895). Chilopodi ¢ diplopodi. Annali del Museo Civico di Storia Naturale di
Genova, 15(35), 479-490. Genova.

Simmons, M. P. (2000). A fundamental problem with amino-acid sequence characters for
phylogenetic analyses. Cladistics, 16, 274-282.

Smith, A. B. (1994). Systematics and the fossil record: documenting evolutionary patterns.
Blackwell Science Ltd, London.

Soto, 1. M., Carreira, V. P., Fanara, J. J. & Hasson, E. (2007). Evolution of male genitalia:
environmental and genetic factors affect genital morphology in two Drosophila sibling species
and their hybrids. Date accessed: 16 March 2009. Available from:
http://www.biomedcen 1471-2148/7/77.

Svensson, E. 1., Kristoffersen, L., Oskarsson, K. & Bensch, L. (2004). Molecular population
divergence and sexual selection on morphology in the banded demoiselle (Calopteryx
splendens). Heredity, 93, 423-433.

Tautz, D,, Arctander, P., Minelli, A., Thomas, R. H. & Vogler, A. P. (2003). A plea for
DNA taxonomy. Trends in Ecology & Evolution, 18(2), 70-74.

Taylor, C. A. & Knouft, J. H. (2006). Historical influences on genital morphology among
sympatric species: gonopod evolution and reproductive isolation in the crayfish genus
Orconectes (Cambaridae). Biological Journal of the Linnean Society, 89, 1-12.

Van Velzen, R., Bakker, F. T. & Van Loon, J. J. A. (2007). DNA barcoding reveals hidden
species diversity in Cymothoe (Nymphalidae). Proceedings of the Netherlands Entomological
Society Meeting, 18, 95-103,

Vogler, A. P. & Monaghan, M. T. (2007). Recent advances in DNA taxonomy. Journal of
Zoological Systematics & Evolutionary Research, 45(1), 1-10.

7




Wahlberg, N. & Nylin, S. (2003). Morphology versus molecules: resolution of the positions
of Nvmphalis, Polygonia, and related genera (Lepidoptera: Nymphalidae). Cladistics, 19,
213-223.

Wheeler, Q. D. (2008). Introductory. Toward the new taxonomy. /n. Wheeler, Q. D. (ed.).
The new taxonomy. The Systematics Association Special Volume Series 76. CRC Press, New

York.

Wiemers, M. & Fiedler, K. (2007). Does the DNA barcoding gap exist?—a case study in
blues butterflies (Lepidoptera: Lycaenidae). Frontiers in Zoology, 4, 1-16.

Wiens, J. J. (2004). What is speciation and how should we study it? The American Naturalist,
163(6) 914-923.

Wiley, E. 0. (1981). Phylogenetics: The theory and practice of phylogenetic systematics.
MNew York.

will, K. W,, Mishler, B. D. & Wheeler, Q. D. (2005). The perils of DNA barcoding and the
need for integrative taxonomy. Systematic Biology, 54(5), 844-851.

Will, K. W. & Rubinoff, D. (2004). Myth of the molecule: DNA barcodes for species cannot
replace morphology for identification and classification, Cladistics, 20, 47-55.

Winker, K. (2009). Reuniting phenotype and genotype in biodiversity research. Bioscience,
59(8), 657665,

Winston, J. E. (1999). Describing species. Columbia University Press, New York.




CHAPTER 2

A TAXONOMIC REVIEW OF THE SOUTHERN AFRICAN
MILLIPEDE GENUS, Bicoxidens Attems, 1928 (DIPLOPODA:
SPIROSTREPTIDA: SPIROSTREPTIDAE) WITH THE
DESCRIPTION OF THREE NEW SPECIES AND A TENTATIVE
PHYLOGENY.

A NEW SPECIES OF Bicoxidens ATTEMS, 1928 (DIPLOPODA,
SPIROSTREPTIDA, SPIROSTREPTIDAE) SPECIES FROM
NORTHERN ZIMBABWE.
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Absiract

The eight species of Bicoxidens were studied in order to verify their taxonomic validity and determine the status of new
material. Two new synonymies are established: B. grandis Lawrence, 1965 = B, matabele (Schubart, 1966) and B. flavi-
collis Attems, 1928 = B. nasti Mwabwvu, 2000. B. polyptychus, incorrectly placed in Bicoxidens, on the basis of morpho-
logical characters, including gonopods, is moved to Brevitibius Attems, 1950, Three new species, B. matopoensis
Mwabvu, B. nyathi Mwabvu and B. gokwensis Mwabvu are described, An identification key to the species, a phyloge-
netic analysis based on gonopod morphology and distribution data for each species are also presented.

Key words: gonopod, telocoxite, telopodite, lateral leaf, median leaf

Introduction

According to Hamer (2000) southern Africa has a rich millipede fauna with 71 genera and 552 species
recorded. However, many species from inaccessible or unsurveyed areas remain unknown to science. Some
described species are invalid or poorly defined and need revision. Thus our knowledge of diversity and distri-
bution of many millipede taxa in southern Africa is poor. Although representatives of the Spirostreptida are
familiar and conspicuous in southern Africa, only one genus, Dorarogonus Attems, 1914 has recently been
revised (Hamer, 2000), and information on the other genera including Bicoxidens Attems, 1928 is incomplete.

Members of the genus Bicoxidens occur in southern Africa. They have been collected in savanna wood-
land, Brachystegia sp. or Acacia sp. dominated habitats, riverine vegetation and mountain forests. The present
known distribution suggests a species hotspot south of the Zambezi River (assuming unbiased sampling).
Only one species, B. polyptychus Kraus, 1958 has been recorded north of Zambezi River but it probably
belongs to another genus (see below). However, the probability of finding un-described species in regions and
habitats that have not been surveyed is high especially in remote areas such as the eastern highlands along the
Mozambique-Zimbabwe border.

Bicoxidens is defined by a characteristic gonopod telopodite which has no femoral process or torsion of
the femur but has one or two lobes just before the bend after the femur (Figs. la, 2a, 3a, 4a, 5a, 6a, 7a, 8a). The
genus includes medium to large species that exhibit intra-specific differences (possibly a result of adaptations
to different habitats) in body colour and number of body rings. Shades of black or brown are the common
body colours although orange-yellow specimens have been collected in the eastern highlands of Zimbabwe.
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The genus and two species, B. nigerrimus and flavicollis, were described by Attems (1928) based on spec-
imens collected in Harare, Zimbabwe, Since then six more species have been described: polyptyehus Kraus,
1958, grandis Lawrence, 1965, matabele (Schubart, 1966}, brincki Schubart, 1966, nasti Mwabvu, 2000 and
Jfriendi Mwabvu, 2000. Male gonopod morphology and external body characteristics were described for each
species. In recent species descriptions, characters that were previously used to define species were discarded
because they are of no taxonomic value, or otherwise relegated to generic definition. The challenge, therefore,
is to find and use characters that do not vary intraspecifically, one of which is the shape of prefemoral process
of the first leg pair of males.

The species composition of Bicoxidens and the taxonomic validity and distribution of some species are
uncertain. Some species were described based on material from localities less than 300 km apart, These may
be synonymons, for example, nasti and flavicollis, and grandis and matabele. Bicoxidens? polyptychus also
requires further investigation especially because it appears to fall far outside the generic distribution range of
the genus,

The objectives of this study are to revise the genus and existing species, to describe new taxa, to develop a
key to species identification (based mainly on gonopod morphology): present a phylogeny; and to identify
biogeographic patterns and possible barriers which may have influenced distribution and speciation of Bicox-
idens.

Materials and Methods

This study relied on material from various museums and recent field surveys. Museum abbreviations used in
this presentation are as follows:

NMZ Natural History Museum, Bulawayo, Zimbabwe
NMSA Matal Museum, Pietermaritzburg, South Africa
MRAC Royal Museum of Central Africa, Tervuren, Belgium
SAMC South Africa Museum, Cape Town, South Africa
MZLU Lund Universitets Zoologiska Museum, Sweden

Body, leg and antenna colour were recorded and the number of body rings (all except head and anal valve)
counted. Body length was measured using a soft wire placed against the line of ozopores, Where the body
rings were separated (as was the case for old preserved specimens) the body was reconstructed and length
measured as before. Vernier calipers were used to measure the minimum and maximum body width. All the
measurements are in millimeters and based on male specimens, unless otherwise stated.

First leg pair of the male, collum and gonopods were studied using a Carl Zeiss Stereo Microscope and
photographed using an auto montage software (Leica Microscope MZ12s with 3 CCD Toshiba Camera). Final
images were manipulated and the plates prepared using Adobe Photoshop CS (version 8).

Telocoxite and telopodite are the two parts of male gonopods (Figs. 1a, 2a, 3a, 4a, 5a, 6a, 7a, 8a). They
can be separated to allow examination of each component. Size, position and number of processes or lobes
and spines, the degree of overlap of processes, branching pattern, width, degree of looping and twisting of the
telopadite, length of sternite, setosity and relative length of various gonopod structures were examined.
Descriptions are based on male specimens including holotypes.

Character and data matrices were constructed based mainly on gonopod characters. A phylogenetic analy-
sis was performed using PARS 3.6 and CONSENSE 3.6 (both in the PHYLIP package of phylogeny inference
program) to produce an extended majority rule consensus tree. A bootstrap analysis with 1000 replicates was
used to test the reliability of the tree. For comparative purposes Spirostreptus sebae Brandt, 1833 was selected
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as outgroup because the structure of the telocoxite and external body features are comparable to those in the
ingroup.

Specimen data are presented as stated on the labels, beginning with country followed by locality, grid ref-
erence or co-ordinates, year of collection, collector and catalogue number.

Terminology and classification used in this revision follow Hamer (1999).

Taxonomy
Genus Bicoxidens Attems, 1928

Bicoxidens Attems, 1926, 1928; Schubart, 1966; Demange 1971; Hoffman, 1971, 1979; Krabbe, 1982; Hamer, 1998;
Mwabwvu, 2000, 2005
Rhodesiostreptus Schubart, 1966

Type Species:; Bicoxidens nigerrimus Attems, 1928

Diagnosis: (after Attems, 1928, with modifications) Anal valves with two furrows on either side of opening,
innermost pair deeper and flanking opening, outer pair shallow, Width and depth of furrows varies.

Apical part of the telocoxite enlarged with processes of various shapes and sizes. Apically (at point of
telopodite exit from gonocoel) median leaf densely setose. Sternite conical; paracoxite basally rounded and
tightly joined to lateral leaf (Figs. la, 2a, 3a, 4a, 5a, 6a, 7a, 8a). Telopodite slender and cylindrical without
large lateral spines, apex with roundish lobe and an adjacent pointed side branch. Telopodite acutely bent at
exit from gonocoel; post knee telopodite typically L-shaped with two distinct bends along its length (Figs. 1a,
?a, 3a, 4a, 5a, 6a, Ta, 8a). Telopodite abruptly narrowed at approximately mid-length and deflected medially
at the level of paracoxites.

Femur without femoral process and torsion, Femur, just before the curve of the canal, with one or two
lobes. Distal regions of opposite telopodites overlap medially.

Distribution: Africa south of the Zambezi River,

Remarks: Bicoxidens is characterised by the form of the telopodite. Unlike other spirostreptid genera the
telopodite is L-shaped (post knee), lacks a femoral process and spines, and the distal regions of opposite
telopodites overlap medially.

B. brincki Schubart, 1966
Fig. 1

Bivoxidens brincki Schubart, 1966; Lawrence, 1966; Krabbe, 1982; Hamer, 1998: Mwabvu, 2000, 2005

Type material (examined): Holotype: SOUTH AFRICA: 1 &, Kruger National Park [22° 08'S, 31°03'E],
Transvaal, 6.v.1951 (MZLU/L951/3645),

Additional material examined: ZIMBABWE: 1 ¢, Beitbridge [22°02'S, 30°00'E], x.1985, F. Nyathi
(NMZ/D835), 1o, Crooks Corner [2231A4]), 18.xii.1996, (NMZ/D841); 1 <, Pande Mine [2230A4],
9.ii.1994, F. Nyathi (NMZ/D756); 1 o, Lundi River [2131B4], 20.vi.1984, (NMZ/D196); 1 &, Malipati
[2231A2], (NMZ/D842); 1 &, Matopo National Park, [2028D1], 6.x1.1987, J. Minshull (NMZ/D480); 1 o,
Dwala Ranch [2129B2], 18.iv.1987, (NMZ/D486); | ¢, Doddieburn Ranch [2129A4], 15.iv.1986, F. Nyathi
(NMZ/D382), 1 o, Shashi Wilderness Camp [2129C3], 18.iv.1990, (NMZ/D670).

Diagnosis; Distal telocoxite with a large rounded lateral process, a distal median process, a slender beak-
like process medially overlapping that from opposite gonopod, and a small bulbous lobe below it (Fig. 1a).
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Description:

Size: Body length 84-155 mm; minimum and maximum body width 2-5 mm and 4-11 mm; antenna
length 5-9 mm,

Number of body rings: 51-62.

Colour: Body brown or black; antennae and legs brown.

Collum: Rounded, two complete folds (Fig. 1d).

Pre-femoral process of 1" pair of male legs: Broad, rounded with a short pointed apex (Fig.1c).

Sigilla on body ring: Three rows present (the third one poorly developed), becoming 2 or reduced to 1 lat-
erally.

Fig.1 d

FIGURE 1. B. brincki (MZLU/L951/3645). a, oral view of gonopods; b, ahoral view of gonopods; ¢, oral view of
prefemoral lobe of first pair of male legs; d, lateral view of collum.

Abbreviations: at, apical telocoxite; cf, collum fold: lib, lateral leaf lobe; I, lateral leaf; Ip, lateral process; ml, median
leaf; mp, median process; pe, paracoxite; pfl, prefemoral lobe; st, sternite; tp, telopodite; tpk, telopodite knee,

Gonopod: 5-6 mm long. Apical telocoxite with three median processes, the middle beak-shaped and over-
lapping opposite median process, below it a rounded lobe; rounded lateral process folded and partly overhang-
ing knee of telopodite (Fig. 1a). Median leaf with a small sub-apical lateral lobe facing telopodite (Fig, la),
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Aborally, a raised bulb-shaped, basally rounded lobe present on lateral leaf below the level of median leaf
tip (Fig. 1b). Postfemur of telopodite overlap over sternite and terminates in an incomplete loop.

Distribution: Kruger National Park, South Africa and southern part of Zimbabwe (Fig. 10).

Remarks: Other than in colour there appears to be no variation between populations, especially in the
form of the gonopods. This species is one of the largest species in Bicoxidens, it falls in the same size range as
grandis. It differs from grandis by having three median processes and an aboral bulbous lobe (Fig. 1b), and a
rounded lateral leaf lobe as in matopoensis, gokwensis, friendi and nigerrimus (Figs. 1b, 3b, 4b, 6b, 7b). The
apex of the inner margin of the median leaf lacks the axe-shaped median processes that are only found in flav-
icollis and grandis (Figs. 2a, 5a).

B. flavicollis Attems, 1928
Fig. 2

Bicoxidens flavicollis Attems, 1928; Lawrence, 1965; Schubart, 1966; Krabbe, 1982; Hamer, 1998; Mwabvu, 2005
Bicoxidens nasti Mwabvu, 2000, 2005 Syn. n.

Type material (examined): Holotype: ZIMBABWE: 1 &, Umtali [18°50'S, 32°35'E], 1926 (SAMC13743).

Additional material examined: ZIMBABWE: 1 &, Chivi Police Station [2030B3), 5.i.1994. F. Nyathi
(NMZ/D750);, 1 &, Matopos [20°04'S, 28°06'E], (NMZ/D691); 1 &', Lumene [2028B2], 1.xii.1992, M. Fitz-
patrick (NMZ/D698); 1 <, Bubiana Conservancy [2129B2], 26.xi.1993, (NMZ/D710); 1 &, Kungwe Farm
[1829B3], 4.v.1984, R. Jooste (NMZ/D143); 1 ¢, Vumba [19° 05'S, 32°40°E], 20.i1.1985, C. T. Masango
(NMZ/D232). 1 &, Dwala Ranch [2129B2], 18.iv.1987, (NMZ/D485); 1 <", Maleme (NMZ/D655); 1 o,
Murewa, Maramba [17°10°S, 31°50'E], 15.xii.1997, T. Mwabvu (NMSA20521); 1 <, Mutasa, Sahumani
[18°30°5, 32°30'E], xi.1997, T. Mwabvu (NMSA20526), 1 &, Chiredzi [2131B1], 26.iii.1985, M. Davy
(NMZ/D236); 1 ¢, Vumba [19°05°S, 32°40°E], i.1955, Stuckernberg (NMSA6261); 1 &, Old Mutare [18°45'S,
32°30'E], xi.1997, T. Mwabva (NMSA20527); 3 o, Salisbury [17°30" S, 31°05' E], xii.1967, P. Hulley
(NMSA18955); MOZAMBIQUE: 1 &, Maguge [2032D1], 8.xi1.1991, D. G. Broadley (NMZ/D648).

Diagnosis: Lateral edge of apical telocoxite folds and extends medially into a long weakly curved, flat-
tened and tapering median process that completely overlaps the opposite one, aborally (Figs. 2a, 2b). Apical
region of telocoxites also with a prominent rounded median lobe distal to the axe-shaped process. Aborally, a
small lobe extends downwards from the apical telocoxite (Fig. 2b).

Description:

Size: Body length 82-110 mm; minimum and maximum body width 3-8 mm and 6-9 mm; antenna length
4-6 mm.

Number af body rings: 49-59,

Calour; Body yellow or brown or black; antennae and legs brown.

Collum: Square, with two complete folds (Fig. 2d).

Pre-femoral process of 1 pair of male legs: Long and narrow distally, tips weakly directed away from
each other (Fig. 2c).

Sigilla on body ring: Two to three rows present, become one ventrally.

Gonopod: 4-5 mm long. Apical telocoxite with a flattened median process which completely overlaps the
opposite one (Fig. 2b). Median leaf apically with median axe-shaped process (Fig. 2a). Apically lateral leaf
with a small, rounded nipple below level of axe-shaped processes, aborally (Fig. 2b). Telopodite forming a
complete loop apically.

Distribution: Widely distributed in east, north, south west and central Zimbabwe (Fig. 10}

A REVIEW OF BICOXIDENS ATTEMS Zootaxa 1452 © 2007 Magnolia Press - 5




asp

“+-— anterior

d
Fig. 2

FIGURE 2. B. flavicollis (NMZ/D232), a, oral view of gonopods; b, aboral view of gonopads; ¢, oral view of prefemo-
ral lobe of first pair of male legs; d, lateral view of collum.

Abbreviations: asp, axe-shaped process; 1lb, lateral leaf lobe; Ip, lateral process; mp, median process; pe, paracoxite; pfl,
prefemoral lobe; tp, telopodite; tpl, telopodite loap,

Remarks: There are variations in colour and size (including gonopod) between populations, Many colour
morphs (some yellow) with similar gonopods and external morphological characters have been collected in
the eastern region of Zimbabwe. This species is part of the group of relatively small-bodied Bicoxidens spe-
cies that includes nyathi, matopoensis, friendi, gokwensis and nigerrimus. Like grandis, the gonopods of flay-
icollis have long overlapping median processes on apical telocoxites, median axe-shaped processes on the
median leaf and lack an aboral lobe on the lateral leaf. This species also resembles grandis by having a rela-
tively Jong and curved femoral lobe (Figs. 2a, 3a).
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B. friendi Mwabvu, 2000
Fig. 3

Bicoxidens friendi Mwabvu, 2000, 2005

Type material (examined): Holotype: ZIMBABWE: 1 &', Murewa, Maramba [17°10'S, 31°55'E], on granite
rock outcrop, 21.xi.1996, T. Mwabvu ((MRAC 20557)

Additional material examined: ZIMBABWE: | ¢, Showe River (NMZ/D628); | o', Limestone Ridge
[1630A1], 11.xii.1984 (NMZ/D262); 1 &, Murewa, Maramba [17°10'S, 31°55'E], 21.xi1, 1996, T. Mwabvu
(NMSA20545); 1 o', Limestone Ridge [1630A1], 11.xii.1984 (NMZ/D262); 2 <, Makoni [18°30'S, 32°10'E),
xi.1962, D. G. Broadley (NMSAB8883).

Diagnosis: Apical region of telocoxite T-shaped, folded downwards with the rim just above knee bend,
with one tapering lateral process and three median processes (Figs. 3a, 3b). The middle and longer median
process overlaps the process from the opposite gonopod, the shorter process is peg-like.

Fig. 3 d

FIGURE 3. B. friendi (MRAC 20557). a, oral view of gonopods; b, aboral view of gonopods; ¢, oral view of prefemo-
ral lobe of first pair of male legs; d, lateral view of collum.

Abbreviations: cf, collum fold; 1lb, lateral leaf lobe; 1p, lateral process; mp, median process; pe, paracoxite; pfl, prefemo-
ral lobe; st, sternite; tp, telopodite.
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Description:

Size: Body length 90-113 mm; minimum and maximum body width 3-7 mm and 6-8 mm; antenna length
5-6 mm.

Number of body rings: 48-61.

Colour: Body brown to greenish-black; antennae and legs dark brown.

Collum: Rounded, with two complete and one to three incomplete folds (Fig. 3d).

Pre-femoral process of 1" pair of male legs: Relatively long, rounded and furthest apart distally (Fig. 3¢).

Sigilla on body ring: One row present, flanked by two discontinuous rows.

Gonopod, 4-5 mm long. Apical telocoxite T-shaped, with three median processes and a distally tapering
and curved lateral process. Apically, telocoxite folded over self with rim just above knee (Fig. 3a). The long-
est median process overlaps with the process from the opposite gonopod, the shorter peg-like. Aborally, a
bulb-shaped basally rounded lobe present on lateral leaf. Distal part of telopodites tips forming an incomplete
loop (Fig. 3a)

Distribution: Known only from north-eastern Zimbabwe

Remarks: This species has a large bulbous lobe that extends downwards from the apical telocoxite (abo-
rally) this is similar to gokwensis, nigerrimus, matopoensis, and brincki. The overlapping median processes of
the apical telocoxite are straight, rather than curved as found in flavicellis and grandis. The femoral lobe is
reduced unlike in grandis and flavicollis.

B. gokwensis sp. n. Mwabvu
Fig. 4

Type material (examined): Holotype: ZIMBABWE: 1 &, Gokwe, Kuwirirana Centre [18°02'S, 28°08'E],
18.11,1998, T. Mwabvu (MRAC 20556).

Etymology: So named to highlight type locality, Gokwe, Zimbabwe.

Additional material examined: 1 ¢, Gokwe, Kuwirirana Centre [18°02'S, 28°08'E], 18.ii.1998, T.
Mwabvu (NMZ uncatalogued).

Diagnosis: Antennae yellow. Laterally, apical telocoxite folded inwards into an ear-shaped lobe just above
the knee. Inner margin of apical telocoxite with a short median process and a rounded proximal median lobe
that are separated by a U-shaped groove (Figs. 4a, 4b).

Description:

Size: Body length 95-132 mm, minimum and maximum body width 5-7 mm and 8-9 mm; antenna length
6~7 mm.

Number of body rings: 54-55.

Colour: Body black, legs reddish-brown; antennae yellow.

Collum: Rounded, with two complete folds (Fig. 4d).

Pre-femoral process of 1" pair of male legs: Spade-shaped distally (Fig. 4¢).

Sigilla on body ring: Three rows present, merging to a single ventral row.

Gonopod: 4-6 mm long. Apical telocoxite with two median processes separated by a deep U-shaped
groove. Orally, lateral leaf folded just above the knee bend and extending distally to the apex of telocoxite
(Fig. 4a).

Aborally an extension from the proximal lobe forms a median process, which may touch but not overlap
the opposite process (Figs. 4a, 4b).

Aborally, a large basally rounded-bulb shaped lobe on lateral leaf extends below level of median leaf
apex. Distally telopodite forms a complete loop (Fig. 4a).

Distribution: Known only from type locality, Gokwe, Zimbabwe (Fig. 10).
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FIGURE 4. Bicoxidens golwensis sp. nov. (MRAC 20556). a, oral view of gonopods; b, aboral view of gonopods; ¢,
oral view of prefemoral lobe of first pair of male legs; d, lateral view of collum.

Abbreviations: at, apical telocoxite; cf, collum fold; llb, lateral leaf lobe mp, median process; odtp, overlapping distal
telopodite; pfl, prefemoral lobe; st, sternite; tp, telopodite.

Remarks: This is the only species of Bicoxidens with yellow antennae. Other species have antennae and
legs of the same colour, As in brincki, matopoensis, nyathi, nigerrimus and friendi the gonopod lacks median
axe-shaped processes on median leaf, but it has a raised basally rounded or bulb or flask-shaped lobe on the
lateral leaf as in brincki, friendi, gokwensis, matopoensis, nigerrimus and nyathi (Figs. 1b, 3b, 5b, 6b, 7b, 8b).
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B. grandis Lawrence, 1965
Fig. 5

Bicoxidens grandis Lawrence, 1965; Krabbe, 1982; Hamer, 1998; Mwabvu, 2000, 2005
Rhodesiostreptus matabele Schubart, 1966 syn. n,
Bicoxidens matabele Krabbe, 1982; Hamer, 1998; Mwabvu, 2000

Type material B. grandis {examined): Holotype: ZIMBABWE: 1 &, 15 km West of Birchenough Bridge
[19°50'S, 32°30'E], 200ii.1962, D. G Broadley (NMSA8884)

Type material B. matabele (examined): Holotype: ZIMBABWE: 1 o, WN West Nicholson, 6.v.1951
(MZLU/LS51/3730)

Additional material examined: ZIMBABWE: 1 ¢, Silobela [19°20" S, 29°35'E], xi.1997, T. Mwabvu
(NMZ uncatalogued); 1 & 2%, Birchenough Bridge [19°55'S, 32°35'E], 1998, T. Mwabvu (NMSA20528); 1
d 3%, Zvomukonde [20°50'S, 30°30'E], xii.1998, T. Mwabvu (NMZ uncatalogued); 2 " 42, Silobela [19°20'
5, 29"30'E], xii.1998, T. Mwabvu (NMSA20546),

Diggnosis: Apical telocoxite with a horizontal apically acute lateral process and a curved median process
that overlaps with median process from opposite gonopod (Figs. 5a, 5b). Aborally, an apical ear-shaped lobe
present on lateral leaf at same level as axe-shaped median process.

Description:

Size: Body length 135 mm; minimum and maximum body width 7-8 mm and 8-11 mm; antenna length
7-9 mm _

Number of body rings: 52-62.

Colour: Body black; antennae and legs brown.

Collum: With three complete folds (Fig. 5d).

Pre-femoral process of 1" pair of male legs: Proximal halves parallel, almost touching; rounded distally,
with apical nipples deflected to face the other (Fig. 5¢).

Sigilla on body ring: Three rows, becoming one ventrally.

Gonopod: 6-7 mm long. Orally, apical telocoxite with a lateral and median process (Fig. 5a). Median pro-
cess crescent-shaped and overlapping the opposite process. Lateral process horizontal, long and apically
acute. Distally, median leaf with median axe-shaped process not touching the opposite one (Fig.5a).Femoral
lobe typically long, (Fig. 5a).

Aborally, a small almost ear- shaped transverse projection is present on the lateral leaf (Fig. 5b) at same
level as the axe-shaped process (Fig. 5b).

Distribution: Current records are from southern Zimbabwe (Fig.10)

Remarks: The gonopod of Rhodesiostreptus matabele Schubart, 1966 is identical o that of B. grandis,
and the taxa also have overlapping distributions. Additionally, they both have an ear-shaped projection on the
lateral leaf behind the median leaf apex, as well as identical telocoxites and median leaves and a telopodite
with a much longer femoral lobe unlike the other species of Bicoxidens. B. matabele is therefore a junior syn-
onym of B. grandis.

Although grandis is larger than flavicellis, their gonopods are similar in that they have overlapping, flat-
tened median processes on the distal telocoxites and axe-shaped processes on the median leaf unlike the other
species. The two species are, however, quite distinct; flavicollis does not have a lateral process on the apical
telocoxite or an aboral ear-shaped projection on the lateral leaf. Unlike flavicollis, the paracoxite of grandis is
not tightly attached to the lateral leaf as in friendi and gokwensis. B. grandis has only been recorded in hot and
dry areas.

10 - Zootaxa 1452 © 2007 Magnolia Press MWABVU ET AL.




c Fig. 5 d

FIGURE 5. B. grandis (NMSA 8884). a, oral view of gonopods; b, aboral view of gonopods; ¢, oral view of prefemo-
ral lobe of first pair of male legs; d, lateral view of collum.

Abbreviations: asp, axe-shaped process; at, apical telocoxite; cf, collum fold; f1, femoral lobe: llp, lateral leaf projection;
11, lateral leaf; lp, lateral process; mp, median process; pe, paracoxite; pfl, prefemoral lobe; st, sternite; tp, telopodite

B. matopoensis sp. n. Mwabvu
Fig. &

Type material (examined): Holotype: ZIMBABWE: 1 ¢, Matopo National Park, Maleme Rest Camp
[2028D1], 6.iii. 1989, J. Minshull (NMZ/D562)

Additional material examined: ZIMBABWE: 1 <, Doddieburn Ranch [2129A4], 10.xii.1985, J. Minshull
{(NMZ/D356).

Etymology: So named to highlight the type locality in Zimbabwe.

Diagnosis: Apical telocoxite with broadly rounded lateral process and two median processes that form a
V-shape; the rounded lateral process folded downwards with the rim or edge just above the telopodite knee
and extending into a distal median process (Fig. 6a). Proximal median process tilted away from the distal

A REVIEW OF BICOXIDENS ATTEMS Zootaxa 1452 @ 2007 Magnolia Press - 11




median process; the opposite median processes are in touch, leaving a median window between the opposite
telocoxites {Figs. 6a, 6b).
A sub-apical constriction of median leaf produces a lateral lobe below the setose region (Fig. 6a).

Fig. 6 d

FIGURE 6. B. matopoensis sp. nov, (NMZ/D562). a, oral view of gonopods; b, aboral view of gonopods; ¢, oral view of
prefemoral lobe of first pair of male legs; d, lateral view of collum.

Abbreviations: cf, collum fold; 1ib, lateral leaf lobe; 11, lateral leaf; Ip, lateral process; ml, median leaf; mlb, median leaf
lobe; mle, median leaf constriction; mp, median process; pfl, prefemoral lobe; tp, telopodite; w, window.

Description:

Size: Body length 110-104 mm; minimum and maximum body width 3-5 mm and 6-8 mm; antenna
length 5-6 mm.

Number of body rings: 56-61,

Colour: Body black; head brown; leg and antennae brown to dark brown.
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Collum: With three complete folds (Fig. 6d) and one to three incomplete folds.

Pre-femoral process of 1" pair of male legs: Trowel-shaped (Fig. 6c).

Sigilla on body ring: Three rows present, becoming one ventrally.

Gonopod: 4-5 mm long. Orally, apical telocoxite with a median process gently tilted away from main api-
cal process, thus forming a V-shaped incision, and touching the opposite one as does the distal median process
(Figs. 6a, 6b). Lateral process of distal telocoxite broadly rounded and folded over itself, ending in a thick rim
just above the telopodite knee. Rim extending to the midpoint of distal telocoxite. Below the setose apex of
median leaf a deep constriction forms a neck and a lateral lobe.

Abaorally, apical telocoxite raised with a short median process and a wider proximal rounded median process.
A broadly rounded lateral process overhangs the telopodite knee (Fig. 6a, 6b). Lateral leaf with a bulb-shaped,
basally rounded lobe (Fig. 6b). Apical telopodite with incomplete looping,

Distribution: South west of Bulawayo, Zimbabwe (Fig. 10).

Remarks: The folding of the apical telocoxite in matopeensis is similar to that in brincki and, to a lesser
extent, gokwensis. However, the extent and relative position of folding differs. Unlike brincki, it has two
median processes. Like friendi, nigerrimus, flavicollis, brincki and gokwensis, it also has a large bulb- or
flask-shaped lobe on the lateral leaf. Both matopoensis and gokwensis have a constricted median leaf sub-api-
cally, just below the setose area, but gokwensis lacks an obvious proximal lateral lobe,

B. nigerrimus Attems, 1928
Fig. 7

Bicoxidens nigerimus Attems, 1928; Lawrence, 1965; Schubart, 1966; Krabbe, 1982; Hamer, 1998; Mwabwvu, 2000,
2005

Type material (examined): Holotype: ZIMBABWE: 1 &, Salisbury [17°35'S, 31%05'E], 1926 (SAMB3361);
Paratype: 1 <, Salisbury [17°35'S, 31°05'E], 1926 (SAMB3351)

Additional material examined: ZIMBABWE: 1 ¢, Taru Dam [2030A4], 7.11.1994, F. Nyathi (NMZ/D753)

Diagnosis: Apical telocoxite slightly tilted upwards, with a rounded lateral process which extends into a
distal median process (Fig. 7a); two short rounded median processes present (Fig. 7b).

Description:

Size: Body length 110-135 mm; minimum and maximum body width 4 mm and 7 mm; antenna length 5-
6 mm.

Numbrer of body rings: 55-61.

Colour: Body black; antennae and legs brown.

Collum: With two complete folds and an incomplete fold.

Pre-femoral process of 1" pair of male legs: Rounded tips weakly turned medially.

Sigilla on body ring: Three rows, becoming one ventrally.

Gonopod: 4-5 mm long. Apical telocoxite wide, with a rounded lateral process and three median pro-
cesses (Fig. 7a). Smaller median process proximal to middle one. Upper and longer process separated from
middle one by a U-shaped invagination (Fig. 7a). Aborally, bulb shaped basally rounded lobe present on lat-
eral leaf. The postfemur forms an incomplete loop near the extremity,

Distribution; Harare and Bulawayo, Zimbabwe (Fig. 10}

Remarks: This small-bodied species is not widely distributed as flavicollis. The gonopod has a bulb- or
flask-shaped lobe on the lateral leaf as in friendi, matopoensis, brincki, and gokwensis; the apical folding of
the telocoxite resembles that in matopoensis and brincki, but differs from them by being smaller and tilted
upwards.
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FIGURE 7. B. nigerrimus (SAM B3361). a, oral view of gonopods; b, aboral view of gonopods; e, oral view of
prefemoral lobe of first pair of male legs; d, lateral view of collum.

Abbreviations: at, apical telocoxite; cf, collum fold; Ilb, lateral leaf lobe; Ip, lateral process; mp, median process: pfl,
prefemoral lobe; st, sternite; tp, telopodite

B, nyathi sp.n. Mwabvu
Fig. 8

Type material (examined): Holotype: ZIMBABWE: 1 ¢, Mudzwiru River [2030B4), 4.ii.1994, F. Nyathi
(NMZ/D747T)
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Etymology: Named after Mr Francis Nyathi (Natural History Museum, Bulawayo, Zimbabwe) in recogni-
tion of his contribution to the collection and study of invertebrates in Zimbabwe,

Diagnosis: Apical telocoxite with a lateral and median process resulting in an oval shape (Fig. 8a); subap-
ically. the median leaf has a raised subapical process (Fig. 8b). A laterally deflected aboral lateral leaf lobe,
more tapered than rounded, is present (Fig. 8b).

+— anterior

Fig. 8 d

FIGURE 8, B. nvathi sp. nov. (NMZ/D747). a, oral view of gonopods; b, aboral view of gonopods; ¢, oral view of
prefemoral lobe of first pair of male legs; d, lateral view of collum.

Abbreviations: cf, collum fold; fl, femoral lobe; lIb, lateral leaf lobe; Ip, lateral process; ml, median leaf; mp, median pro-
cess; pe, paracoxite; pfl, prefemoral lobe; tp, telopodite.

Description;

Size: Body length 115 mm; minimum and maximum body width 4-5 and 6-7 mm; antenna length 5-6
mim.
Number of body rings: 52
Colour: Body black; legs and antennae brown.

Collum; With three complete folds and an incomplete fold (Fig. 8d).
Pre-femoral process of 1" pair of male legs: Subtriangular, proximally parallel, with a rounded tip (Fig.
8c).

Sigilla on body ring: Three irregular rows, reduced to one ventrally.

Gonopod: Orally, apical telocoxite oval. A median process is present, directed distally, not overlapping
the opposite one. Aborally, apex of median leaf slightly raised (Fig.8b), An aboral, lateral leaf lobe extending
from apical telocoxite (below the level of the apex of the median leaf) deflected laterally, more tapered than
rounded. The telopodite forms an incomplete loop distally (Fig. 8a)
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Distribution: Known from Mudzwiru River, south of Gweru, Zimbabwe (Fig. 10). Specimen found under
a granite rock.

Remarks: The apical telocoxite is oval and simple, unlike other species. However, it resembles maropoen-
sis, nigerrimus, friendi, gokwensis and brincki by having an aboral lobe on the lateral leaf. However, in nyathi
the lobe is smaller, deflected laterally and is more tapered than rounded.

Species removed from Bicoxidens Attems, 1928

Brevitibius polyptychus (Kraus, 1958) comb, n,
Fig. 9

Bicoxidens? polyprychus Kraus, 1958
Bicoxidens polypiychus: Krabbe, 1982; Mwabvu, 2000

Type material (examined): Holotype: DEMOCRATIC REPUBLIC OF CONGO: 1 o, Parc Natinal. de
L'Upemba, Katanga Province [8°30'S, 26"20'E], 2.iv.1948, GF. de Wite (HT018.229); Paratype: 3 <, Parc
National. de L'Upemba, Katanga Province [8°30'S, 26°20'E], 2.iv.1948, GF. de Witte (018.130)

Diagnosis: Apical telocoxite with a long diagonal lateral process and a short median process (Figs. 9a,
9b). Post knee telopodite with torsion and a femoral spine (Fig. 9¢).

Description:

Size: Body length 155-168 mm; minimum and maximum body width 8~10 mm and 10-12 mm; antenna
length 8-10 mm.

Number of body rings: T0-72.

Colour; Body, legs and antennae brown.

Collywm: With anterior lobe, with 7-9 complete folds (Fig. 9e).

Pre-femoral process of 1" pair of male legs: Bean-shaped (Fig. 9d).

Sigilla on body ring: One row,

Gonopod: 8-9 mm long. Orally, apical telocoxite with a long diagonal lateral and a short median process
{(Fig. 9a). Aborally, lateral leaf without lobes or processes. Paracoxite arrow-head shaped (Fig. 9a); sternite
reduced. Telopodite with femoral torsion and a black femoral spine distal to it (Fig. 9c).

Distribution: Katanga Province, Democratic Republic of Congo

Remarks: Unlike Bicoxidens species, this species is large-bodied, the anal valve has one furrow on each
side and the collum has an anterior lobe with seven folds. The telopodite is not L-shaped but has torsion; the
paracoxite is arrowhead-shaped (not rounded as in Bicoxidens species).

It appears to be closely related to central African species most of which were previously assigned to
Spirostreprus in Krabbe (1982), A revision of these taxa needs to be undertaken in order to clarify the position
of polyptvchus in Spirostreptida.

However, we have tentatively assigned it to Brevitibius Attems, 1950, based on the form of the telopodite.
The femoral process is distal to the knee after which there is an abrupt narrowing and twisting of the
telopodite around the femoral region, this is consistent with Brevitibius.
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Fig. 9
FIGURE 9. Brevitibius polyptychus (HTO 18.229), a, oral view of gonopods; b, aboral view of gonopods; ¢, oral view
of proximal part of telopodite; d. oral view of prefemoral lobe of first pair of male legs; e, lateral view of collum.

Abbreviations: 11, lateral leaf; Ip, lateral process; ml, median leaf; mp, median process; pe, paracoxite; pfl, prefemoral
lebe; rt, region of torsion; st, sternite; tp, telopodite; tpk, telopodite knee; sp = spine.

Key to the species of Bicoxidens

1. Apical region of telocoxite with a flattened median process that overlaps the opposite one; median leaf
with an apical median axe-shaped process: telopodite with a long femoral lobe (Figs. 2a, Sa)...................2
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- Apical region of telocoxite without a flattened median process; median leaf without apical axe-shaped

process; telopodite with a short femoral lobe (Figs 1a, 3a, 4a, 6a, 7a, 8a)..........occviiii s 3
2. Apical telocoxite with a horizontal lateral process; apically lateral leaf with a small, transverse, ear-shaped
aboral projection (FIg. S}ttt st sans st st st s grandis
Apical telocoxite without lateral process; apical lateral leaf with a small rounded aboral lobe on distal
IALEIN (FIE. ZB) ettt ter s s eres et saes e sbene s rs s e st s set e st ae e men e e eseneseseeaneesenns Jlavicollis
3. Apical telocoxite T-shaped, with three median processes and a long lateral process. Middle median pro-
cess overlaps with the process from the opposite telocoxite (Figs. 3a, 3b) ... friendi
- Apical telocoxite not T-shaped, without three median or a long lateral Process ... reeeeossiecessissennes ]
4. Apical telocoxite not oval. Aboral lateral leaf lobe basally rounded and not produced into a lateral exten-
SHOML. 1ttt aran e b et B 1R8£SR 8158 en s e et ne st et ees 5
- Apical telocoxite oval. Aboral lateral leaf lobe basally not rounded and produced into a lateral extension
(FIE. BA) .ttt st e e et s et et nyathi sp. n
5. Apical telocoxite with two broadly mundcd median processes that may be in touch ....co.cocoovveerrrrne, 6
Apical telocoxite with three narrowly rounded or overlapping median Processes........o.voewrrrureesssisnrans 7

6. Apical telocoxite with an overhanging folded lateral process above and not extending beyond knee bend;
median processes do not touch; median leaf constricted subapically but without a basal lateral lobe (Figs.
B8, AD) i e e oAb bt b e en e ses st gokwensis sp. n.
- Apical telocoxite with a broadly rounded lateral process above and extending beyond knee bend; median
processes reciprocally in touch, leaving a window between them; sub-apically (below setose area),

median leaf constricted and with a basal lateral lobe (Fig. 6a) ... ... Matopoensis sp. n
7. Apical telocoxite bird head-shaped with three median processes, the mlddle long, beak like and overlap-
ping the opposite ONe (Figs, 18, 1D ). i ssesssses s ssesssiereesseas ot as s esss st sssessensses brincki
- Apical telocoxite not bird head-shaped, with two median processes that do not overlap. (Fig. 7a) ............
.................................................................................................................................................... rigerrintus
Discussion
Taxonomy

As in other spirostreptid genera, gonopod characteristics are the most widely used in Bicoxidens taxonomy,
Telocoxite and telopodite are the two components of a gonopod (Figs.la, 1b), with the latter being more
important in generic definition and the telocoxite morphology used to differentiate species.

In Bicoxidens, the telopodite is characteristically L-shaped (post knee) and lacks torsion. Additionally, the
presence of a pair of furrows on either side of the anal valve is consistent within the genus and distinguishes it
from other large African spirostreptids including Doratogonus Atems, 1914, Spirostreptus Brandt, 1833,
Archispirostreptus Silvestri, 1895, Odontostreptus Attems, 1914, Taitastreptus Van den Spiegel, 2001,
Pseudotibiozus Demange, 1870, Brevitibius Attems, 1950 and Kartinikus Attems, 1914, At present it appears
that the presence of these furrows is the only reliable external character, other than gonopods, that character-
ises Bicoxidens.

Several other external body characteristics are of limited taxonomic value because they vary intra-specifi-
cally. These include body size and number of body rings. For specimens preserved in alcohol, colour (body,
antennae and leg colour) was also not a reliable character because live colour was lost.

It is the structure and shape of the telocoxite in Bicoxidens, particularly the distal or apical parts that have
lobes and processes which show consistent variation between species. However, just the presence and number
of lobes or processes on the gonopods and sternite shape are of little taxonomic value. Although the telopodite
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is generally limited to generic differentiation it appears that the length of the femoral lobe, distal overlap
between distal telocoxite processes, extent of looping and position in relation to tip of sternite are useful in
defining Bicoxidens species or perceived species groups. The shape of the prefemoral lobe of the first pair of
male legs may be a useful specific character, however, in flavicollis this shows intraspecific variation among
populations.

B. flavicollis is the most common and widely distributed species in this genus, which oceurs in diverse
habitats south of Zambezi River. Different populations do not display wide size variation. However, body
colour differs depending on geographical location. Although black is the most common colour, yellow and
brown specimens have been recorded in the eastern highlands along the Zimbabwe-Mozambique border.

Besides being outside the known distribution range of Bicoxidens species (Fig. 10), polyprychus is super-
ficially similar to the species in this genus, Its morphological characters are not consistent with the genus
except those most likely influenced by environmental factors. The telopodite of polvprychus is unlike that of
Bicoxidens, and does not fit the generic diagnosis.

We propose that polyptychus be assigned to another genus. Besides having a collum with a prominent
anterior lobe with up to 9 complete and 2 incomplete folds; lacking two furrows on either side of the anal
valve and having an arrow-head shaped paracoxite, the most remarkable differences are found on the
telopodite, which has torsion unlike that of Bicoxidens (Fig. 9¢). In addition, other external body dimensions
fall outside the range for Bicoxidens species, polyprychus is larger with more body rings and greater body
diameter.

B. polyptychus, described from Katanga Province, Democratic Republic of Congo, is therefore removed
from Bicoxidens and tentatively placed in Brevitibius. Some external body characteristics of polyptychus also
resemble some species of Spirostreptus, Odontostreptus and Archispirostreptus. Revisions of other spirostrep-
tid genera are therefore necessary in order to establish the generic position of polyptychus and bring about tax-
onomic stability in the spirostreptids,

The results of the phylogenetic analysis also supports our assertion that polyprychus is not a Bicoxidens.
This is illustrated in the cladogram by its early and strongly supported separation from Bicoxidens species
(Fig.11). The wide geographical separation from Bicoxidens species provides additional support to these
observations and conclusion.

Species Groups

Bicoxidens is a monophyletic group that is strongly supported in the consensus tree (Fig. 11), The distal telo-
coxites are distinct and characteristic of each species. Three species groups are apparent.

Group B is the most speciose. The gonopods of Group B species have a characteristic distal telocoxite
with a rounded lateral process (except for nyathi) and at least two median processes. These species also have a
short femoral process on the telopodite, two complete collum folds and a prominent lateral leaf lobe. In all the
species the distal telopodite (post femur) of gonopods overlap above the apex of sternite.

B. grandis forms a strongly supported clade with friendi (Group A), this friendi-grandis clade has a T-
shaped distal teloxoxite and is a sister group of Group B species.

B. flavicollis forms a widely distributed monotypic group (Group C), a sister taxon of all other Bicoxidens
species (Fig. 11). The distal telocoxite has a characteristic flattened and tapering median process that com-
pletely overlaps the opposite one. The gonopod is similar to that of grandis in that both species have axe-
shaped processes on the median leaf and a long femoral process, both lack a large lateral leaf lobe (Figs. 2a,
Sa).

The morphological similarities of flavicollis and grandis gonopods may be a result of homoplasy. Hamer
and Slotow (2000} reported possible homoplasies in the related genus Doratogonus.
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Character and data matrix for cladistic analysis of Bicoxidens

L.

oW

po

10.

Shape of tip of prefemoral extension 1% leg pair of male: 0—arrow-head shaped; 1 —broadly rounded; 2—
spade shaped

Number of telocoxite processes: 0—32; 1—3; 2—4; 3—1

Telocoxite median process overlap: 0—no overlap: 1—overlap;

Hammer-shaped process on median leaf: O—absent; 1—present;

Lateral leaf lobe extending from telocoxite: O—absent; 1—long bulb/flask haped, broadly rounded
basally; 2—small diagonal ear shaped; 3—small rounded, nipple shaped; 4—long acutely rounded, small
basally

Telopodite post femur: O—not parallel and not overlapping, 1—overlapping and parallel; 2—overlapping
not parallel

Extent of looping: 0—no looping; 1—incomplete; 2—complete

Telopodite tip overlap: 0—do not overlap; 1—at or above sternite; 2—on opposite gonopod

Femoral lobe length: 0—absent; |—short not extending to femoral bend; 2—long extending to femoral
bend

Sternite apex: —mnot as 1 and 2; 1—below overlapping telopodites; 2—same level as sternite tip or past
overlapping telopodites

TAXON CHARACTER STATES

1 10
§. sebae 0000000000
polytychus 2000000000
friendi 2210111112
grandis 2011211122
nigerrimus 2300121111
brincki 2310121211
favicollis 1311322222
maropensis n.sp. 2110111211
gokwensis n.sp. 1300112211
nyathi n.sp. 1100421111
Faunistics and Distribution

Bicoxidens species occur in diverse habitats, ranging from dry savanna to relatively wet miombo woodland.
Figure 10 shows the area south of Zambezi River, covering Zimbabwe, as the centre of Bicoxidens radiation,

According to Nyamapfene's (1981) analysis of rainfall-vegetation relationships in Zimbabwe, montane

vegetation and miombo woodland dominate the eastern highlands which receive more than 1000 mm of reli-
able rainfall per year. Central areas are mainly savanna and miombo woodland; they receive about 750 mm
per year. The southern areas and Zambezi Valley are dry savanna, which receive less than 650 mm of erratic
rainfall per year. These conditions may have heavily influenced speciation and distribution of Bicoxidens spe-
cies.

All Bicoxidens species occur between the Zambezi and Limpopo Rivers except for brincki, which has also

been recorded in the Kruger National Park, South Africa, and flavicollis, which has been collected in Maguge,
Mozambique. Bicoxidens species show strict habitat fidelity, the patchiness of preferred habitats in the
savanna coupled with their poor dispersal ability possibly being the cause of the genus radiation in Zimbabwe.
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FIGURE 10: Distribution of Bicoxidens species

Unlike larger spirostreptids, Bicoxidens species are relatively less mobile and occur in small groups in the
preferred moist and sheltered microhabitats. The surface activity of small species appears to be restricted to
short periods during the wet season, All these factors and attributes would restrict gene flow, increase or main-
tain genetic distance between populations and enable taxa to remain or become genetically isolated and dis-
tinct.

The restricted distribution is remarkable and appears to support the argument that rainfall and vegetation
are major factors that influence distribution patterns of Bicoxidens species. The smaller species, flavicollis,
nigerrimus, nyathi, matopoensis and gokwensis, seem to occur in regions that have more woody vegetation
and receive more rainfall.

Although rivers are known barriers to several animal taxa, it is unlikely that Zambezi and Limpopo Rivers
alone could have been sufficient barriers to Bicoxidens dispersal. Hamer and Slotow (2000) suggested that a
dispersal corridor across the Limpopo River may exist, linking the northern and southern populations of some

A REVIEW OF BICOXIDENS ATTEMS ' Zootaxa 1452 © 2007 Magnolia Press - 21




species of Doratogonus, B, brincki may be one of many taxa that could have exploited similar corridors. How-
ever, the Zambezi River and the sudden change of biome could have restricted the spread of the genus north-
wards into Zambia, The Zambezi Valley is large, dry and generally a less habitable environment; therefore, it
is likely to represent a greater challenge to Bicoxidens dispersal northwards,

grandiz

Jriendi

iythi "\]I

gokwengis

M migervimius > B
0.5

brincki

/

FIROPoEnSis

favicollis } c

polypvchi

5. sebae

FIGURE 11. A consensus tree of Bicoxidens species using 5. sebae as an outgroup. The numbers indicate the number of
times the groups to the right of each fork occur among the trees out of 1,00 trees,

Until more areas in southern Africa are surveyed and material in museums studied, any conclusions on
distribution patterns and speciation of taxa will be difficult to defend. It is estimated that several species of
Bicoxidens are yet to be described and new distribution records await discovery. This is corroborated by the
three new species described here and new distribution records of flavicellis in Mozambique and brincki,
nigerrimus and grandis from south and western Zimbabwe (Mwabwvu, 2005).
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Citatien: Mwabvu T, Hamer M, Slotow B {2007) 4 ew apoches of Bicavidlens Araems, 1928 (Diplopoda, Spheas pri-
ela. Spirosirepiidae) species from noerhern Zimbabwe, De: Clalovareh 81 Mesiboy B (Edel Adhvances i the Systemarics
of Diplapeadn, Foukeys 7: 75-81. doi: VLT feookeys 7. 106

Abstract

Bicowidens aridiz sp. n. is deseribed From five male specimens collecied from nurthern Zimbalwe Besides
being the smalkest member of the genus, 8 ardis has 1 hookeshaped distal telocoxice, a telopodine wirk a
long posriermur and a prosisal dockwise coil. The discovery of this species suggests thar the gebgraphical
range of the genus may extend fuecher nonh into Fambia,

Keywords

Millipede. gonopod, selocosite, proplica, meraplicn, relopodire. endemie, sauthern Africa,

Introduction

According to Mwabvu er al, (2007), many southern African millipedes are unknown
w science because several habitats have not been surveyed and because large quantiries
of material held in museums has not been stuudied. Our knowledge of the region's mil-
lipede diversity and diseriburion is therefire incomplete (Mwabvu er al, 2007).
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The genus Bivexidens is endemic o southern Africa (Mwabva 2004), It has been re-
carded in savanna woodland, riverine vegetation and faresis south of the Zambedd River
{(Mwabvu er al. 2007). The disutbucion of brinedi Schubarn, 1966 cxends southwards
froni Zimbabwe across the Limpopo River into the Kruger Nadonal Park, Sourch Af-
rica, and flawicelis Arems, 1928 extends casowards from Zimbabwe o Maguge in wes-
ern Mozimbique (Muwabv e al, 2007, bue atherwise the genus seems w be wesericed
o Zimbabwe, pardeularly che central, astern and souchern repions (Fig, 33, Deails of
localivies and synonymies of known specics are provided in Mwabwvu gual. {2007).

The genus is characrerized by o celopodice which has seither anterorsal process nor
torsotope, but which may have one or sve lobes ar the femuor and wrminally. Unoil
now Hicexidens bad not been recorded from the Zambeei Valley, which led o the sug-
gestion that the hor and arid conditions in the valley are less habitable and, cherefore,
resericreel the spresd of che genns porthwards (see Mwalbwvu ol 2007). Howeves, a
recent study of millipsdes held inthe Narral History Museum, uncovered a new spe-
cies from che Zambezi Valley in northern Zimbabwe,

Material and methods

The macerial examined is housed in the Royal Muscum of Cengral Africa, Tervaren,
Belgivm (MBAC) and rhe Natural History Museum, Bulywayve, Zimbabwe (NMZ),

merhods follow Mwabwvu cral (20071, and rerminology follows Hofman (2008).
Specimens were studied wsing a Carl Zeiss Stereo microscope (Stemi DV4) and photeo-
graphed using auto monage software (Leica Microscope MZ12s with 3 CCD Toshiba
Camera). Adobe Photoshop CS {version 8) was used o manipulate the images and
prepare the plate. In addicion, images of the welopadite were proaduced using a JEOL
JSM-480 L Vscanning elecrron microscope, Materdal for elecoron microscopy was pre-
pared follswing Barneee et al, (1991), AreGis (Arcmap 9.1 was used o prepare the
distribugion map of species.

Description

Bicaxidens arvidis Mwabwu, sp. n.
urn:lsidzoobank.ongaceG02DFBCT-2D05-4C06-8386-001 03018 AZD ST

Type material. Holotype: ZIMBABWE: 1 4, Mbizi Pan [1628C4], 12, XIT, 1983,
Puteerill G (NMED 561

Additional material examined. ZIMBARWE: 1 .7, Myamapanda [16790 §, 32
BOE], WIL 1998, Mwabvu T (MRAC 20554) 2%, Mushumbi Paals [1630811, 22-
PRNLIDT, (NMADETD, |, Chimust (MMED272),

Eeymology. Specific name refers to the i thar the species accurs in a dry, low
rainfall region.




A et spevies of Bicoxideus dimems, FI28 species fram soridvre Zivdicbie

Diagnosis. Distal elucoxite foldeal cowards apical proplica, producing 2 hook
shape and & median coviey (Figs Ta, I laceral marging of proplica and metaplica se-
wse; postfemur of telopodite as long as proplica, with a proximal clockwise coil distat
o the femoral lobes, and without looping ar the exrremitnye (kig. 2).

Description

Dimensions. Body length 73-88 mm; minimum and maximum hody widdh 3-4 mm
and 3.5-6 mm, respectively; antenna lengeh 4-5 mm, exending up o the 3 body
ring: leg length 3-4 mm.

Number of body rings. 54-50.

Colour. Body lighe o dark hrown; head light brewn; antennac dark brown o
black; posterior part of merazonite dark brown or black; prozenite cream; logs light
brown.

Gnathochilagium. With long setae along disial margin of the stipes und lingual
famella; one small papilla bekind and beoween the larger two,
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AREAT O ——

Figure 1. fSisackdens avidis sp.on. Ay ol view of gonopodss By abanl view ol gonopodds, G lareral view
of collum; D, ol view ol |1:||_'|'{n|n|.|| Il of s |Hii af anale IL'I.:,\. Alalyrewlarions: (L8 |Jl"|'].1||\.*: lis!, heart-
shapee lobe; i, metapliea: me, median cavitys iy clopadine e, welopadiee coils ml, mewaplica fold; of,

coil T fanddd: i, |||Lr'u11m.1| lubi; e, paraconin
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First ozopore. On 6" bady ring close 1o or on sigilla ruw

Collum, Anterior cormer roundedl or square in shape, nor produced inte a fareral
labe, with 2-6 submarginal folds (lFig. 14),

First pair of legs. “lrsal claws straight, but gently curved apicallys prefemonl proc-
eises proximally parallel, bue not rouching medially, with Lierally direcied nipple-shaped
apical lobes dhar are widely separated distally {Fig, 1d),

Sigilla. One row of large circles,

Midbody ring. Diameter of morazonite grearer chan prozonite, prozonte wich tp
to 16 striae char are furcher apare posteriorly; limbus wich straight edge.

Gonopod. (Figs 1a, 1b, 2) 4 mm long, with a wriangular sternie; parscoxite rounded
apically and basally fused ro menaplica. Distally, meaplica of relocosite hook shaped,
larerally rounded and folded cowards and overhanging apical region of proplice of relo-
coxite forming a median cavity (Figs 14, 1b). Lateral margins of proplica and meaplica
sctose. Orally proplica with an apical heare-shaped lobe which conceals ehe telopodite
at the knee (Fig. 1a).

Proximal half of relopodice broader chan distal (postfemoral) half. Lengeh of post-
femoral region of telopodite equal o that of proplica, Telopodite bends laerally and
produces a tight clockwise coil disial to the femoral lobes, above level of (he paracoxite

ne . ]

; . AT
ol L

Figure 2./ awialic sp. . A, sebopadice apes; By relopodine eoil. Abbeviatione: p, selapdite; 1, (omoral

lashae, e, telespesifice enily rpatl, u'l._:|:~mii.l;- apleal luby
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tFigs Ta, 2b) Postfemur of telopodite exrends distally cowards the welocoxal ape and
crosses the post kaee parc proximal to the coil and femaral lobes (Fig. ta). Telapodite
wichour apical fooping, but with nvo unegual lobes ac the exrremiry (Fig 2al.

Distribution. Appears 1o be widespread in the Zambezi Valley and northern Zim-
babwe, a dry savanna region charmeterised by high wemperarures and low, unreliable
rainfall {Myamapfene, 1991),

o
s | .
K] .
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Figure 3. Disrribarion of Siocdens species
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Comparisons

I werms of body widch, B ariafie is che smalles amany the known species in the CTE
Orher major differences relate 1o che strucrure and shape of the apical gonopod, and
the clockwise coil of the welopodite ac the Femur

Although che apical foiding of the metaplica is more pronounced and produces a
median cavity in aridis, folding of this strucoure is noc unigue w wriddis, vaeying degrecs
of falding of the distl welocoxites was reported by Mwabvu et al (2007} in frincks,
Friends Mwabwu, 2000, gokensés Mwabva, 2007, matapoensis Mwabvu, 2007 and my-
wrlé Mwabvu, 2007, However, the characreristic median cavity and relopodice eoil arc
present in aridic only.

Unlike congeners, the distal celocoxite of arvdis lacks lageral processes such as those
found in friends, grandis Lawrence, 1965, myashi and migerrimg Avems, 1928 or me-
dian processes similar to those found in brivebi, fluvscollis, golwensis, preielis, mate-
pacnsic and nyark,

Diseally the proplica has o heart-shaped Liceral lobe which covers the telopodine
at the knce (Fig. 1a): which appears o prevent the wlopodice from slipping out of
the gonoschisma, A similar function was suggested for the apical lobe of the proplica
which is found in flavicelfis and grandis (see Mwabwu cr al, 2007).

Unlike ather specics, the abanl surface of the meplica of aridis docs not have a
lobe or projection at the level of che apical prophica. Addirienally, che laeral margins
of the metaplica and proplica an: scrose, while in other species only the apical region
af the proplica is suiose,

The post knee region of the telopodite of aridis is approximately owice as bong as
the proplica, in addition, the post knee telopodice is not L-shaped nor defeceed medi-
ally ac the level of the paracoxires or sternite (Figs 14, 1h) as is che case in COngeners
(see Mwabvu et al. 2007). The telopodite typically produees a single clockwise coil just

‘after the femoral lobes and lacks terminal bending or looping, making the shape of the
vt . -

=

relopodire unique to arjdis, - -

An addidonal coupler would have to be added to the key to Bicaxidens species in
Mwabwvu er al. (2007) in order o accommodate ariglic. This becomes the Grsr coupler
because the 5hu|:rr.' af the diseal region of the welocoxice and che scructure of the wela-
podite di.wfngtu.n'h ariedic from congeners,

1 Apical metaplica hook-shaped and with a median cavity {Figs. 1a, 1h), with-
out produced lareeal or median processes; past knce wlopodite not L-shaped
(Fig. Fa), with a clockwise coil afier the femaral lobes and withaur lovping at
the extremity (Fig. 20 oo Bicoxidens arvidis sp. n.

- Apical metaplica not hook-shaped and wichout a median cavity with pro-

duced laveral or median processes; pest knee relopodice Leshaped, withour a
clockowise eoil afrer the fomaral lobes and with i”rgping at the extremity. ...
L L e etk e et e ettt e 2 (all other Bicaiefons specics)
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CHAPTER 2

A TAXONOMIC REVIEW OF THE SOUTHERN AFRICAN
MILLIPEDE GENUS, Bicoxidens Attems, 1928 (DIPLOPODA:
SPIROSTREPTIDA: SPIROSTREPTIDAE) WITH THE
DESCRIPTION OF THREE NEW SPECIES AND A TENTATIVE
PHYLOGENY.

A NEW SPECIES OF Bicoxidens ATTEMS, 1928 (DIPLOPODA,
SPIROSTREPTIDA, SPIROSTREPTIDAE) SPECIES FROM
NORTHERN ZIMBABWE.

LIST OF ERRATA

Chapter 2: A taxonomic review of the southern African millipede genus, Bicoxidens Attems,

1928 (Diplopoda: Spirostreptida: Spirostreptidae) with the description of three new species and a
tentative phylogeny.

1. Minimum and maximum body width

The values are definitely wrong. The correct minimum and maximum body width ranges
for B. brincki should be 69 and 8—11 mm, respectively.

2. Page 15, minimum and maximum body width

The minimum and maximum body width for B. nyathi should be 5 and 7 mm,
respectively.

3. “Telocoxite and telopodite are the two components of a gonopod”. This is a

gross simplification.




The correct statement should read: The telocoxite and telopodite are the most

taxonomically useful components of gonopods in Bicoxidens.

4. Reasons for synonymising B. nasti and B. flavicollis

After studying more material and after using SEM B. nasti and B. flavicollis were

synonymised because similarities in the genitalia were enough to consider them the same

species.
5. Distribution map of Bicoxidens species

The distribution map of Bicoxidens species (below) is an improved version of Figures 10
and 3 in the published taxonomic revision of Bicoxidens (Mwabvu et al. 2007), and in the
published description of B. aridis (Mwabvu et al. 2009), respectively (Chapter 2 in the

thesis). The recent map includes all the available distribution data for the genus.




B. aridis

B. brincki

B. flavicollis

B. friendi

B. gokwensis
B. grandis

B. matopoensis
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FIGURE 10. Distribution of Bicoxidens species.




CHAPTER 3

A REVISION OF THE TAXONOMY AND DISTRIBUTION OF
Spirostreptus  Brandt 1833 (DIPLOPODA, SPIROSTREPTIDA,
SPIROSTREPTIDAE) WITH DESCRIPTIONS OF A NEW SPECIES
AND A NEW GENUS OF SPIROSTREPTID MILLIPEDE.
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A revision of the taxonomy and distribution of Spirostreptus Brandt 1833
(Diplopoda, Spirostreptida, Spirostreptidae) with descriptions of u new species
and a new genus of spirostreptid millipede

TAROMBERA MWARVL, MICHELLE HA MER", RUBERT SLOTOW! & DAVID BARRACLOUGH
" Seded of Midpyioad & Cuareination Setbires. Univay of Kwecrelipeasiel, Wearvblle Cavtipus, PRS00, Durbiys KL St
Africa, E-mail: vt Bk g ey HoloweSak o acae; Bzrraciomad DR akEa a2

IFengtiy Africares Walioned Bpdivensity nstiie, PR TOL, Fretoris 0004, Suidh Afivy, [Famail: hemwer @ sanlorg

Abstract

The giam millipede gomas Spioarreptns Bromdy 1833 s revised 1w inchwie six speries from Adrica, stiEh ol the Coage
Teives, The: six species frmerly iciaded in the genus were 5 Feriy Porar FETE, 8. bruegesi Abtens 1R, 3. sehae Brandt
[433, 5. reipernit (Conk & Colllng 18933, £, mciger Alfemns 1928 amd 5, kymotoriubday Atems A, Spirostapius
Evimatenhabdivs s hive renvoved froom Spimstreti it pecommeidsted in die aew genos Nombasireplis, A new species,
§ Batokert st Myvatveu from Zimbabwe, i deseribed. A key 1o e specics of Spirostram epucios hased o gorapod
snirphilgy s presenicd. Despite the remarklble simitirity bebween the gonopods of 5. beres dod 5. kruegeri, the v
species ore distinct. Spiromrepies las sttt fdelity o the savanna binme, with overlipping distributions of species, s
making canssrvation of many spectes in one biume possiile,

ooy words: srvanna, niillipedes, gonopod, pbeatificmivn key, conservation, soufen Alrics

Tntroduction

Millipades constilute o mugor part of sodl mpcrolauns {Crawfond 19923 both in s of numbers of species and
biomass (Dangesfield 19903 They entiance organic maner breskdown (Bond & Sierwald 2002; Sierwald &
Bond 2007) and mix orgenkc matier with upper soil luyers (Edwards or ol 19707, The high densities of
midlipecbis that emvérge Nrom the sail during the ruinfill season and thekr relatively lavge Body sie sugpest a much
greates ol as derriliviares in bropical environmenls than previously estimaed. Crawford (1992) ranked
millipedes behind eanhwons and rermites 2% pne of the major groups importsnt in the breakduwn of organie
matter, Dungerfiekd and Telford (1989 cstinuted that nuillipedes i tropical micmbo woodlasd woukd consume
close 1o W06 % of annual litier Fall. ‘

Milliprdes prefer moist miciohabitis, which s often pachy, wnd because millipedes ure unalle
completely close tigir spiracles, v albiliny o disperae cver longg distnees iz timited. Therelore many millipeds
species ane istlated and oocur in small ancus {Hopkin & Read 1992), which makes them valnerable 1o labiti
disturbance und extinction (Hamer & Stotow 2000; 2002}, and this also means that ey are switable
bioindicators for eoological stuties. Despite being eonspleuous, impartant in ceolugicul processes, diverse
{852 speties In southern Afriea: Haer 1999, 200} and habitat specific. millipedes remain neglecied sl
undlar-rilised in bipdiversityiconservation studies. This is largely di 1o fack of up w date dats on diversity aml
distribation (Hamer & Slotow 2000}, and the scority of millipede taxonomists (Hamer R0

Rocause of the threats o inverlebrate diversity due 1o fabsbtal alteration (New 1985, Hamer 1997000 @5
essentinl that sarveys and takonombe studies on millipedes are comducted o establish species diversity and
distribution. The nuber of millipede species recorded in suuthers Afvicn could increase substamially once
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forested hobitats have been sampled, existing and new matedal studied, ard wxa cevised {(Hamey 1457}, The
afforts would providie useful dut for invertebate comservation programmes and enhance the wnderstanding of
the Tactors and processes that may influence speciation and distribation.

Soventy-aine miflipad genern have been recorded in southern Africs (Hamer 19970 Twanty-thiee belong
1o Tour families in the Onder Spimostreptida (Hamer 1000y, most of these genern are endemic o ihe v gL
(Hamer [907), Ameng the 23 generi uve the large, yet poorly studied and under-collecied genera
Archispivostrepris Stivestel 1895, Spirostreptus Brandt 1833, Linmagrepius Holfian 2008, Choristostrepmus
Hoffman 2008 aid Plaglotaphres Atwms 1914, These genera belong to the Tribe Spirostrepting bised on i
prostatic groove which brenches info bwvo o three emall distal processes (Hoffman 2008), The specics
compisition of the Spirostreptind ks been the subject of Intense serutiny, with the validity of sevenl
speestioned {Hoffman 1971, 2008, Tn addition, the actual distributions of most of these s are doubiful or
wnknown csee Holfman 1971, 2008

Prior o the redefinition by Holfman e af. (2001 ), Spirostrepis was considered problematic beeunsse of
wmbiginus generic [mits, Hoffoan ec ol (2007} regarded Krabbe's (1982) list of 38 Spirostreprg Specics foon
frclusive, and sugposted thal she had included many species that Were nol congendric.

Krobbe § [982) listed nine spevivs under THgeunsirepiis Alems 1904: T benedicis (Kruus 1958),
Iykesphorns (Atlems | 935} and rriperritus Trirn Angola and the Democritic Republic of Congo. fawrencel
(Hoffman 19713 from Maliwi, Kyemegorhabdus from Namibia and the move souiliern feros, seboe, weelger and
kruegiri. Acconding to Kmbbe {1982), snciger was recosded from the Transvaal (Limpopo Provinee, South
Afetead; krwegerl from the Transvadl {Limpopo Provinee) and Guborone {Botywana j; sebae Trom Mazowe
cZimbabwe and Beirs (Mozambique; and heros (rom e Kalahari (Butswand) und Kimberley (North Wast
Provines, South Afvica), Sine the publication of Krebbe's (F982) list, new locoliy recoeds for heros, seliae,
wiecier and Eregert havee been added following colbecting sorveys and processing oF meisenim material,

Tive redescription aid identification of 5, seboe (see Golovaich & Hoffman 2000; Hoffman er af, 2000 a5
the wpe specics for the genus, which i furn is the type genus of the family, had implications fesr the
nomenchiure of spirostveptids. Firsly, Tricenosirepis became & subjective junior syronym af Spiecsteepus
and, therefore, Triaenostreptinge and Trisenostrepting were rendered ipvalid (Hoffman ar al, 20007, as was
suggesied earlier by Hoffman (19793, Secondly, the authors confirmed synaaymy of T arlodus Avenis 1928
with 5, heruy, and 7 patersi Attems 1928 with 5. sebae.,

Adthough the improved undorstanding of Spinsreepius his stbitised the taxonomy of Spirostreptida
[ HofTasin af ol 20015, problems at thee species level remain because carlier species descriptions weie hased on
few characiers of xonamic vilue (Hotfman 1979) Therefore, smne taxi may not he vabid or correctly assigned
to genera becuuse their description may heve been based b homoplastic chatocters, & purtial splition is the
recent erection of two new genem, Livuastrepras and Chorisaareping, by Hoffman (2008) for benedicres i
iykophorys, and lowtencel, respectively. This lenves §. sebae. ooy, wnciger. knegert, teipavtitng and
Eymatorubduy as the vobid spectes in Spirestregios Prios L0 RS revision. The vecent callection of pew muerial
provided the opportunity o reviss the genus Spivestraptis and examine s diistribtition.

According to Attems (T928), Spinssirepter i3 defined By a Broad distal wlocoxite thin surpasses (he Taleral
margins of the proplics, the presence of & digitiform Taterl lobe prodeced from the fateral zdge of the
telogaxite (aboral 1o the knee bend of the telopedite) ond three widely sepuctud sclerites What form the
prebasilar plite of the gruthochilatium. Rased oo this diagoosis, Hoffmn's (1971, 2008} suggestion that
some of the speeies are incorréetly assighed o Spirmsirepris uppears o be well Tounded and regquires Toer
inveatigasion.

The oeran objectives of the study wiae o revike Spirovrepry, produce o key 1o species hased on guncpod
mocphology, establish diswibution patierns andd clarify relationships between the species,
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Malerials and methods

‘This study relied on muaterial from mgseums and recent surveys. Museum sbibreyviations used ans a3 Tl bwwes:

SAM South Africa Museum, Cape Town. South Africs

MRAL Royal Museum of Central Africa, Teoven, Belghm

MMSA Ml Museum. Pheweenviriteburg, South Africa

NMZ Matural History Museum, Bubiyvayd, Zimbabwe

IME Museum tir Matwrkunde, Humboldt Universiit, Berdin, Germeny

LU Natural History Museum {Zoological Mussumd, University of Copenhigia, Copenbagien,
Denmark

USNM Muticmal Musewm of Natieat Blisory, Washingtan, USA

Genernlly the methods followed those deseribed in Mwabva e al. (2007 Ahhough cobsr wesnld have
chainped in presecved specimens, body, leg and ankeana colowr were recorded for all specinwns. Budy rings
(exvept head and anub vilve} were counted. Body Tength was meusured using 1 sofl wire placed nguinst the
fine of oropores. When the body rings were separuled (ms was the case for most preseeved maeeriol) the body
wats reconstructed pnd length mensared as hefore. Minimum und maximum by widths were ineasured using
Vernber calipers, Al the measurgments are in miliimeters. Althoagh the measurements were mostly based on
male specimens, females wera also used when they were gwailahle, The male gonepods were dissecied oul,
exwmined and photographed.

The telocoxite and whopodine of the wiale gosopor were cxamined, The welopodite was separmed from dwe
teloensite 1 ollow detailed examinution. The abseace/presemce, size, shape und number of branches!
processesiobes, angle helween Jobres and relative length of various genopod struclires were camppriried and
yevorded,

Material wus studied using 4 Nikon AZ100 stereo-microscope and o Carl Leiss Semi 14 sleren-
microscope, Fhorographs were aken using Ni%-elements 13 software und suto montage sofbware (Leica
Microscope MZ1 25 with 3 CCT Toshiba Camery), aod the fingl images and plates were propared using Addob
Phictoshop C8 (version §). Arcis (Aromap 9.17 was used 1o prepare the disuibution map of specics.

Specimen data are preseuted as stated on the fubels, Where e co-ordinates o the Jocalities were nid
peorvided on the fabel, Groogle Earth (2000 Tele Atlas versian} wis used o dstimate the eo-ordinates.

This revision will follow e new terminoliogy advanced by Hoffman {2008). who propused the Toilowing
terms for the gorocoxite struciures: proplicu Tor median lonf: metapliva for lateral Jead; gonpsehima fo
wogocncl: and Tor the telapodite: omsaiops Tor vegion of torsian; and anteiorel process for femoral provess.

Results
Taxonomy
{ienus Spirostrepius Brandl 1833

Sirpstsopns Weanch LH33, p. 203 (type spekes: Spiritagioy tolie Frand 1833; by subseguent designavion of Pocock,
[R5, 1 3B Spirrepn ARMY 1904, 1928 Hollman 1965, 1979, J008; Krabbe VR, Golovatch & Huofliman
a0y Hamer 190K, 1990 Hoffman esel. 2001 Mwabs 2ONKS, 200

Triveratropties Atonts 1814, p. 14D {type species Spirostruny pHodur Aiems 19, Dy sabeeguend ilesipmation 1f
Jeizked, 0RO, p. 139 Anems 1928 Golovaich & Huffiman A0 Bioffsan 1971, 1978, 2008; Keebbe 19523 Hamer
1494

Diagnosis: Large spirostreptid millipedes. ody length 162-344 mm: antennid G0 e minimao and

it bidy widih 415 o o §1-19 mm. respectively,
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Proconiie 1--3 mm wids and meazoaite -2 mm wide.

Number of by rings 60-73,

‘Three separate selerites form the prebasilar plate of the griathochibueium,

Collum with an anterfor lobe, hlack or @ik brown in coloar, with 2-3 complete folds and (-7 incomplete
firlels.

Body black or brown in eoleur, Legs, sntennae and anal valve colour generally highler shades of ody
cotboanr, aften light brown,

Prazonite vellowish to hrowas metaronite with one row of sagilly, Gropares begin on 5% or 67 hody ring.

Gonopod 5-9 mm fong; sternite gz parsconine fised fghly 1o de metiplice. apically hurzontal,
Teloweoxiics approximately parullel o coch other, medinl edgs soraigh and close togelher.

Proplica approxinutely 20 of gonopod length: proplics broid sub-apically, selose apicafly. Proplico with
# cemtin) groove Flunked by sharply vidsed lateral and medial edges.

Thumb-like Leerpl lobe present belween the distal welocoxite bobe und apical proplics, era fobe divecied
pwiirts parncoxlie st an angle W laterl cdge of distel lobe.

istal telocoxite enlurged and bteally produced into rounded golf clubeshuped bobe (Fgs 1o, 2o, 3u, S
Fai, ta).

Metaplica with s small window throogh which part of pre-knee ielopodite s visible (Figs 1. 2b, 5h. 44,

o §h, 6]

Telepodite knee and origin of antetorsil process concealed under apex of proplica. Anetorsal pricess
tapering; post keee elopodite coils ar spirads proximally, beeaming lmellale before sarrowing distally inbir
lomg hin extension with a wifurcate ending. Ametorsal process straight, S-shaped or crescent-shaped, with
termtnal spine (Fig, T

Distribution: Known from southern Africa (Angols, Botswana, Democratic Repoblic of Congo,
Mozrmbicue, Namibin, Scuth Africa, Zambia and Zimbabwe),

Remiark: Although Hoffman (2008) did net use the preseace of the disml obe and the danting digitiform
beterst] fabe o dedine Spirostrenre in his key to the genera of Spirostrepting, we think that these characiers ire
taxondamically more informative ar the peous level than the Torm of B aniefocsal process.

The digteibution of the penus shows large gaps even in habitats similie to those from which the geaus is
known. These gaps are mainly in fess aceessible reglons which suggest thit current undersianding of th
distribution by resul: of eollecting biss ruthier than u e g mentation.

Spirostrepius hevas Porat 18T2
Figs 1. Tu

Spivnatrepnu feros Pomt 1872, p 29 Hoffman e ol 20005 My 20050; HofTman 20608
Spirvstrepng triodur Atieos 1908, 46, fgs Te=79.
'rrﬁJ(rj(’Ilrﬂ'i?Iir,T frioadnis: Avicne 1928; Hoflman 197 1, 206 Krabbs ]Wﬂ-: Hapeer 1998 Halfinan erof, 2001

Type material Hololype: BOTSWANA: 17, Kalahari (22008, 25 34°E] (ZMB 4068).

Additional material ¢xamined: BOTSWANA: 1.9, | 7, Gemshek National Park, Kolahari {22565,
23R, 2w 1970, B. Lunoral (NMSA 16152 |7, 1+, Kalahor [22736'S, ZFA4KE] 2005, (NMSA
AT SOUTH AFRICA: North West Provinee: 2 /7, Malopo [25%3'8, 2417 E] 1312001, R, Sluow &
M. Hamer (NMEA 20405, 20408), Northern Cape Provinee: | 24, 1 . Northem Cupe [2T697°5. 21.3557A).
(NMSA 208513 1.5, Northern Cape [27.697°5, 20.3558'E], (NMSA 20495}, NAMIBIA: 2.7, 5 1/, Okawango
[ HESIE'S, AWLSE], 202002, G Plomer (AMB 13737, 13738, 13739 & 13742), ZIMBARWE: | 7,
Beithridge 22908, 30700E], (NMADEISF)
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FIGURE L, Spirostropirs hems (HMSA Z95). 8, onl view of goaopods: b shoral view of gonopods; ¢, oral view of
prefomcral Ebe of Hrst paic of mabe hegst d, Bajenil view of collun. Abbreviations: p. peaplics: m, nietaplicn; By Eseral
Jabe; dl, disial lebes o, depression; tp, ielopodite; at, antetorsal process; pe, pamecxite; <, steenite: of, collin fuld: al,
aanberiod ok, pﬂ. it hoba.

Diagnosis: Latera] and medial edges of proplics priealiel; proplica witheut abrupt widening subupicaliy:
angle between lateral lobe amd distel lube ggquil to or less than a right anple; muetorsal process S-shaped (Figs
L4, T, Ta).

Dieseription: Size: Body length [84--348 mme; minimim asad saximuam hody widih 8-14.5 mm and 1.5
19 e, andenna dength 19013 mm.

Huemher af body ringy: 5968,

ol Boddy Bleck: Jegs und antennne black o dark brown,

Colfuwe: Amerior produced boterally inty & narrow lobe, with 25 complate folds wd 0-3 incomplete fobds
{Fig. 1dy.

Pre-fomoral provess of 1 pae of meale fegs: Proximally pacallel and roumled, medial nipples distally
narvine and stronghy deflected geally (Fig. Lol

Comopod: (Figs (2, 1) T-9 mum bong; telocoxites parallel, but ot in eontact.

Sternite short, wide and apes oot exoemding distally to level of paracoxite apex.
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Proplica iapering aplcally, Apex of proplica conceals proximal laerad lohe. Proplica does overlap
chighal Boes (PR, Daih

Metaplica without fohes or humps, wider proximal @ telopodite knes (Fig. 1h)

Lateral Jobe exeends beyond ueral edges of proplica and distal labe, Aborally, luerul lobe proximatly
parriow;, rounded distally (Figs T, 1),

Distal Tobe latersily and apleatly rounded; medial edge of disial lobe coneave, Torming 2 shublow
imvngination. Swefsce of disal elocoxite lobe smoeoth: dista! lobe not extending beyond lateral edpe of
proplica spes {Fig. Ta), Oally, the distal lobe may havie 8 shaliow central depression.

[elopodite with antetorsl prvess which eatentds past paraenxite, post-knee relopodite with an open ol
Angerorsal process S-shaped (Figs Lo, 1b, Ta)

iistrfbution: Known fram southem Botswana, morth-western Sueth Afriea, northern Namitrla wod somthern
Fimbatrwe,

Remarks: The smooth sutface texture and shape of the distal Tobe of e gonopads resemble the Torm i
heodensis, wiciper and kriegerd rither than sele unel eripreorrithis.

T gonopods of keros and kraeger s the most similan, However, in femy the angle between the laeral
tobe nnd sl Tobe is cqual 1o or less than a dght sagle while in 8 &rocgend it is wider. Addilivnally, in feros
the Tateral edge ol the praplics is sraight, withoul b widening subaplcally while in fraegeri the proplica
is wide subapically, The antetorsal process it ferss is S-shaped unfike in knsegeri whene it is concave (Figs
T, Thi. Thie distal nipple on thi Iatekul lobe in some specimens of Eriegert hias nol begn observed in et In
addirion, the medinl edses of the teloroxites are stralghi and largely paraliel along the whote length in heres a5
opposed [0 kriegeri where thay sre widely sepaenied ab the level of the lateral lobe (Figs 12, 2a}

Spirosireptus krudgeri {Atbems 1928)
Figs 2, T

Trigwipstreptis kenegert Allems 1928, po 367, 1ips %15=317: Hoftosan 19715 Krabbe 1952 Hamer 1998
Spfrmitaeprs Kenegperd: Muwalven 20805 Haoffinan 2R

Type material (001 examizedl SOUTH AFRICA: Gauteng Provinee: Krugersdorp (SAM).

Additional material examined: SOUTH AFRLCA: Ganteng Province: 1 &, Pretoria |25, 2HVEL
1961, {NMSA B886), Limpope Provinee: | 7, Makalali Game Reserve (2451108, P ATE]L w1998, M.
Hamee (HMSA 220515 1 3, Klipfonteln, N, Transvaal [2428A2], 4,550.197% [NMZATy, 17, Phokaborws
[23"5 'S, 31M12E L6 1998, 5, Piper (MMSATAL), Naorth West Provinee: 1 o, Pilunesberg Nutional Park
(248155, TPOGE], 30,2000, R Slotow (NMSA | 5816% b, Pilanesberg National Park | 28758, AT DEEL
12,205 1999, R, Slotow {NMSA 20478); | 3, Pilanesherg Notlonad Park {2571 85, 27" 06°F], 1999, F Londt
{NBSA 205130 § 2 Pilanesharg (23158, FTIOETE], 210 1999, (MMSALSEIGR | 2, Bosaluno Game
Reserve [2334°8, 25" 42F], 7.1.2000, (NMSA 22053 1 4, Madikwe Gume Reserve {25215, 2632,
L2000, K. Slotow (NMSA 0Ty 15, Madikwe (2502 0s, 26 32E], §.2000, B Slotow (NMSA H4T0,
Northern Cupe Province: | o7, Northern Cape [2B.5777%5, 27480, (NMSA 22052 NAMIBIA: 151 Y,
Palmfaiain Farm [ 1914CH), 25151969, B, Lamoral (NMSA 0065Y, AIMBARWIE: 1 5. Humani Rasch HE}
{2032A0], [3av 1957 INMADS02Y 1 o, M;Iphiﬁa | 21M0S, FROITE |, 1906, T, Mwabvu (MRS A 20530 1 2,
Drodaieturn Ranch, West Micholson |21 20A4], 18,5085, (NME/D3EL, NAMIDA81) | -7, Daeldichurn Banch,
West Mcholson [2120A4], S.in86, F Nyathi (NMZDGET): | o, Manans Hospital [ 20"56°5, 290012,
14.12,1996, F. Nyvathi (NMZ/DE3EY. |3, Hippo Valley 2108, 31"ALE], i 1998, T, Mwabva (NMEA
208430 1, West Nicholson [20°03°8, 28°21'E], 17.xii.1974 (NMEDISTAR |, Chivi [20°30°8, 3050'E L
i 199E, T Mwabvn (MMSA 16196),
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b ]
FIGURE 2. Spivastivpiug Erooger (NMATISE2) o, oral view of aouopods: by ubsral view of gonopds; ¢, il view of
prefemarnl labe of fisst puir of male logs; d, latesal view ol collum, Abbreviatdons: p proplies; m, metaplica; B, lateral
it ], clistal bobes o, depressions ip. telopedite: ol antetonsal precess; pe. pasagonile; st sermite; o, coflians Ehl; al,
anterion lube; P, profensel bide.

Driagnodis: Telocoxites wider agart ab ihe fevel of the apex of the proplica: proplics nod metaphica
abruptly widen subapically; lateral Tobe may have mi apical nipple: lnternl lobe strengly stanting rivwirds
parseisiie wway from the distal fobe, at greater than right angle: apically latersl lube deflected aboraliy:
antetorsl process erescent-shaped distally (Figs b, Th, Tb)

Deseripthon: Size: Body length 220-240 mim; ninimu and maximum hody widil 5-9 mm el 11-15
mum; seenna length 9-12 mim.

Nugbarr of Doy rings: 63-75

Colower Body brown and hlack; legs reddish brown o bverwn: amtennae brown.

Cothens Rounded anterior lobe sighily prodiced ventrally, with 33 empleie and 07 incom plete folds
iFig. 24, .
Prasfineral process of T paie of wele fogs: Proximally parallel with o short and Brond, laferatly defleced
disial nipple (Fig 2ol

romppoct: (Figs 20, 20 6-8 wm long. Sternite [img. reaching level of parscoxite spes. Telocaxites funber
apart-ai the level of the proplica apesx, .

Proplicn widens shrupsly subupically and uepers apically. Ruised lateral edpe of proplica prosounced and
extending further than mediul edge. Proplica conceling Interal lobe prosimally.

42 . Foriw

LEE 5 A Moo Press

MWAEVL T AL




Metaplica witheal hobes, wider with huirps prosimul 1o Berad fobe, and with o profoinen: disial .

Lateral lobe strongly slanting twwards paracoxite {away from digal labe) widl extending heyond faeral
sdges of praplica and disal lobe, progimally consiricted wd roundid distally (Fig. 2}, Latceal lobe deflected
aborilly, may end in o prominent apical nipple which is chenrly s¢en in aboral view,

Lateral and medial edges of distal lobe pounded distally, with shabfow degression on the surfuee,

Tehopodite with open coil o gpiral, antetorsel process crescent-shaped distally, muy reach paroeesile apex
(Figs 2u. 2b)

Disiribution: Known from porh md nrth-ceniral South Afvica, southem Zimbale, Ciaberene, Borswis
and porhern Manibis

Remarks: The wexiure of the distsl b of the ponopad 15 stmilar fo that of Beokensic, groiver and heros,
howiver the resemblance o heros 18 grestar, Besides huving overlapping distributions, fens and krregert
nave similac body and gonojod chareteristics, particulurly the shape und surface rexture of e distal
ielocoxzite lobe, The majur differences in U gunnpods of feras and kruegeri are the proximity of the
etoenines, the shapes of the subapical proplica pndd anterorsil process, the anghe between the fagerol nod disted
Jobes, (e height of e sternite in relation o the paracoxite apex. and the natuee ol the telopodine coil,
Subupically the praplici is ahruplly weider amd angular in Eryegert, unlike i heros, A difference in the widih
of the metgplicn ix alse evident between the Wi apicies (see romarks under frensh,

Aceopding 1o e e (Hamer 1998), the type materisl aof & krwegeret is 10 (he SAM, Howaver. this
mategial is missing, presumed lost, Srom the gaM eallection. and is pot in other collections in the siuthem
African regivn. Suggestions thut the malerial could be in e Maturhistorisches Museum, Wienna, Austrip
coild ot be eonfirmed.

Spirovireptuy sebae Krandt 1833
Pigs 3. T

Spirasrrepis sebag Brapdt 1833, p 2, Tips 045 Golovateh & Helfan 2001; Hoffman ef af. 2001 Mwabvu EILVLTH
Holiman 2008
Friveneritrepius perersi Atcms 1928, p 3T, Pl 1971 2006; Krolde 1982 Himer 1998 Helfiman ef of. Hin

Type materiali Holotype: MOZAMBIOUE: | <7, Tite, Peiers (ZMB 377

Additionsl materinl examined: MOZAMBIQUE: | 7, Tew, Peters (EMB 279 ZIMBABWE: | 7,
Tohwe School, Kamativi 18718, IT0NFR], Aovlil 1985, 1 M, Sango (MMEID248) 1 AL Rifa Camp
[16IRIZ]. §310 1995, (NMATYT0); 1 2, Chupoto Villige [ 1530021, 20001997, 5, Myathi {NMADE2N: |
-, Maola Camy [1827C2), 4wl 10T, (NMAZDEATY | Gurers (02T, TFARE], 1720l 2002, T, Wlwehvu
{NMSA 205000 1 5L Mount Prarwin [16MES. 31V34T], 1998, T. Mwabvy (NMSA 220508 1 25, Kurok
[1654R'S. 2073 1'E]. e, T, Mweabvu (WISA 22048 1o, Gokwe f1802s, 2908'E], i, 1oag, T, Muwabva
{MMSA 20485 | L Chipangali J20000°5, FHUOCE], 2000, M. Perrin (MMSA 20416 2 4, Chihota [RE
3170 EL 12006, T, Mwidbvu (MMSA 21938 2 AL Chegun [18°20°5. A2YE), 19,57, 2008. T, Mwabwe
(NMEA 2 U0 2 & Marange [19°00°S, F2E0E] 23 510, 2008, T. Mwabve (NMSA 2I06TE L . Bulawayo
(P18, 2HA0'E]. 1998, T. Wby (UM unestalogued: 1 4, Setous [ 1TED4S, 50° 26EL 1998, T Mwahvu
{ MW7 uncutaiogued); 1 &, Gokwe [1RHOXS, ZEOSE] 1990, T Mwubvs (NME uncaatogued); b &, Gurve
(HEPEYS, ATTRE] 1993, T Mwahvi (MM uncataloguedk 1 5, Mushumbi Poals (16105, 33 VE] 1998 T
Mt (MM uneataiogued | o, Centenary | 16445, I1BHE]L 908, T, Mwabwvie (HMZ uncataloguedy |
A Raffingor [1FO2S, J2EE]L 1808, T, Muwsbyvy (BNME oneataloguedy | S Minoke [17V3008, 527 20°E,
[k, T, Mwabvi (MM uncatidogued ) | &, Baigedini 200075, 2RTAETE] 1998, T Mwakve (MMZ
uneutaloguedy; ZAMBIA: 2 55 5, Lusika [15°24'5, 28"15°E], 1252008, M. Binghmn & T. Mwabvu
(NMSA 22048}
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Diagnosis: Apical wedial edpe of proplics extended inlo 4 amaw el tip which touches disial lobe of
welocoxie proximally: distal lobe tibbed anteriad, Iateral witdth af distad lobse 0.5 times greater than bength, spex
of distal labe horizontal (Fg. 3a). Apical metaplics with horizontal hemp, medind ey and central cone
rencling apes giving bW prong appesrince (Fig. i)

-tl..

FLGURE L Spirstrepn sehoe (NMIIIEINL , ond view af gonepods; b, aborl view of gorapuds; €, oral view of
resemer) abe of (i pair of male legs: d, Jakernl view of collum, Abbreviatons: p. proglica; m, metplics: 1, Baeral
Joibe o0, distal Jobe; IE, distud lobse Tobl; tp, telopeite; al antetopsal provess; pe, parncosbie; st semite: o, cullum (£ H
al, ariterior b pil, prelemonal fobe,

Description: Size: Body length 162-215 mri minimu and maximum body widlh 7-10.5 mm and =14
e antenna fength B2 mim.

Nusnber of body rings: 5743,

Cofour: Hody black or dark brown; legs and aniennae broww or black.

ot Antering lobe sliphily produced ventiudly, with 3-4 complete and 1-2 incomplete folds.

Pre-femoral provess of 1 pale of medle legs: Proximally oval, with a sirongly Lterully defbecied micdial
nipphe. .
Croppod: (Figs 3a, 30) 6 mm long. Sternite gpex extended disually tothe lewel of parncusite opes.

“Teloeoxies approximately parallel, wider apurt distal to steenite apex.

Proplica wide sub-npically, medial edge extended apically into a nareow medial tp wivich may wouch the
distal Tubi of whoooxite prosimally.
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Metaplica wider prosimal o telopodite knee, with humps along the bength, Distally metnplica with
hietzontal Tump, eised mediol edge and central eone LIVing i lwo prong appeannce; cenitral cone extending
distaily to the apen of the distal lbe, the conteal cone may have perpendicular fokds (Fig. 3b)

Finger-like Iateral lobe fokled and rounded apically, Lateral lobe eatends slightly beyond latral i gins
of proplica and distal Jobe,

Laterl edpe of disinl lobe extending o or peyoed the lateral margin of proplics apes. Surface of distal
ke rosgh, with folds extending 1o edges, faieral width of distal lobe 0.5 times grewter than kengih,

Telopodite with antetrsal process extending past paracoxite or may bend mecially and crossing the
mewaplica, Antetorsal process strongly curved into u erescent shape; post knee felopodite with Tonse coif (Figs
Ja, 3, Teh

Distribntion: Knovwn o cenral. notthenn, torth-gases., castent and western purts of Zhnbabwe. Beien
anel Tere (Mioeambigue) and Lusk (Zambiak.

Remarks: The gonopods of sebae closely resemble thase af rriparnites, In these specics fe gonopads re
srmaller i the surface of the distal fobe is rough with several folds, unlike in mreiges Datokensic esor amd
ruegeri, Despite the sinsilarities, the distal lahe of pripuriing differs from sebae by being smalier amd more
pouned (st remarks under pripaiing).

Spivastreptus teipartities Cook & Colliny 1#92
Figs 4, 71

Spivmstrepuis ripardue Cook & Cedlins 1543, p. 30, figs 17220 Hobfman 2008
Trimeneirepas Iriprriius: Aliems 1G28; Holfman 1971 Keabiy 198D

Type material: Syntypes: CONGO: 2 A {LISNM 2384).

Adlditional muterial examined: ANGOLA: | A, Bgito newe Bengoeis (12853, LI24E]L 1075, (ZMUT
septibogued).

Diagnosis: Gonoprds with angular disial lobe, and with gral surface with folds and a prominent diagooal
grove; distal lobe length egjual o widih (Plg, 4a).

Diescription: Size: Hody length 1706 ;o ki and maximem body widih T-9 mm ad TE-11 ms.

Mrnber of oy Fingx: 6672,

Colowr: Body black o brown; legs wnd antenane resel-hauwii,

Cotiiem: With perrow anterios obe slightly produced veniro-laterally, 3-4 complete folds and an
ingomnplete fkd (Fig. Adl

Prefemorel process of 17 pair aof meale tega: Prosimally rounded, with a lomyg shghtly lateraily dellecied
pipple (Fig. 4c).

Genopod: (Figs 4a, 4b) 6 mm lung. Stemile shor, el reaching the level ol parseaxile spex.,

Teleoxites pacallel, not touehing, wider apan distal W sternine apen (utthe bevel of proplic apy .

Proplica wide and angular subapically {Fig. 4uk

Metyptica wider proximal relopodite knie, distally metuplici with small hovizoatal huog, ribsed medial
ellge and a small central, cupical wpes giving @ wo prong apposrance.

Lateesl lobe tightly fused to distal Yobe aml apical proplics, fulded and rounded disally. Laperdl [obe
extending stightly beyond the lateral edges of subapical proplica amd disil obe.

Distal Jobe extends o or bevond the lateral edge of proplica apex, Johe 48 long us 1t i wide, Ozally. distul
Nole surfzice wiih fulds and a deep diaponal groove (Fig, ). Phisgail lobe wvertaps loteral lobe proximslly.

Telopodite with crescent-shaped antetorsal process which docs mn extend o o past PUFECHRIES e,
styorngly bent medially but not erossing metaplicn (Figs 4, b, 703 post kneu ilopodite with kose spiral,

Distribution: Benguecla, west coast of Angola sl from an unknown locality in Democratic Republic of
Conge.
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Remarks: Gonopod morphology suggests that fripariiius i clpsest o selae, Like sebae, ihe distal lobe
has surface Tolds, however, triparritus is distinguishod by a prowinent diagunal procve TR 406 the disal
lobe surfoce and the smaller size of the distul fobe. 1n seboe the distal lobe s wider (lateral widih) than it s
lang nnek fhe spesx is horizantal, unlike in reiparriis (see remarks on sebaw),

according to the lierature (Krabbe 1982} the holotype of & ripariits is in the United States Nulionel
Museum, Washington, USA. However, only @ symiype was made available Tor axuminstion. Therefon ihe
synype, material from Angola and the origival deseripion were used i the study.

FIGURE 4. Spirostreprs fripartnes (USNMZIB4). 8, veal view of ponnpeds Cwithoul Teft ielopedite; I aborat wiew 4if
eompgels (without bedt ielepodive); ¢, vl vigw of prefesnorul bobe of first i of male liggs; ol lateral view of cotlum,
Abbreviations: . prophica; m. metaplia; Wb, lageo] fosbe; mp., inetaptica prong; di. distad lobe g, distal bobe groove: ip
silepeodbte; pe. paracesite: st wtepnite: oF, collum folds af, antertor habse; pil, prefemaral kobe.

Spirostreptus wnciger (Atlems 1928)
Figs 5. 7d

Trinsesrepras litciger Ateny VIR, p, 365, s 318-3200 Hoffrun 1971: Keabbe 1952; Hamer 9%
ST i wnciger: HofFenan 2Rk

Type material inot esamined): SOITH AFRICA: Novth West Provinee: Yryburg (SAM)
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Additional materisl examined; SOUTH AFRICA: Guuteng Province: | =, Pretosia [25'44'S, 2871 1E]
w4961, H, Fiedler (MMSA 8896} | S Pretoria [25'44°5, 2891 PE]L 2004, (NMBA 21934}, Mpomatangn
Provinee: 1 5, 1 2, Barberton, Mpumalanga [25°47'S, SR, wii 1008, Miss de Beer (NMSA 13890
North West Province: 2 7. Barakolulo [25716°S, 25154150, 14.0.20000, M. Hamer & R, Slotow (NMSA
21975), Unknowa locality: | o v 1966, G Lobard {NMEA YBR,

FIGURE & Spinostreptios anciger {NMSA BRG], @, onal view of gopopads: by, aborm] vigw of goawprds: g telopoding; dy
aral view of prefemoral lobe of tirst pai ol ks leps: e, laral view of colli, Abbrevintians: p. s plica: m,omeinplic:
1, Taterad bobe: mi, smetaplicn nipple; dl, distal lobe: d, depression: 1. wlopualie 1y, telopadite nanchy ot anteioral
s P, prlraconile; sl semite of, cottum Tokd: al, sriterior Iobe: pfl, prefemoral lohe.

Disgnosis: Latersl fobe very wide proximally, distal part lying tghtly against lawral edge of apical
proplica (Fig. 527 elopodite with distal sade rangh (Fig. S

Deseription; Sige Body lengih 230-230 1mimg myimimusn asd maxinun bedy width 58 mmoand 11-13
s adtenim length 12-173 .

Warnler of bty rings: 6773

Colrir; Budy blsck or browish. legs Browin anenne black or browan.

Catimr: Anterior produced Jaterally into o narrow. rounded lobe, with 3 complete and 1-2 incomplele
fobds (Flg. 3¢)

Pre-femoral process of 1% pair af mafe egs: Progimally U-shaped with shorl, apiéal nipple slhightly
defleceed laverally (17g. Sd).

Cinmaped: Figs Sn, 551 -8 mm ung, Semite ipex extends distally vo bevel of paracote apes.
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Proplics tapering apically, wider at the level of telopodite spirul. Proplica not overfapping the distal lobe,
resulting in wuch of proximat lateral lobs: being widitile onallys futernl edge of peoximal hatf of proplica riised
o sharply than medial edjze.

Distally, metaplica with 4 rounded humg and nipphe-shaped spical extension proximal w distl Tede apes;
metaplica width approximaiely constant aiong the length exeept at the level of lntecal lobe, a doep depression
present al fhe level of lateral lobe,

Free loieral bobe shoet and finger-like distally. Proximally Tareral lobe broad and vertical, Lameral lobwe
Iying tightly against proplica, does nat extenl beyond lieraf edges of propiica or distal lobe (Fig, Sa). Dislalty
Tmeral fobe widely separated from distal lube.

“Teloeaxites puratlel, slightly wider apart distal o sternie gpex, medial edge stright, distal lobe no
extending boyorid tateral edge of proplics apes.

Pt knee tetopodite with a side branch distal t coil (Fig. Se) antetorsal progess of elopidine strmight.
extending past e origin of side hranch (Fig, 7d).

Distribuatinn: Known enly from neh-western snd nonh-ewdent South Africa

Remarks: The broad and vertical proximal part of the Tateral fobe and the side branch on e welopodite
distieguish muciger from congeners (Figs Se, 7d}. The distal lobes of the gonopods dre as in conpenes,
hewevet, the shape and surface wexture sugiest closer affinities with hems, batakersly and braegerd, The
positinn of the fateral febe in retution 1o the proplica and distal lobe. and the wids sepasation of the apical
proplicn from the distal lobe are unbque 1o meiger

Ting type materinl of § imeiger is supposed to be i the SAM but is missing from {his collegtion and frim
other Instilutions in sentbern. Africin.

Spirostreptus batokensiz Mwabwu, sp. 0.
Figs &. Te

Type material; Holotype: ZIMBARWE: | 2, Batoka Gorge [172603), 28.vil. 1995, F Nyat [WNATEIRAS)

Erymelogy: Refers o the type focality, Batoka Cionge, Zimbahwe,

Diagnasis: Dista] lobe subtrisngular {Fig. [

Description: Size: Body length 215 mm; minimum and muximum body widih 6 mm and 135 mn; antenng
length 11 mim

Muemiver oo bewdy pipgs: 60,

Colour: Body black; Tegs and antenise black.

Coltune: Anterion slightly privluced into w shor rounded loteral lobe, with 4 complete (olds and 3
incomplete folds (Frg, )

Presfemoral process of 1 peir af male leps: Proximaily rounded, medial nipples distally nareow and
strongly deflected latesully (Fig, fic). .

Cronopor: 6 mm fong; weloconines paraliel, but separaled,

Siemite apex nod repching the bevel of paracoxiie ape.

Proplica wider subapleally and tapering apically. Apieally proplics concealing the proximal lateral lobe,
Proplica not averlapping the distal lobe (Fig. 6a).

Metaplica with humgs, wider prozinl o telopodin knee (Fig. o).

Lateral Jube sianting steeply, not extending heyond the [uteral edge of the distal obe or widest pa of
proplica, Abormiy, lateraf lube proximully wide: rounded distally (Fizs Ga. bl

Doistal Jobe rousded und oarrow apically. proxiinally wider than apes (subieiangulary, suefice of disal
seleuxite lobe smouth with a depression; proximal distal lobe width ot exiending beyond lateral edge of
subapical proplica (Fig. Gal.

Telopodite with shon cresceni-shaped amotirsal process: antetorsal process wol reaching purmcoxie apexs
pist knes telogadite with an open coll (Figs fin, 6b, T2}
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Distribution: Knowa oaly fromm type localiy near Vieworia Palls in western Aimbabuwe

Remarks: Like eongeners this species has a laterslly ropnded distul lobe. Although the gonopod is
amalier (approximately the same size a8 that of selbae and aripartings ), the surface wexiure of the distal
seloeoxite fobie resembles more closely that of hevos, anciger pid Erstergesi than setae and peipartioes, The

subtriangulir shape of the distal lobe distinguishes Berokensiy from the congeners (Fig. fia).

FIGURE 6. Spiamsirgptns fofolensiy [MAIATASS ) &, orn] view of groopods: I, aibcira) view of gonopods; ¢ oril vies
o prefemonal lobe of first pair of male legs; o, laferad view of colum, Abbreviations: p, prophica; m, metaglice: Hb.
Lateral habes o, distal 2abwe; o, depression; ip, telopodite; b, unietorsol pricess; e, parsenkite; st serniee; of, colium firlel:
al, sivlericr bt pll, pretesoml lobe.

Species removed Trom Spirostreptus
Namilosirepius gen. v,

Ty sprecies: Spirmsrenhung byruotorliabdus Atiems 1514

Etymuology: Maned For Namili, the country af provenance of the type species (Gender, Pelascudine).
Dingmasist Proplica length approsinsely half that of gonopod (Fig. 8u), Apical proplica with an acute

medial tips prophics wide, with a concuvily apienlly; distul mesaplics with loge proximidl conves Jaheralb fobe,

short latersl process and shon laterally deflecied end process, Conves tohe extending beyond the internl edge

of proplica. Bid process of distal metaplica at approsimately right phgle with the shyort laterul prucess.,
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[4
FIGURE 7. Shape of antetorsal provess of thie telagodites ol Spirastaminy apehes, o, 8 heres; by 5 krteegeris £y S seboe
i, 5 untiger: ¢, S hotokersis, € 5. iriportins, Ablreelntions: ip, felupodite; te, tekipodte knee: at, irennpssl process.

Namibostreptus kymaiorhabdus {Attems (LEY]
Fig. §

Spiminepnes kyoiterhaldis Atieas 16544, . 151, figs 147= 1495 Hotfuan O
Triagnostrepties kymatoriehdies Aoy 1928; Hoftnan 1971 Krabhe 1982; Huner 1998

Type material: Holetype: RAMIBLA: 175, Walfishbay [22°38'5, 14"39E], Colomoal-Cesellschufl (2MB
243,
Additienal material examined: NAMIRIA: ] &, Lubhert (£8B 5197k 1 A ey Viljoren Gane Tark 30
Ken north of Windboek [22902'8, 1TMVE] 2408 1078, O Lombolde & E. Wederkineh (ZMUC uncatnlogued
Dragnusis: See generic diagisis.
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PIGURE 8, Maspibostremns oo haboi (ZMR 2003), &, oral view of gooopods: by, aborl view ol ool o oeal
vigw of prefemoral lobe of first i of male kegs; d, lotend view of eolium, Ablmeviatons: p, proplie m, metaplica; b,
crave Lateral Tube; allp, distal faterad pricess; ep, end provess: ip, ielopodite: a8, antelorsil process: o, preosile o,
colTum ol al; amterior lodse; pifl, prefidamacal lobe:

Description: Size; Body length 210 nim: minfmum and maximum body weigdth Y91 | o and 1012 mi:
amten length #—12 e,

Nuntbrer of body rings: 62-74,

Coodour: Budy blick or dark brvwn legs and sienmss brown,

Herwd: Regulurly spaced striutions present behind wnd between the lateral v ges of eyes: gauthochilarium
with s riangubier median prebuisilir scleie.

Colfum: Anteriorly produced into o short rounded fateral lobe, with 34 compleie and 2 or more
incosplele fols,

First ezopore: On 6 body ding.

Prefimnaral process: Proxumally counded with o short liecally deflected mediul nipple (Fig. S

Crariponts: (Figs Ka, 8b) 8- mm long, Gonopod surface simont, withow ridges pr humps, distal
telocoxite with in end process. Orally medial edges of ieloverite peraliel, vaiscd and [okded latecally, fokd
bewtnes broader distally, ending ina flal end progess,

Stemite rianpular, reaching the level of the paracoxite apex; parscoxite apically horizontal suct tghtty
fused to the metplica.

Proplica dbout half the length of gonopod: apicet proplica broad with » consavity and senie medial tp.
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Lateral and wedial edges of proplica prosounced subapically, with shallow cemral groove, laroral edge more
pronceinged than mediil edge, Orally distal depression separates proplica from the larger cofves tateral febe
of the disial welocoxite.

Metaplica with a broad, convex-shaped literal lobe (wider than it is long and distal w proplica spex)
which extends bevond lmeral edge of proplica; w smaller distal lateral process parullel fo paracosite apex
present prozinl o end provess. Metaplica with a window through which part of telopodite is visible, Wide
deprossion present adjacent 1o the conyes lobe, distal to the point of ermergence ol e lopodine.

Tatopodite long, with o wifurcate ending. Ametorsal process erescent-shaped and tapering (Figs 2, 8b),
extending past parscoxite apes. Digtally, anletorsal process with o terminal spine, hending medially past
taternl edge of proplica; post knee telopodine lamellare with it loose ¢oil preceding abrupd i

Distributivn: Known only from the wesd coast of Namibie ansd near Windhoek (8amibia,

Remarks: The lack of @ laeral lobe and the lack of a laerally rounded distal lobe, the shover proplics,
and the abrugt marrowing of the relopodite (disti? 1o the teiopodite coillure character states that do pot support
placement in Spirastreptus, Based on Hoffmnn's (2008) disgnosis of the Spirostrepting, kytamrficoldios is o
e uf e tibe, the telopodite stcigre and the prostatic groove Tesemble member genes, However, the
shape and sive of the distal eoxite of the gonopod of kymatashabdus differ (rom ciher Spirostreping genera by
having n unigue eonves fobe, Therelore, we grect Namibontreponz o aceommodute bymeatorhabdus, this
Tinging the nuraber of genern in Spirostreptiod 1o six.

Tuxonomry and species relationships

Spirostraprys 15 w homogeneous and probiably monephyletic genas. The distal welocoxitg of Spiniremins
sprecins which is enlarged into u lterally roomded golf club-shaped lobe (Figs Lo 2u, 3u, 4a, 5a, ba), amd te
fnieral lobe lying hetween the distal lobe and spical proplica distiaguish the genus Trom the other Adlrican
sphrastreptid geneay,

As in oher spirostreptid geners, the telocoxite provides the most useful characlers in species ditgnosis.
The shupe wnd surfiee wxtare of the laterally rounded distal Jobe wnd the shiape of the wpicel and subapical
proplics are probably the taxonomically most informative gunopod chiraeiess in Spircsirepius,

Although the 1elopodite distinguishes geners such as Dorafogonus Atlems 1914 Ueamer 2000} and
Bicoxideny Attems 1928 (Mwabvu 2000; Mwabvo et al. 2007), this is not necessarily the case of
Spirestreprus. For example, the S-shape of the anfetbesal process distinguishes heroes Trom congenecs, whik
sther Spirostrepns species have a crescent-shaped or siraight antetorsal process (Fig. 7). T 5. semeiger the
distal side branch of the wetopodite (Fig. Sc) forms the bashs of the species diagnosis, Theeeline the structune of
the ielopodite is useful in separaing species in Spirastreplus.

The ponopud of Nemibosireptas kymarorhedis ditfors from Spivosgrepras species by lacking both o
titerully rounded distal lobe and 4 Nogerlike latern] lobe, snd the proplics is approximanely half the length of
v ponopod (g, Bal; simiburties W Spirasirepius o superiicial. ’

Althaugh separating hers and kreeger! wis diffleuls, theee are suflivient mewephedegical differences in the
gemipods, particularly the shape of the antelorsal process s subapicul proplica, W support the species stalus
of thise fuxn, Therefore, existing species congepts are maimained pending the avnilabality of DNA sequence
dara,

Ky to species of Spirasfraptis

1. Coniped distad el Tobe bulboos and smootl, without surface felds, wih an attesiar depression.

- Cionopi iseal velocaxiie Totse nut bullas or smooth, with surtace Tondcls, withowin s angesiar ..

3 Tedopedivg with o disial side braneh (Fig. 5¢). ...

- Telopadine vwithioud o distal sde branch _— .

1. Apiesl proplice tapering with sarow mediel dp: distal lobe 0.5 times a3 whde i it s loag. tilied wewasds auterdor,
LR T L R T L B ——————— R srlinre
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. Apical proplica ot tapering, w itheut & mediah vip, wide subapivally. distal lobe os side as i is long, with dep disg-
it groewe, apex rounded (Fig, 400 ... RSSO R———— | = 1L
4. Digal velocoxing lobe sabiriingular wor itk is S M.
o [Marod elocoxite lobe nof sehiriangelar - . |
5. Pophica mod wider or angular subapically, kesal and peedial edpes paralied proaimal g apex; Tateral bobe withem
apicn] wipple: Ll lobe-distal lobe angle aate of a right angle; anletorsal provess Sehlped i HERIE
Proplica wider st angulur subapically. tteral and medial edges not paralle] proxiniel o apes; ke libe may fove
apteal mipple; baeral lobe-distal kobe ale thuac dlorsal precess creszen! ~shaprd (Figs 2, T Srmgeri

Faunlstics and distribution

Generally, Spirosraptes vecurs in the sismng biome in souhern Alrica north of the Orange River. There are
penrds neither from forests nor grisslands. ner at high alticades. The genss is widely distributed in relatively hol,
bow rainfall areas. Five of the <ia species were recopded from the castern half of southern Atrica (Fig. 9).
Spireeirapnes ers poeurs westwards into Mantibis and Botswana; amd krvegeri his also heen recorded from
aoethers Numibin, The anby ofher record of 1he geous in @ westem region of southem Africa is & eriparting
T weesiern Angiolis,

Three species (8. krregerl, unciger. and heres) were recorded from South Africs north of the Orange
River: sede, heros and Gruegeri have heen collected from Zimbabwe; sebue 15 the only speoics of the genus
recorded north of the Zambezi River iy Zambia; aid freves 5 the: inly species thal accurs in Botswang, A
the: six specins only two wire reconded wn the comst: fripariine feom western Angola and sebae from Beirg,
Mugambique. Spimosirepiins krauegert is the most widely distributed species.

Major river systems in e megion @o not uppenr o have restebeted the distribution of the genns (Fig. 9).
Howiever, sime species have an apparently relatively nagrow distribution. Spiresireprus barokensiy from
western Fimbabwe, 5 iriparring from Angols uad 8, arciger from porthern Soulh Afrien ore examples of
species racorded from u resirieted arcn. Vegetation and climstic faclors may be the major factors influencing
the distributivn of the species. The distribition of 8 sefboe i migmbo ol is distinet from the pater of
Jrerens, kpsoger and unefaer, which ane confined o the relatively hot and diy hubiats in sosthenn Zimbabwe,
serthein and western South A frica, southern Botsaianan and Namibis.

Triscnssion

Holfman (1971 reported intraspecific varlation in gonupod structures of widely distriboied specics. In
Spiversteepiuy, Intraspecifie vidability of gosopeds is pot significunt; in partieular the shape of the disial Tobe,
proplica and metaphica were consistent between and within populstions in oll species. However. same degrec
of plasticity was observed in the rientations of the antetorssl processey, the-apical thapes of the Eiteral iobes
it e surface mexture of the literal lobes, particularly in rdegor, Becuuse krueeed i5 widespread, subtie
difterences in gotopod femures ae expected among pogrtilarinns.

The eccurmenee of specics of Spirastnepruy in the sevanna blome only sugpests it 10 bs a0 specialisn gens
compared o the widely disiributed genera, sueh 45 Dorarogames wnd Arclriypirstrepne. Foru milipede with
large body size and relatively gremer mobility the dis fituition of Spirsstrepne is onexpacted. We saggest the
potential to disperse into and survive in diferent binmes 16 be preater in Spinosirepis Wan in geners of
srnaller hody sive, such as Biroxidens or Derarogonus. 10k possible thug the current distribulion of
Spirostrepius is o eollecting artifact, 40d that the sbscace of the specics in some biomes may not be real. Several
areas, purticulurly nonl of the Zambesd River, in Mozambigue and o the wessem rugin of souttem Africs have
oot been extensively surveyed. The necent collection of S. sebae in Zambiu comoboruies our sampling artitacy
Irvpothesis,

There may e ofher possible reasons why Sptrosrrapriy bs not as widely digrpibured ns the other giant
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millipede genus Archispirestreptus, whise range extends fiom southern Afrien o Exst and West Afvica, or
even the slightly smaller Daratogons which is widely disiributed in the southern Adfvica region, ineluding the
eastern highlands (sec Hamer 2000 Hamer & Slolow 20000 Although the influence of whtide on the
dietribution of Spirostrepts i$ nnknown, the sbsence of Spimsriepius froust the enstern highlands suggesis an
effect. Despite extensive milfipede surveys in forests in the east African highlands and the eastern highlasds
of Fimbabwe, Spirestreptiy his never been reconded, Therefore. it seems reasonable to hrypuithesise tiat the
distritution uf Spfrestrepms is infleenced by alinde, climatic factors and associabed vegetation type. Rainlall
and vegetation lype have been repoced w alfect the disiribation of Doratpgonus (Hamer & Shotew 20000
That 8, Aeros, kregert and anciger occur only in dry gRVANNA SUPPOELs our conelusion 1hai climatic [actors
and vepetation type do affect the distribution of specics of Spirostrepiics.

FIGURE 9, Dismiisnion of Spirasinepiis speoies

Alihough Spirastreptes is widesprend in southern Alriea, individuat speciey owedr in specific arsas in the
wavanna biome. This is probably because the savanna hiome is heterogencous (Duce er al. 2007 and
millipede speeies have specific habltat rmguirements aml Jow dispersal ahility (Hopkin & Read 1992}, In
Fimbabwe. sebae accurs in miombo woodland and nelther in dry savanne nor morlane vegetation. In
sddditinn. 5. sebae Bas aor been recorded south of the Limpopo River despite stlensive surveys. Thiz indicates
the absene of the species in South Afrien, rather than collecting bins. However, 5. kruegeri, heros und
waciger oconr and coexist in ihe dry savanng in South Afvica. This facther affirms that the preference For
specific vegetation type and climatic conditions influenee the disimbution of the species,

Although tiver systems are recognised barriers io animals, the Zamberi and Limpopo Rivers do nl seem

iy risirier the spredd of Spisstreptns species, Hamer and §lolow {2000} suggested that the existenes of
digpersal corridors peross the Limpopan Biver may link populasions of Deratogomise species. Shinilar einTiddiars
ey haves Faeilitated the spred of frems, feneiert and sefe ingo suitable habitats,
Because species of Spirostrépney coexist in thi: savanni picrme, small areas {for example paris of north-
western South Alrica and southern Zimbabwe) contd be srgeted Tor conservation. Therefore, we el
thir mone specics of Spirestrepris could e ennserved in g relatively small sren than species of Doratoganey
fece Hamer & Stotow 20000 and Archispiroatreptier. Additionatly, the savenna biome which covers 46 % of
southem Afticn (Drice e @l 2007} is widespresd, making Spirusirepiuy less threntened by habitt desuction
than genera tound in rarer Bobitts, Auch @s Foresis,
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CHAPTER 3

A REVISION OF THE TAXONOMY AND DISTRIBUTION OF
Spirostreptus Brandt 1833 (DIPLOPODA, SPIROSTREPTIDA,
SPIROSTREPTIDAE) WITH DESCRIPTIONS OF A NEW SPECIES
AND A NEW GENUS OF SPIROSTREPTID MILLIPEDE.

LIST OF ERRATA

Chapter 3: A revision of the taxonomy and distribution of Spirestrepius Brandt 1833

(Diplopoda, Spirostreptida, Spirostreptidae) with descriptions of a new species and a new genus of
spirostreptid millipede.

1. Phylogenetic Analysis of Spirostreptus species

Materials and Methods

Character and data matrices were constructed using male gonopod characters. A
phylogenetic analysis was performed using PARS 3.6 and CONSENSE 3.6 (both in the
phylogeny inference program, PHYLIP) to produce an extended majority rule consensus
tree. The reliability of the tree was tested using bootstrap analysis with the use of 1000
replicates. Orthoporoides pyrhocephalus (C. L. Koch 1865) was selected as the outgroup
because it has a gonopod structure similar to the ingroup.




Results and Discussion
The phylogenetic analysis separates the ingroup into two groups, the strongly

supported monophyletic Spirostreptus species group (Group A) and the monotypic
Namibostreptus (Fig. 10).

0. pyrhocephalus

5. bawkm;l}\

1.0
S. heros

1.0 S unciger
A

5. sebae

1.0

1.0

5. tripartitus

s. kmagw_[/
N. kymatorhabdus

Figure 10. A consensus tree of Spirostreptus species using Orthoporoides pyrhocephalus
as an outgroup. The numbers indicate the number of times the groups to the right of each
fork occur among the trees out of 1.00. The letter A to the right of species names
represents the monophyletic Spirostreptus species group.

Group A includes all the valid species of Spirostreptus, which are characterized
by laterally rounded distal lobes (Figs. la, 2a, 3a, 4a, 3a, 6a), thus corroborating our
observation that the taxa are closely related. However, the relationships among
Spirostreptus batokensis, heros and unciger are not resolved. Although gonopod
morphology is useful in species diagnoses, the number of morphological characters may
be inadequate in phylogenetic analysis of species (Scotland et al. 2003). The small
number of gonopod characters (nine in this study) is marginally higher than the number
of taxa (seven) in the ingroup, this is probably why the clade is unresolved. Using more
characters and different character sources (including non-gonopod and genetic
characters) could produce robust phylogenies, particularly in closely related taxa (Collin,
2003).

The phylogenetic results also supported the erection of the new genus
Namibostreptus to accommodate N. kymatorhabdus, which was removed from

Spirostreptus. The gonopod of N. kymatorhabdus differs from Spirostreptus species by




lacking both a laterally rounded distal lobe and a finger-like lateral lobe, and the proplica
is approximately half the length of the gonopod (Fig. 8a).
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Appendix 1: Character matrix for cladistic analysis of Spirostreptus

1. Proplica: 0—four fifths of gonopod length; 1—half of gonopod length; 2—two
thirds of gonopod length

Sl o

Lateral lobe: 0—absent; 1—present
Distal lobe: 0— absent; |—present
Distal lobe shape: 0— without distal lobe; 1 — subtriangular; 2 — not

subtriangular

Wee - onia

Distal lobe folds: 0— without distal lobe; 1—absent; 2—present

Distal lobe diagonal groove: 0— without distal lobe; 1—absent; 2—present
Distal lobe depression: 0— without distal lobe; 1—absent; 2—present
Telopodite distal side branch: 0—absent; 1—present

Antetorsal process shape: 0—without antetorsal process; 1—straight; 2—

crescent shaped; 3—S-shaped

Appendix 2: Data matrix for cladistic analysis of Spirostreptus

Taxon
8

O. pyrocephalus
S. batokensis

S. heros

S. kruegeri

S. sebae

S. tripartitus

S. unciger

N. kymatorhabdus

Character states
9

000000000
211111202
211211203
211211202
211221102
211222102
211211211
100000000




2. Distribution map of Spirostreptus species

The distribution map of Spirostreptus species (below) is a modified version of Figure
9 in the published taxonomic revision of Spirostreptus (Mwabvu et al. 2009) (Chapter 3
in the thesis). The map includes all the known localities from which the species have
been recorded.

L
A 8 kruegeri
+ 5. sebae
+ 5. fripartitus
® 5. unciger
A T SRS ety * 5. batokensis

FIGURE 10. Distribution of Spirostreptus species.




3. Distribution map of Namibostreptus kymatorhabdus

The new distribution map of Namibostreptus kymatorhabdus (below) is an addition to
the published taxonomic revision of Spirosireptus (Chapter 3 in the thesis). The genus
Namibostreptus was erected to accommodate kymatorhabdus which had been incorrectly
assigned to Spirostreptus (Mwabwvu et al. 2009). The map includes all the known
localities from which N. kymatorhabdus has been recorded.

® N. kymatorhabdus

500 250 O 500 Kilometers
[ . -

FIGURE 11. Distribution of Namibostreptus kymatorhabdus.




4. Diagnosis: “Telocoxites wider apart at the level of the apex of the proplica”.

They are wider apart at the level of the proplica (distally) than proximally (i.e. close to
the gonopod sternite.

5. Page 46, S. tripartitus holotype?

The holotype was not available. Only the syntype was studied.
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Abstract

Plagiotaphrus is a monophyletic genus which formerly included three species, P sulcifer Attems 1914 (the type species),
P. improvisus (Attems 1934) and P longius Attems 1928, Plagiotaphrus longius is a nomen dubium and is here excluded
from the genus. A key to the species based on gonopod morphology is also presented. The distribution of Plagiotaphries
is disjunct. Given that several localities in Africa have not been surveyed it is likely that Plagiotaphrus species oceur in
more localities.

Key words: savanna, millipedes, gonopod, conservation, southern Africa, central Africa

Introduction

The important role played by millipedes in breaking down organic matter and improving soil structure has been
extensively reported (see Crawford 1992; Dangerfield & Telford 1989, Sierwald & Bond 2007; Edwards et al.
1970). Given that several biomes are under threat because of human activities (New 1995) several millipede
species face possible extinction because millipedes have poor dispersal abilities and because there are many
endemics (Hopkin & Read 1992; Hamer & Slotow 2002).

Some of the most conspicuous and yet poorly known millipedes in the tropics belong to the Tribe
Spirostreptini. Hotfiman (2008) diagnosed the Spirostreptini as having a gonopod telopodite with a distally bifid
or trifid prostatic groove, with each branch ending separately. The Spirostreptini are known for their relatively
iarge body size; they include Spirostreprus Brandt 1833, Plagioraphrus Attems 1914, Archispirostreptus Silvestri
1895, Limnostreptus Hoffman 2008 and Choristostreptus Hoffman 2008. A key to these genera is presented in
Hoffman (2008). Recently, Mwabvu er al. (2009) added a new genus, Namibostreptus Mwabvu in Mwabvu,
Hamer, Slotow & Barraclough, 2009, thus bringing to six the number of genera in the tribe.

The genus Plagiotaphrus is not adequately described (Krabbe 1982). It has fewer species than the closely
related genera (Spirostreptus and Archispirostreptus) and these are, in addition, poorly known: hence the
taxonomic validity of the genus is questionable. In addition, Plagiotaphrus is probably the least studied
member of the Spirostreptini. Only three species, P. improvisus {Attems 1934) from central Angola, P. longius
Attems 1928 from Umtali (Mutare) in eastern Zimbabwe and P. sulcifer Attems 1914 (the type species) from
a doubtful locality in East Africa, have been described.

The unknown or doubtful localities of type species, the paucity of new material and the inaccessibility of
several areas, particularly in central and the western half of Africa, have hindered efforts to collect and study
Plagiotaphrus. Therefore, the actual species richness in the genus may be several times more than the number
of species described; and the known distribution patterns may reflect a collecting bias. This implies that the
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known diversity and distribution of the taxa are probably inaccurate. Therefore, any attempts to explain
evolutionary processes or interpret apparent distribution patterns using current data would be futile. Until
recently, each of the species was known from only one locality and was described from one specimen. The
availability of new material from previously unsurveyed localities has allowed a review of the genus.

The objectives of this review are to ascertain the taxonomic validity and generic limits of Plagiotaphrus,
evaluate the validity of the species currently assigned to the genus, present a key to the species and describe
their distribution.

Materials and methods

Material from museum collections was used in this study. Museum abbreviations are as follows:

NHMW Naturhistorisches Museum, Wien, Austria

NMSA Natal Museum, Pietermaritzburg, South Africa

SAM South African Museum, Cape Town, South Africa

SMF Forschungsinstitut und Naturmuseum Senckenberg, Frankfurt-am-Main, Germany

Body, leg and antenna colour were recorded and body rings were counted. Body length was measured
using a soft wire placed against the line of ozopores. Minimum and maximum body widths were measured
just behind the head and at about midlength, respectively, using Vernier calipers.

Gonopods were dissected out, examined and photographed. The telocoxite and telopodite of the gonopod
were separated and examined.

Material was studied using a Carl Zeiss Stereo Microscope (Stemi DV4) and photographed using auto-
montage software (Leica Microscope MZ12s with 3 CCD Toshiba Camera). The final images and plates were
prepared using Adobe Photoshop CS (version 8). ArcGis 9.1 (ESRI) was used to prepare a distribution map of
species.

Terminology follows Hoffman (2008).

Results
Taxonomy
Genus Plagiotaphrus Attems 1914

Type species: Plagiotaphrus sulcifer Attems 1914, p. 160, figs 165-171

Megaskamma Attems 1934, p, 13, from Angola, Synonymy by Hoffman 1971

Plagiotaphrus: Attems 1914, 1928; Schubart 1951, 1966; Hoffman 1971, 2008; Krabbe 1982; Hamer 1998, 1999,
Mwabvu er al. 2009

Diagnosis: Proplica approximately 9/10 of gonopod length; end process short and apically convex; telopodite
with a tongue-like lobe distal to the origin of antetorsal process.

Description: Body length 158-172 mm; minimum and maximum body width 7-9 mm and 11-13 mm,
respectively.

Body rings 56-62.

Body black: legs and antennae brown.

Collum produced into an anterior lobe, with 3—4 complete and 1-3 incomplete folds.

Sternite conical with rounded apex.

52 . Zootaxa 2304 © 2009 Magnolia Press MWABVU ET AL




Apical proplica acute/conical; proplica setose apically/subapically (Figs 1a, 2a); proximal proplica groove
flanked by raised edges; proplica aproximately 9/10 of gonopod length.

Distal metaplica with rounded median hump adjacent to proximal lateral process (Figs 1a, 1b, 2a, 2b).

Lateral process slanting posteriad, proximally broad and tapering distally.

End process short and apically convex.

Telopodite with a tongue-like lobe distal to the origin of antetorsal process; telopodite spirals distal to
telopodite knee, apically with 2 or 3 small lobes at extremity.

Origin of antetorsal process distal to telopodite knee; antetorsal process long, with a spine at extremity.

Distribution: Chire (probably Shire, Malawi); central Angola; northern Zimbabwe.

Remarks: The new records of P. sulcifer from northern Zimbabwe and its overlapping distribution with
Archispirostreptus tumuliporus (Karsch 1881) and Spirostreptus sebae Brandt 1833 suggest that the genus is
widely distributed and probably occurs in localities (in the savanna) where other giant millipedes have been
recorded.

The shapes and sizes of the proplicae, metaplicae, end processes, metaplical processes and antetorsal
processes of the gonopods differentiate the Spirostreptini genera. The gonopods of Plagiotaphrus species
resemble those of Limnostreptus and Choristostreptus more than those of other genera in the tribe, The length
of the proplica is approximately 9/10 that of the metaplica; and the antetorsal process is longer with its origin
distal to the telopodite knee in these genera, unlike in the gonopods of Spirostreptus and Archispirostreptus.
The distal telocoxite of the gonopods is enlarged and laterally produced into a rounded lobe in Spirostreptus.
In Archispirostreptus the distal telocoxite extends into a finger-like end process; in addition, the antetorsal
processes of the gonopods have distal spikes.

Plagiotaphrus sulcifer Attems 1914
Fig. |

Plagiotaphrus sulclfer: Attems 1914, p. 160, figs 165-171.
Plagiotaphrus sulcifer: Attems 1914, 1928; Hoffman 1971; Krabbe 1982; Hamer 1999

Type material (not examined): EAST AFRICA: Chire (MALAWI, Shire?): [13°8, 33%51'E)

Additional material examined: ZIMBABWE: | &, Makuvatsine Secondary school, Guruve [16°14'S,
30"38'E], 1.xii.1998, T. Mwabvu (NMSA 20506). 1 &, Cirad Camp, Mushumbi [16°S, 30°E], 19.iii.1997, F.
Nyathi (NMZ/D830); 1 &, Mahuwe, Guruve [16°39'S, 30°42'E], 1.xi1.1998, T. Mwabvu (NMSA 20486).

Diagnosis: Subapical proplica without a rounded lateral lobe; apical proplica narrow and convex medially
(Fig. 1a); antetorsal process crescent-shaped distally (Figs 1b, le).

Description: Size: Body length 158-172 mm; minimum and maximum body width 7-9 mm and 11-13
mm.

Number of body rings: 57-62.

Colour: Black,

Collum. Produced into a rounded anterior lobe, with 3—4 complete folds and 2-3 incomplete folds (Fig.
1d).

Prefemoral process of 1" pair of male legs: Proximally broad with nipple-shaped and apically acute
extension (Fig. 1c).

Gonoped: (Figs 1a, 1b) Sternite conical, with a rounded apex, apex not reaching level of paracoxite apex;
paracoxite triangular, apically acute and not tightly fused to metaplica (Figs la, 1b).

Proplicae proximally grooved. Apical proplica overlapping proximal lateral process; medial edge of
apical proplica convex (Fig. 1a); medial edge of subapical proplica with a short medial lobe which is
concealed by oral fold of metaplica.
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d e

FIGURE 1. Plagiotephrus sulcifer (NMZ/D830), a, oral view of gonopods; b, aboral view of gonopods; ¢, oral view of
prefemoral lobe of first pair of male legs; d, lateral view of collum; e, telopodite. Abbreviations: p, propliea; m,
metaplica; mh, median hump; Ip, lateral process; ep, end process; tp, telopodite; tk, telopodite knee; tl, tongue-like lobe;
at, antetorsal process; pc, paracoxite; st, sternite; cf, collum fold; al, anterior lobe; pfl, prefemoral lobe.

Medial edge of proximal half of oral fold of metaplica raised (Fig. 1b). Distal metaplica with a broad and
apically rounded lobe; rounded lobe is adjacent to proximal lateral process. Rounded lobe produced into a
rounded median hump.
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Lateral process with surface folds.

End processes deflected laterally onto proplica apex. Distal medial edge of end process convex (Figs la,
1b).

Post-knee telopodite with two spirals; telopodite trifid at extremity. Antetorsal processes distally crescent-
shaped and extends laterally past paracoxite apex.

Distribution: Known only from Chire, East Africa (probably Shire in Malawi) and from northern
Zimbabwe.,

Remarks: The exact locality where P. sulcifer was first collected was given as Chire, East Africa; Krabbe
(1982) and Hoffman (1971) suggested that this could be Shire in Malawi. This seems plausible given that F!
sulcifer has been collected in northern Zimbabwe (Fig. 3). This is the only species in the genus to have been
collected from more than one locality. The location of the type material is unknown (Krabbe 1982). Although
Krabbe (1982) gave NHMW as the institution likely to be housing the material, the museum does not have the
material. It is presumed lost.

Plagiotaphrus improvisus (Attems 1934)
Fig. 2

Megaskamma improvisa: Attlems 1934, p, 13, figs 14-17; Synonymy by Hoffman 1971
Plagiotaphrus improvisus: Hoffman 1971

Type material (not examined): ANGOLA: 1 male, near Cuanza river, Bié District, [12°S, 17°30°E}, .1932, F.
Haas (SMF 1694).

Diagnosis: Apical proplica tapering and acute, subapically produced into a large, rounded lateral lobe at
the level of telopodite knee (Fig. 2a); antetorsal process describes a semi-circle and crosses the proplica (Fig.
2b).

Description: (based on Attems 1934)

Size: Maximum body width 10.5 mm.

Number of body rings: 56,

Colour: Body dark brown; legs dark red-brown.

Collum: Produced into an anterior lobe, with 3 complete folds and an incomplete fold.

Prefemoral process of 1* pair of male legs: Rounded laterally, nipple-shaped and acute apically (Fig. 2¢).

Gonopod: (Figs 2a, 2b) Sternite triangular; paracoxite rounded.

Proplicae wider at level of telopodite knee; apical proplica tapering, acute and overlapping proximal
lateral process. Subapical proplica extended into a setose, rounded lateral lobe (Fig. 2a).

Medial edge of end process convex distally.

Post-knee telopodite broad proximally, with a spiral distal to paracoxite, distal half narrows with two short
branches at extremity; antetorsal processes not reaching paracoxite apex, strongly curved (describing a semi-
circle), extend medially and cross proplica (Fig. 2b).

Distribution: Known only from type locality, General Machado, central Angola.

Remarks: According to Hoffman (1971) and Krabbe (1982), the type material is in the SMF, however,
the material is not in the collection. The material is said to have been sent to Krabbe in 1975 and it was not
returned to the collection. Krabbe (1982) acknowledged having studied the gonopods after finding them in
NHMW,
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FIGURE 2. Plagiotaphrus improvisus (adapted from Atlems 1934). a, oral view of gonopods; b, aboral view of
gonopods; ¢, oral view of prefemoral lobe of first pair of male legs. Abbreviations: p, proplica; pl, proplical lobe; m,
metaplica; mh, median hump; lp, lateral process; ep, end process; tp, telopodite: tl, tongue-like lobe; at, antetorsal
process; pe, paracoxite; st, sternite; pfl, prefemoral lobe.

Species nomen dubinm

Plagiotaphrus longins Attems 1928, p. 369-370, from Mutare (Umtali), Zimbabwe,

The description of this species was based on a female (SAM 13741) and its generic position and taxonomic
validity is doubtful (see Hoffman 1971; Hamer 1998). Until males (and more females) are collected and the
gonopods are compared to congeners, longius remains doubtful.
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According to Attems (1928), the type material is in the SAM. However, the material is missing from the
collection and is not in other southern African museums.

Key to species of Plagiotaphrus

1. Apical proplica convex medially, narrow and setose (Figs la, 1b); subapical proplica not produced into a rounded
lateral lobe at level of telopodite knee; antetorsal process crescent-shaped distally (Fig. 1e) oo sulcifer
- Apical proplica not convex medially, apically tapering and acute (Fig. 2a); subapical proplica produced into a setose,
rounded lateral lobe at level of telopodite knee (Fig. 2a); antetorsal process strongly curved into a semi-circle (Fig.

W P sulcifer
M MALAWI

FIGURE 3. Distribution of Plagiotaphrus species.
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Discussion

Plagiotaphrus is a valid genus of the tribe Spirostreptini with clearly defined synapomorphies; among these
are the long proplicae of the gonopod, the presence of distal median humps, the apically convex end processes
and a tongue-like lobe on the telopodite distal to the origin of the antetorsal process.

The exclusion of longius from the genus leaves P. sulcifer and improvisus as the only two included species.
Plagiotaphrus longius is a doubtful taxon because the description was based on a female. Males of this taxon
have never been collected; until males become available and their gonopods are compared to congeners, the
validity of longius cannot be verified, therefore it is a nomen dubium. Although Attems (1928) reported that
the external features of the female resemble P. sulcifer, the specimen described differs from valid
Plagiotaphrus species by having more body rings. Similarities to Plagiotaphrus species are probably due to
convergence.

Based on current data, Plagiotaphrus has a disjunct distribution (Fig. 3). Given that in northern Zimbabwe
Plagiotaphrus sulcifer co-occurs with Spirostreptus sebae, which has been collected in several localities (see
Mwabvu et al. 2009), Plagiotaphrus species probably occur in the same vegetation types where sebae was
recorded, Although the isolated records of Plagiotaphrus species suggest a wide distribution in southern and
central Africa, until more areas (particularly north of the Zambezi River and in Mozambique) have been
surveyed, we cannot establish whether the known distributions of the species are real or a collecting artifact. The
absence of Plagiotaphrus species from South Africa and from the eastern highlands of Zimbabwe (including
Mutare, where longius was collected) (Fig. 3) suggest that they do not occur in these parts. However, the absence
could also be because Plagiotaphrus species occur in small areas and would not have been collected in scattered
sampling. Therefore, the distribution of the genus should be interpreted with caution because of inadequate
sampling or lack of sampling in several localities. Because of our fragmentary knowledge of the taxa more data
have to be collected before Plagiotaphrus species can be used in biodiversity conservation studies.
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Abstract

As it is currently defined, Archispirosirepius includes two species groups (the southern African and the east African) with
distinct kinds of gonopods. A new genus, Cacuminostrepius Mwabvu, is proposed to accommaodate the southern African
species which include €. conarus (Attems 1928) comb, n. and three new species, C. vumbaensis Mwabvu, C. triangulatus
Mwabvu and C. mazowensis Mwabvu, Two new synonymies are established: A. Ceechii Silvestri 1897 = A, phillipsii
Pocock 1896 and A, transmarinus Hoffman 1965 = A. syriacus (Saussure 1859), The species A. arabs Pocock 1895 is
incertae sedis; and A. sumpruosus Silvestri 1896 is & nomen dubium. Identification keys to the genera and species based on
gonopod morphology and distribution data are presented,

Key words: millipedes, distribution, gonopod, savanna, eastern highlands, East Africa, southern Africa, Horn of Africa

Introduction

In some terrestrial ecosystems millipedes are a major part of the soil macrofauna (Crawford 1992) in terms of
numbers of species and biomass (Dangerfield 1990). Millipedes enhance organic matter breakdown (Bond &
Sierwald 2002; Sierwald & Bond 2007) and mix organic matter with upper soil layers (Edwards et al, 1970).
They are ranked behind earthworms and termites as one of the major groups involved in the breakdown of
organic matter (Crawford 1992).

Despite being common, conspicuous (Hamer 1999; 2000) and ecologically important (New 1995), the
diversity and distribution of spirostreptid millipedes are incompletely known. In addition, several African
genera are of dubious taxonomic status. Although some genera have been revised (see Hamer 2000; Mwabvu
et al. 2007; Mwabvu er al. 2009b), more African genera still need revision.

The tribe Spirostreptini, to which several large-sized African genera have been assigned based on the bifid
or trifid prostatic groove (Hoffman 2008), is among the problematic taxa. According to Hoffman (2008),
Archispirostreptus Silvestri 1895, Choristostreptus Hoffman 2008, Limnostreptus Hoffman 2008,
Plagiotaphrus Attems 1914 and Spirostreptus Brandt 1833 can be grouped to form tribe Spirostreptini.
Among these genera the definition and distribution of Archispirostreptus species are probably the most
confusing (see Krabbe & Enghoff 1978), Hoffman (2008) suggested that Archispirostreptus may be
heterogeneous, and Krabbe & Enghoff (1978) reported that the validity of some of the species of
Archispirostreptus was doubtful. Although current data make Archispirostreptus the most widely distributed
and speciose member of the tribe, these data are not beyond question.

A taxonomic revision of Archispirestreptus based on type material is necessary to define the taxa
unequivocally (Hoffman 1965). However, this endeavour presents major challenges, including the unknown
location or loss of type specimens of some of the species, including Spirostreptus arabs Pocock 1895, A, Ceechii
Silvestri 1897 and A, sumptuosus Silvestri 1896. Additionally, some body segments and the male gonopods of
some material are missing, thus making gonopod morphology (on which most millipede descriptions are
based) unavailable to delineate taxa. Although this is not ideal, in the absence of holotypes or gonopods the
revisions of some species will be based on published descriptions. These challenges are compounded by the
limited material available, including the absence of new material, and the fact that many species are known from
single localities and that most data labels only give the country of collection rather than the exact locality. In
addition, some species descriptions lack detailed drawings of male gonopods or were based on female
specimens (see Silvestri 1897). Having encountered similar problems, Krabbe (1982) listed as nomina dubia or
incertae sedis several species that had been assigned to Archispirostreptus.

Although records are fragmentary, Archispirostreptus seems to be widely distributed. The genus has been
recorded from southern Africa (South Africa, Mozambique, Zimbabwe and Malawi), East Africa (Uganda,
Tanzania and Kenya), the Horn of Africa (Ethiopia, Eritrea and Somalia ), Central Africa (Democratic
Republic of Congo and Cameroon), West Africa (Senegal, Mali, Chad and Niger) and the Middle East (Israel,
Yemen, Syria, Jordan, Saudi Arabia) (Hoffman 1965; Krabbe 1982; Shelley 2009).

Fifteen species and five subspecies have been described. Archispirostreptus conatus (Attems 1928) is
found mainly in southern Africa. Although Krabbe (1982) reported that A. gigas (Peters 1855) has been
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recorded from Kruger National Park, South Africa and Tete, Mozambique, the species occurs mainly in East
Africa. Other species from East Africa are A. sumuliporus (Karsch 1881) and A, divergens Krabbe & Enghoff
1978. Archispirostreptus tumuliporus has also been recorded from Senegal and Malawi. Archispirostreptus
syriacus has been recorded from Yemen and Syria. Archispirostreptus bortegi Silvestri 1895, A. Cecchii, A.
dodsoni Pocock 1899, A. lugubris Brolemann 1901, A, phillipsii Pocock 1896, A. smithii Pocock 1899 and A,
sumptuosus are known from the Horn of Africa.

Hoffman (1965) listed A. phillipsii, A. dodsoni, A. bottegi, A. beccarii Silvestri 1895, Cecchii and smithii
as poorly known species, and reported that the localities for beccarii, botregi and Cecchii are doubtful.
Although the paucity of material and poor species descriptions make the revision of Archispirostreptus
difficult, comparisons of available material and published descriptions should clarify taxonomic validity and
distribution of the species. This endeavour is important because of the increasing demand for accurate data on
species diversity, distribution patterns and potential indicator species which could be utilised in biodiversity
conservation (Hamer & Slotow 2000); and because new material from previously unsurveyed localities is
available to update records. Additionally, the possibility of cryptic species among the material requires
investigation.

Currently Archispirostreprus is identified by a gonopod telopodite with an antetorsal process with laciniate
edges or small acute projections (Krabbe 1982; Hoffman 2008) or with a spine at the extremity of the antetorsal
process. Based on this definition the gonopods of Archispirostreptus species have two different forms of the
antetorsal process. One species group with a spine at the extremity of the antetorsal process seems to be
closely related to Spirostreptus.

We hypothesise that Archispirostreptus is non-monophyletic, that some species are incorrectly assigned to
the genus or are invalid or synonyms of older names and that some species have not been described. The
objectives of this study are to revise the genus and ascertain the validity of known species; to describe new
taxa; to develop a key to species identification, to establish biogeographic patterns, and to determine factors
that may influence the distribution of Archispirostreptus.

Materials and methods

This study used material from various museums, private collections and from recent surveys. Museum
abbreviations used are as follows:

BMNH Natural History Museum, London, United Kingdom

MNHN Muséum National d"Histoire Naturelle, Paris, France

MRAC Royal Museum of Central Africa, Tervuren, Belgium

NMZ Natural History Museum, Bulawayo, Zimbabwe

NMSA Natal Museum, Pietermaritzburg, South Africa

SAM South African Museum, Cape Town, South Africa

ZMB Museum fiir Naturkunde, Berlin, Germany

ZMH Zoologisches Institut und Museum, Hamburg, Germany

ZMucC Natural History Museum of Denmark (Zoological Museum), University of Copenhagen,
Denmark

NHMW Naturhistorisches Museum, Vienna, Austria

MSNG Civic Museum of Natural History “G. Doria”, Genoa, Italy

Unless specified the methods foliow Mwabvu et al. (2007). The characteristics of males and females
(when available) were recorded. Although colour may have changed in preserved material, body, leg and
antenna colour were recorded and body rings (including the collum and preanal ring) were counted, Body
length was measured using a soft wire placed against the line of ozopores, Maximum body width was
measured at about midlength, using Vernier calipers. All the measurements were in millimeters.
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The gonopods of males were dissected out, examined and photographed. The two parts (telocoxite and
telopodite) of the male gonopod were examined. The telopodite was separated from the telocoxite to allow
detailed examination. The absence/presence, shapes of processes and angle between processes and relative
sizes of gonopod structures were compared and recorded.

Material was studied using a Carl Zeiss Stereo Microscope and photographed using NIS-elements D
software and auto-montage software (Leica Microscope MZ12s with 3 CCD Toshiba Camera). The final
images and plates were prepared using Adobe Photoshop CS (version 8). ArcGis 9.1 (ESRI) was used to
prepare the distribution map of species,

Terminology used follows Hoffman (2008).

Abbreviations used in the figures: al, anterior lobe; ap, apical metaplical process: app, apical metaplical
projection; at, antetorsal process; cf, collum fold; Ih, lateral horn; Ip, lateral metaplical process; m, metaplica;
P, proplica; pe, paracoxite; pfl, prefemoral lobe: pl, proximal lobe; st, sternite; tp, relopodite.

Results
Taxonomy
Genus Archispirostreptus Silvestri 1895

Archispirostreptus Silvestri 1895, p. 776,
Graphidostreptus: Attems 1909, p.o414: 1914
Archispirostreptus: Attems 1926a, 1928: Schubart 1951; Hoffman 1965, 1971, 1979, 1996, 2008; Krabbe & Enghoff

1978; Krabbe 1979, 1982; Hamer 1998, 1999; Golovatch & Hoffman 2000: Mwabvu 2005, 2006: Mwabvy er al,
2007

Type species: Spirostreptus gigas Peters 1855, p. 75-79

Diagnosis: Proplicae tongue-shaped; lateral metaplical process tapering distally; apical metaplical
process long, finger-like and apically rounded or acute; antetorsal processes with laciniate edges distally.

Description: Large spirostreptid millipedes; body length 130-270 mm: antenna length 10~12 mm;
maximum body width 7-19 mm.

Body rings 54-71.

Body black or brown; legs and antennae of same colour.

Prebasilar plate of gnathochilarium not reduced to separate sclerites,

Collum sometimes with anterior lobe, with 2-5 complete striae and 06 incomplete striae,

Proplicae tongue-shaped, setose and rounded apically, with central depression flanked by raised edges;
proplica about 2/3 of gonopod length; lateral and medial edges of proplicae approximately parallel in most
species (Figs 1a, 2a, 3a, 4a).

Proximal metaplicae without lobes or projections (Figs 3b, 4b, 5b, 6b, 7h, 8h, 9b,10b).

Lateral metaplical process without abrupt narrowing, proximally broad and tapering distally, Lateral
metaplical process horizontal or slanting towards the apical metaplical process or paracoxite (Figs 1a, 2a, 3a,
4a, 5a, 6a, Ta, 8a, 9a, 10a).

Apical metaplical process long, finger-like and apically rounded (Figs 1a, 2a, 4a, 6a, 7a, 8a, 9a) or acute
(Figs 3a, 10a).

Telopodite spiralling distal to telopodite knee, antetorsal process with laciniate edges or spikes distally
(Figs la, 2a, 3a, 4a, 5a, 6a, 7a, 8a, 9a, 10a); telopodite with three small lobes at extremity.

Distribution: South, East, Central and West Africa; Middle East.

Remarks: The telopodite, the shape and size of the proplicae, the shapes of the lateral and apical
metaplical processes, and the orientation of the lateral and apical metaplical processes of the gonopod
distinguish Archispirostreptus from all other genera of Spirostreptini.
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Archispirostreptus beccarii Silvestri 1895
Fig. 1

Archispirostreptus Beccarii Silvestri 1895, p. 490, fig. 8.
Graphidostreptus beccarii: Attems 1914
Archispirostreptus beccarii: Hoffman 1965; Krabbe 1982

Type material: Syntypes: ABYSSINIA: 37, 5 @, Cheren (probably Keren) [15°42°'N, 38"24'E], 1870, O.
Beccari (MSNG uncatalogued)

Diagnosis: Apex of proplica conical; apical metaplical process wider at level of lateral metaplical
process; lareral metaplical process wider and horizontal proximally, abruptly tapering distally (Figs 1a, 1b).

Description: Size: Body length 90-145 mm; maximum body width 9-12 mm,

Number of body rings: 54-56.

Colour: Like ash or brown.

Collum: Antero-lateral corners produced into small lobes, with 23 complete striae and 0-2 incomplete
striae (Fig. 1d).

Pre-femoral process of 1" pair of male legs: Proximally broad and round, with laterally diverging and
tapering distal medial extension (Fig. 1¢).

Gonaopod: (Figs 1a, 1b) Sternum triangular; paracoxite conical.

Proplicae wider proximally, conical apically and overlapping lateral metaplical process proximally.

Opposite metaplicae separated at level of paracoxite apex. Metaplicae narrow distally, widest apart at
level of lateral metaplical process.

Lateral metaplical process wider proximal ly, horizontal and at right angle to apical metaplical process.

Apical metaplical processes wider apart distally. Medial edge of apical metaplical process convex distally.

Telopodite with an incomplete loop distally. Origin of antetorsal processes at telopodite knee. Apex of
antetorsal process extending past apex of paracoxite.

Distribution: Known only from the type locality, Cheren, Abyssinia (Ethiopia).

Remarks: Although the gonopod is similar to that of bottegi, the gonopods of the two species differ in the
shapes of the proplica apex, lateral metaplical processes and apical metaplical processes, and the number of
telopodite spirals (Figs 1a, 2a).

The gonopod of A. beccarii is also similar to that of A. dodsoni in the shapes of the proplicae and apical
metaplical processes,

Archispirostreptus bottegi Silvestri 1895
Fig. 2

Archispirostrepius Botregi Silvestri 1895, p. 489, fig. 7.
Graphidostreptus botregi: Attems 1914
Archispirostreptus bottegi: Hoffman 1965; Krabbe 1982

Type material: Syntypes: ETHIOPIA: 13, 19, Ogaden.Archeisa (Harra-es-saghir), 12.x.1892, V. Bottego
{MSNG uncatalogued)

Diagnosis: Apex of proplica rounded; apical metaplical process wider apically, thumb-like; post-knee
telopodite with two coils (Figs 2a, 2b).

Description: Size: Body length 120-130 mm; maximum body width 10-12 mm.

Number of body rings: 54-56,

Colour: Black,

Colium: Antero-lateral corners not produced into lobes, square shaped, with 2 complete striae (Fig. 2d),

Pre-femoral process of 1" pair of male legs: Triangular; proximally broad, with tapering distal extension
(Fig. 2c).
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FIGURE 14, b. Archispirostreptus beccarii (MSNG uncatalogued).
gonopods.

a, oral view of gonopods; b, aboral view of
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FIGURE 1c, d. Archispirostreptus beccarii (MSNG uncatalogued). ¢, oral view of prefemoral lobe of first pair of male
legs; d, lateral view of collum,
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FIGURE 2a, b. Archispirostreptus boitegi (MSNG uncatalogued). a, oral view of gonopaods; b, aboral view of gonopods,

8 - Zootara 2567 © 2010 Magnolia Press MWABVU ET AL




pfl

cf

o .

-p————— anterior

d

FIGURE 2¢, d. Archispirostreptus bottegi (MSNG uncatalogued). ¢, oral view of prefemoral lobe of first pair of male
legs; d, lateral view of collum.
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Gonopod: (Figs 2a, 2b) Sternum triangular; paracoxite conical.

Proplica width same along length; apex of proplica finger-like and overlapping proximal lateral metaplical
process.

Opposite metaplicae separate at level of paracoxite apex.

Lateral metaplical process horizontal, tapering distally and at right angle to apical metaplical process.

Apical metaplical processes thumb-shaped and parallel and about 2/3 length of lateral metaplical process.

Telopodite with two post-knee spirals, distal spiral at level of paracoxite.

Origin of antetorsal process at knee; apex of antetorsal process extending past apex of paracoxite, with
long spikes.

Distribution: Known only from Ogaden, Ethiopia.

Remarks: The gonopods of A. bortegi and A, beccarii are distinguished by the apical shapes of the
proplicae and apical metaplical processes, and the number of spirals of the telopodite. Archispirostreptus
bortegi has a telopodite with two spirals and long spikes on the antetorsal process (see remarks under A.
beccarii),

Archispirostreptus divergens Krabbe & Enghoff 1978
Fig. 3

Archispirostreptus divergens Krabbe & Enghoff 1978, p. 247-249, figs 1-5.
Archispirestreptus divergens: Krabbe 1982

Type material: Holotype: KENYA: 1, Lake Baringo Lodge ¢ 100 km from Nairobi [0°59'N, 36°03'E], 21-
22.vii.1977, H. Gonget (ZMUC uncatalogued). Paratype: KENYA: 1.7, same data as holotype (ZMH A89/78)

Diagnosis: Medially diverging and overlapping apical metaplical processes (Figs 3a, 3h).

Description: Size; Body length 130-150 mm; maximum body width 12-14 mm.

Number of body rings: 56-62,

Calour: Body black; legs and antennae red-brown.,

Collum: Antero-lateral corners not produced into lobes, with 2-3 complete striae and 0-2 incomplete
striae (Fig. 3d).

Pre-femoral process of 1" pair of male legs: Proximally broad and parallel, with laterally diverging and
tapering distal extension (Fig. 3c).

Gonopod: (Figs 3a, 3b) Sternum wide proximally, dome-shaped apically; paracoxite rounded and not
fused tightly to metaplica.

Proplicae with shallow central groove. Apex of proplica acute, overlapping lateral metaplical process
proximally and with a spinous medial lobe,

Metaplicae wide proximally; opposite metaplicae wider apart at level of lateral metaplical process; oral
fold of metaplica overlapping proximal lateral metaplical process and apical proplica. Medial edge of oral
metaplica raised sharply at level of lateral metaplical process.

Lateral metaplical process slightly tilted anteriad, ending in distal spine. Lateral metaplical process
proximally narrow, widens abruptly before tapering distally. Lateral metaplical process and apical metaplical
process at obtuse angle,

Apical metaplical processes strongly diverging and overlapping medially leaving a proximal window
{Fig. 3a).

Antetorsal process of the telopodite extends distally past the paracoxite apex.

Distribution: Known only from Lake Baringo, Kenya.

Remarks: The overlapping apical metaplical processes of the gonopods are unique to A. divergens. Other
species of Archispirostreptus, except A. phillipsii, have erect and almost finger-like apical metaplical
processes,
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FIGURE 3a, b. Archispirostreptus divergens (ZMH ABO/78). a, oral view of gonopods; b, aboral view of gonopods.
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FIGURE 3¢, d. Archispirostreptus divergens (ZMH AB9/78). ¢, oral view of prefemoral lobe of first pair of male legs; d,

lateral view of collum,
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Archispirostreptus dodsoni Pocock 1899
Fig, 4

Archispirostreptus dodsoni Pocock 1899, p. 405.
Graphidosireptus dodsoni: Attems 1914
Archispirostreptus dodsoni: Hoffman 1965; Krabbe 1982

Type material: Holotype: SOMALIA: 1 &, Sheikh Husein, Arusha, Galla Country, 3.x.1894, Dr A.
Donaldson Smith (BMNH 1897.11.10.87).

Additional material examined: SOMALIA: | &, 1 ©, West of Shebali River, 1899, Dr Donaldson-Smith
(BMNH 1897.11.10.88),

Diagnosis: Distal lateral metaplical process gently slanting towards paracoxite; proximal lateral
metaplical process and proximal apical metaplical process at obtuse angle (Fig, 4a).

Description: Size: Body length 220-270 mm; maximum body width 18-19 mm,

Number of body rings: 69-71,

Colour: Dark brown.

Collum: Square shaped without anterior lobe, with 3—5 complete striae and 2-3 incomplete striae.

Pre-femoral process of 1" pair of male legs: Proximally broad with long tapering apical extension (Fig.
4c).

Gonopod: (Figs 4a, 4b) Sternum rounded apically; paracoxite apex horizontal.

Proplica width approximately constant along length; apical proplica overlapping part of proximal lateral
metaplical process,

Metaplicae wide proximally, surface smooth.

Lateral metaplical process wide proximally, horizontal and acute apically, without abrupt change in width,

Apical metaplical process narrowly rounded apically. Proximal apical metaplical process and lateral
metaplical process at obtuse angle (Fig. 4b),

Apex of antetorsal processes reaching paracoxite.

Distribution: Known from Ethiopia (Krabbe 1982) and Somalia.

Remarks: The shapes of the lateral metaplical processes and the apical proplicae of the gonopod of A,
dodsoni closely resemble A. beccarii, however, the two species differ in body size, The prefemoral lobes of
the first pair of male legs are similar to those of A. smithii, however, the gonopods of the two species differ in
the orientation of the lateral metaplical processes. Proximally, the lateral metaplical processes of the gonopod
of A. smithii are horizontal; the distal halves are tapering and deflected towards the apical metaplical process.
In A. dodsoni the lateral metaplical process is horizontal and tapering without bending distally.

Archispirostreptus gigas (Peters 1855)
Fig. 5

Spirostreptus gigas Peters 1855, p. 536, figs 1-2.
Archispirostreptius gigas: Silvestri 1895; Schubart 1951: Hoffman 1965; Krabbe & Enghoff 1978; Krabbe 1982; Hamer
1998, 1999

Graphidostreptus gigas: Attems 1914; Attems 1928
Further synonymy in Krabbe (1982)

Type material (not examined): MOZAMBIQUE: 1 o, Tete.The location of the type material is unknown,

Additional material examined: KENYA: | 4,2 @, Tsavo, Taita Discovery Center [03° 25'§, 38° 46'E],
6.x11,2000, Van den Spiegel D. (MRAC 20254); 1 &, 1 ¢, Ngaia Forest [0° 24" N, 38° 02'E], 3.xii.2002, Van
den Spiegel D. (MRAC 20764),

Diagnosis: Lateral metaplical process short and broad with a short terminal spine; lateral metaplical
process at acute angle with apical metaplical process; lateral and medial edges of apical metaplical process
convex proximally; lateral metaplical process darker proximally than distally; apical metaplical process
darker laterally and proximally than medially or distally (Figs 5a, 5b).
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FIGURE 4a, b. Archispirostreptus dodsoni (BMNH 1897.11.10.87). a, oral view of gonopods; b, aboral view of
gonopods,
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FIGURE 4c, Archispirostreptus dodsoni (BMNH 1897, ] 1.10.87). ¢, oral view of prefemoral lobe of first pair of male
legs.

Description: Size: Body length 178-260 mm: maximum body width 15-19 mm.

Number of body rings: 62-70.

Colour: Black.

Collum: Rounded without anterior lobe (Fig. 5¢), with 2-3 complete striac and an incomplete stria,

Pre-femoral process of I pair of male legs: Proximally wide with laterally deflected apical extension
(Fig. 5¢).

Gonopod: (Figs 5a, 5b) Sternum broad, short and apically rounded; apex of sternum not reaching level of
paracoxite apex; paracoxite rounded and fused tightly to metaplica.

Proximal proplica with raised lateral and medial edges; apically proplicae rounded, overlapping lateral
metaplical process proximally and with an apical medial lobe,

Proximal medial edges of oral fold of metaplicae raised,

Proximal half of opposite telocoxites touching medially, further apart distal to lateral metaplical process
(Figs 5a, 5h).

Lateral metaplical processes short and broad, crescent-shaped and tapering distally, and may have a small
terminal spine. Lateral metaplical process at acute angle with apical metaplical process.

Lateral and medial edges of apical metaplical process convex proximally; apical metaplical process broad
and opaque proximaliy.

Aborally, medial edge of metaplicae raised (Fig. 5b).

Apex of antetorsal process extends past paracoxite apex.

Distribution: Known from Mozambique, South Africa, Zanzibar, Somalia, Tanzania (Krabbe 1982) and
Kenya.

Remarks: The opposite telocoxites of the gonopods in A. gigas are separated at the level of the lateral
metaplical processes as in A. phillipsii, A. lugubris, A. syriacus, A. tumuliporus, A. smithii and A. dodsoni. The
convex shapes of the lateral and medial edges of the apical metaplical process of the gonopod are unique to A.
gigas.

A REVISION OF ARCHISPIROSTREPTUS SILVESTRI Zootaxa 2567 © 2010 Magnolia Press - 15




b

FIGURE 5a, b. Archispirostreptus gigas (MRAC 20764). a, oral view of gonopods; b, aboral view of gonopods.
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FIGURE Se, d. Archispirostreptus gigas (MRAC 20764). ¢, oral view of prefemoral lobe of first pair of male legs; d,
lateral view of collum.
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Considering where A. gigas has been collected and the distance between the localities. the currently
known distribution may be a collecting artifact. The known distribution suggests that it is more widespread
along the east coast of Africa than further inland.

The type is missing from the ZMH collection where it was said to be housed {Krabbe 1982); this was
confirmed by museum curators.

Archispirostreptus lugubris (Brolemann 1901)
Fig. 6

Spirostreptus lugubris Brolemann 1901, p. 31-34, figs 8-11.
Graphidosireprus lugubris: Attems 1914
Archispirostreptus lugubris: Schubart 1951; Hoffman 1965; Krabbe 1982

Type material: Holotype: ETHIOPIA: 1 7, Sabarguma Allata, 15.iii.1900, P. Magretti (MNHN 1B 106).

Additional material examined: NIGER: 1 <, Monts Baguezane, Irrabellaben, 26.viii. 1947, L. Chopard
& A. Villiers (MNHN 1B 108) (gonopods missing). SENEGAL: 2 3, Bambey [14°43'N, 16" 14'W], (MRAC
20504); 1 4, 1 €, Gouloubou [13'27'N, 1343'W], 2.i.1979. D. Thys (MNHN 1B 224).

Diagnosis: Sternite apex flat; oral fold of metaplicae abruptly narrow at level of telopodite knee (Fig. 6a).
Lateral metaplical process slanting gently towards paracoxite (Fig. 6a)

Description: Size: Body length 102-155 mm; maximum body width 8-13 mm.

Number of body rings: 55-64.

Colour: Body black or dark brown; legs and antennae brown.

Collum: Anterior produced into lobe, with 2-3 complete striae and 1-2 incomplete striae.

Pre-femoral process of 1" pair of male legs: Basally round with short tapering apical extension.

Gonopod: (Figs 6a, 6b) Sternum broad proximally, apex flat; paracoxite triangular,

Width of proplicae constant.

Metaplicae wide proximally: opposite metaplicae wider apart distal to sternite apex; oral fold of
metaplicae narrow at level of telopodite knee,

Lateral metaplical process slanting towards paracoxite and broadly joined to metaplica, Lateral metaplical
process at obtuse angle with apical metaplical process (Figs 6a, 6b).

Distally apical metaplical process convex medially and rounded apically.

Origin of antetorsal processes at telopodite knee.

Distribution: Known from Democratic Republic of Congo, Somalia (Krabbe 1982), Niger, Senegal and
Ethiopia (Fig. 15).

Remarks: Abrupt narrowing of the oral fold of the metaplicae has only been observed in the gonopods of
lugubris. The telopodite is similar to those of A. dodsoni, A, tumuliporus, A. gigas, A. divergens and A.
smithii; and the lateral metaplical process resembies that of A. beccarii, A. tumuliporus, A. svriacus and A.
dodsoni more than A. gigas, A. divergens or A. phillipsii. We have also established that some material of 4,
lugubris (MNHN 1B 224) from Senegal, housed in MNHN had been incorrectly identified as A. tumuliporus.

Two subspecies—Graphidostreptus lugubris maior Attems 1914, p. 157, figs 155-156 and
Graphidostreptus lugubris villiersi Schubart 1951, p. 119-124, figs 1-5—from southern Sahara desert have
been described. Archispirostreptus lugubris villiersi (Schubart 1951} is a smaller variation of the type.
Furthermore, the apical metaplical process of the gonopod is shorter and the lateral metaplical process is
longer, with a pointed apex, than in A. lugubris maior and the other subspecies A, lugubris lugubris. Based on
gonopod morphology these subspecies represent recognizable forms.
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FIGURE 6a, b. Archispirostreptus lugubris (MNHN, 1B 106). a, oral view of gonopods; b, aboral view of gonopods,
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FIGURE 6c, d. Archispirostreptus tugubris (MNHN, 1B 106). c, oral view of prefemoral lobe of first pair of male legs,
d, lateral view of collum,
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Archispirostreptus phillipsii Pocock 1896
Fig. 7

Archispirostreprus phillipsii Pocock 1896, p. 187, fig. 5.
Graphidostreptus phillipsii: Attems 1914
Archispirestreptus phillipsii: Hoffman 1965; Krabbe 1982
A. Cecchii Silvestri 1897, p. 303-304, fig. 1. Syn. n.

Type material: Holotype: SOMALIA: 1 &, 1895, (BMNH 1895.6.1).

Diagnosis: Apical metaplical process deflected laterally onto lateral metaplical process. Lateral
metaplical process short (as long as metaplica width) and sandwiched between the apical metaplical process
and apex of proplica (Figs Ta, 7b),

Description: Size: Body length 170-210 mm; maximum body width 14 mm,

Number of body rings: 62-65,

Colour: Black.

Collum: Rounded without anterior lobe, with 3 complete striae.

Pre-femoral process of 1 pair of male legs: Long and parallel, with short apical nipple (Fig. 7c).

Gonopod; (Figs Ta, 7b) Sternum short, wide proximally and flat apically; paracoxite rounded apically.

Proplicae of constant width; rounded apically.

Oral fold of metaplicae wide proximally; opposite metaplicae separate at level of apex of paracoxite.
Aboral depression present on metaplicae proximal to lateral metaplical process.

Lateral metaplical process short, as long as apical metaplica width, with a short distal spine. Lateral
metaplical process sandwiched between apical metaplical process and apex of proplica.

Apical metaplical process strongly deflected laterally onto lateral metaplical process.

Origin of antetorsal processes distal to telopodite knee. Antetorsal processes with short spikes proximal to
a terminal spine (Fig. 7a),

Distribution: Goolis Mountains, Somalia (Krabbe 1982).

Remarks: The laterally deflected apical metaplical processes of the gonopod, a short lateral metaplical
process and the wide medial separation of the coxites at the level of the paracoxite apex characterize the
gonopod of A. phillipsii. Archispirostreptus phillipsii is the only species in the genus where the lateral
metaplical processes of the gonopod do not extend beyond the lateral margins of the proplicae or metaplicae.
The origin of the antetorsal process is distal to the telopodite knee.

The location of the type of A. Cecchii is unknown. Therefore, comparisons to A, phillipsii were based on
description of and gonopod drawing of A. Cecchii from Silvestri 1897. Based on the gonopod drawing,
Cecchii resembles phillipsii in that the apical metaplical processes are deflected onto the lateral metaplical
processes and the antetorsal process has a distal spine. Both taxa were collected from Somalia. Although the
published drawing and description of A. Cecchii lack detail they are sufficient to support conspecificity with
A. phillipsii.

Archispirostreptus smithii Pocock 1899
Fig. 8

Archispirostreptus smithii Pocock 1899, p. 406.
Graphidostreptus smithii: Attems 1914
Archispirostrepius smithii: Hoffman 1965; Krabbe 1982

Type material: Holotype: SOMALIA: | £, (BMNH 1897.11,10.89).

Additional material examined: SOMALIA: 1 ¢, (BMNH 1897.11.10.90).

Diagnosis: Lateral metaplical process broad and horizontal proximally, distal half bent and tapering
towards apical metaplical process (Figs 8a, 8b).
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FIGURE 7a, b. Archispirostreptus phillipsii (BMNH 1895.6.1). a, oral view of gonopods; b, aboral view of gonopods,
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FIGURE 7¢, d. Archispirostreptus phillipsii (BMNH 1895.6. 1). ¢, oral view of prefemoral lobe of first pair of male legs;
d, lateral view of collum,
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FIGURE 8a, b, Archispirostreptus smithii (BMNH 1897.11.10.89). a, oral view of gonopods; b, aboral view of
gonopods.
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FIGURE 8e¢. Archispirostreptus smithii (BMNH 1897.11.10.89). ¢, oral view of prefemoral lobe of first pair of male
legs.

Description: Size: Body length & 145-170 mm, 2 220 mm: maximum body width 14-18 mm,

Number of body rings: 59-63.

Colour: Body black or brown,

Collum: Produced into anterior lobe, with 2 complete striae. Upper-most stria prominent.

Pre-femoral process of 1" pair of male legs: Triangular with long tapering extension (Fig. 8c).

Gonopod: (Figs 8a, 8b) Apex of sternum broadly rounded, apex not reaching level of paracoxite apex;
paracoxite rounded apically and fused tightly to metaplica.

Metaplicae wide apart at level of telopodite spiral.

Proplica width constant; proplica apex overlapping lateral metaplical process proximally.

Lateral metaplical process broad and horizontal proximally, long and tapering distally, Distal half of
lateral metaplical process deflected towards apical metaplical process. Apical metaplical process and
proximal lateral metaplical process at right angle.

Distribution: Known from Ethiopia (Krabbe 1982) and Somalia.

Remarks: The apical metaplical process of the gonopod is similar to that of A. lugubris, A. bottegi and A.
dodsoni, however, the orientation of the lateral metaplical process differs among these species. In A. smithii
the lateral metaplical process gently bends distally towards the apical metaplical process. Although the
position of the antetorsal spikes in relation to the apex is as in the gonopod of A, rumuliporus, the orientation
of the terminal spike differs between the two species. In addition, the acute and tapering apical metaplical
process of A, tumuliporus differs from the finger-like apical metaplical process of A. smithii and A. botiegi
(see remarks on A. lugubris).
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Archispirostreptus syriacus (Saussure 1859)
Fig. 9

Julus syriacus Saussure 1859, p. 320-330, [type locality : Palestine]
Archispirostreptus nemuliporus judaicus (Attems 1926b), p. 225. [type locality : Syria)
Archispirostreptus transmarinus Hoffman 1965, p. 18-23, figs 1-3, Syn. n.
Archispirostreptus transmarinus: Krabbe & Enghoff 1978; Krabbe 1982
Archispirostreptus syriacus: Shelley 2000

Type material of A. transmarinus: YEMEN: Sanaa, (ZMH 19, 1932),

Material examined: SAUDI ARABIA: 1 &, M. Adamson (MNHN 1B 111). JORDAN: 1 &, Ajlum,
Djerash, 13.iii.1977, Kinzelbach & coll (MNHN 1B 033).

Diagnosis: Apical metaplical process concave proximally, with an angular projection laterally; medial
edge of apical metaplical process convex distally (Figs 9a, 9b).

Description: Size: Body length 125-140 mm; maximum body width 8-10 mm.

Number of body rings: 59-68.

Colour: Body dark grey or black; legs and antennae brown.

Collum: Rounded ventrally, with 3-4 complete striae and 02 incomplete striae,

Pre-femoral process of I* pair of male legs: Proximally rounded with distal nipple.

Gonopod: (Figs 9a, 9b) Sternum triangular, reaching level of paracoxite apex; paracoxite apex horizontal
or broadly rounded and fused tightly to metaplica.

Width of proplicae constant along length; proplica apex covering lateral metaplical process proximally.

Width of metaplicae unchanged along length up to level of lateral metaplical process.

Lateral metaplical process long and tapering, proximal half wider.

Proximal apical metaplical process concave, with an angular projection laterally. Distal apical metaplical
process convex medially.

Distribution: Known from Israel, Syria, Yemen, Jordan and Saudi Arabia.

Remarks: Archispirostreptus syriacus is the only species from the Middle East. The angular projection on
the lateral edge of the apical metaplical process characterizes the gonopod of A. syriacus,

Besides having overlapping body size ranges, A. syriacus and transmarinus have similar gonopods, with a
lateral angular projection on the apical metaplical process and a triangular sternite. Therefore, we propose
synonymy of A. transmarinus with A. syrigeus. Our conclusions are further supported by the relatively close
proximity of the localities from where the material was recorded.

Archispirostreptus tumuliporus (Karsch 1881)
Fig. 10

Spirostreptus tumuliporus Karsch 1881, p. 51-52.
Graphidosireptus nomuliporus; Attems 1914
Archispirostreptus tumuliporus: Schubart 1951; Hotfman 1965; Krabbe & Enghoff 1978; Krabbe 1982; Mwabvu 2005

Type material: Holotype: SUDAN: I &, Scriba Ghattas, Djur (ZMB 645)

Additional material examined: CHAD: 2 7, Tikem Station IRCT [9°45'N, 15°00'E], xii.1958, Galichet
(MNHN 1B 220). SENEGAL: 1 3, 1 2, Sine Saloum [13"55'N, 15" 37'W), 4.ix.1970, M. Miihlenberg & R.
Streng (MNHN 1B 223). MALAWI: 1 &, (MNHN 1B 251); BENIN: | &, Dassa Zoumé [7°47'N, 2°08'E],
23.%i.1970, Ch. Gasc (MNHN 1B 222). UGANDA.: 2 ., 1903, Bourg de Bozas (MNHN 1B 224). MALI: 1 &,
1 ¥, Toukoto (150 km E. de la Falémé), [14°35'N, 12°03'E], vii.1903, Kermorgant (MNHN 1B 225).
CAMEROON: 1 ¢, Batouri [4"27'N, 14°24'E], 14.i.1993, Jean Dejax, (MNHN 1B 289). ZIMBABWE: 1 4,
Muzarabani [1623'S, 31°00°E], 1.xii.1998, T. Mwabvu (NMSA 20480); 1 &, Mapembe Mountains, Marange

[18°57'S, 32°27'E], 13.x1i.2007, T. Mwabvu (NMSA 21941, 1 &, Chipfatsura School, Marange [18°57'S, 32"
2TE], 20.xii.2005, T. Mwabvu (NMSA 21943).
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FIGURE 9a, b. Archispirostreptus syriacus (ZMH 19, 1932). a, oral view of gonopods; b, aboral view of gonopods.
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FIGURE 9e. Archispirostreptus syriacus (ZMH 19, 1932). ¢, oral view of prefemoral lobe of first pair of male legs,

Diagnosis: Apical metaplical process wide and parallel proximally; distal half of apical metaplical
process narrow, becoming acute (Figs 10a, 10b).

Description: Size: Body length 147-200 mm; maximum body width 12.5-16 mm.

Number of body rings: 59-67.

Colour: Body dark brown or black: legs and antennae brown,

Collum; Laterally square or with a small anterior lobe, with 3—4 complete striae and 2-6 incomplete striae
(Fig. 10d).

Pre-femoral process of 1" pair of male legs: Basally round, medial nipple deflected laterally (Fig. 10c).

Gonopod: (Figs 10a, 10b) Sternum rounded apically; paracoxite narrowly rounded and fused tightly to
metaplica,

Apical proplica rounded, overlapping lateral metaplical process proximally; medial lobe of apical proplica
long and tapering.

Lateral metaplical process wide proximally, tapering distally; lateral metaplical process almost at right
angle to apical metaplical process (Fig. 10a).

Apical metaplical process parallel proximally, distal halves wider apart and acute apically.

Distribution: Democratic Republic of Congo, Ghana, Sierra Leone (Krabbe 1982), Chad, Cameroon,
Benin, Sudan, Mali, Uganda, Malawi and recently from northern and eastern Zimbabwe.

Remarks: There are significant variations in the form of the gonopods of material identified as A.
tumuliporus from different parts of Africa. Some of the gonopods are morphologically distinet from the
holotype in the shape of the apical and lateral metaplical processes. We have found in the collections some
specimens of A. lugubris from Senegal which had been incorrectly identified as A. tumuliporus (see remarks
on A, lugubris),

Gonopod variations in A. tumuliporus relate to the shape, size and orientation of the lateral and apical
metaplical processes. The lateral metaplical processes of specimens from Cameroon are spined distally,
specimens from Senegal have a slanting lateral metaplical process, which is at an obtuse angle with the apical
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metaplical process, and the paracoxites differ in shape and angle at which they are fused to the metaplicae
compared with specimens from other localities. The gonopods of specimens from Chad have narrow finger-
like apical metaplical processes; distally the apical metaplical processes are similar to those of A. smirhii, A.
dodsoni and A. lugubris. Based on this evidence, we concluded that A. mumuliporus is a species complex and
that several specimens of Archispirostreptus may have been incorrectly identified or assigned to A.
tumuliporus because of the broad specific limits that were used.

b
FIGURE 10a, b. Archispirostreprus tumuliporus (ZMB 645). a, oral view of gonopods; b, aboral view of gonopods.

One subspecies A, 1. sudanicus (Brilemann 1905) (synonymized by Attems 1914, p. 159, fig. 164) from
Senegal is recognized here as distinct, based on gonopod shape. The gonopod of the subspecies has a
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relatively narrow apical metaplical process, which is at an acute angle with a slanting lateral metaplical
process. Another geographically distinct form from Chad, which has a very narrow and finger-like apical
metaplical process, has been identified.

anterior -

d

FIGURE 10c, d. Archispirostreptus tumuliporus (ZMB 645). ¢, oral view of prefemoral lobe of first pair of male legs; d,
lateral view of collum,
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Key to the species of Archispirostreptus, based on male gonopods

1. Apical metaplical process darker proximally than distally; apical metaplical process convex laterally, not finger-like

Apical metaplical process not darker proximally than distally; apical metaplical process not convex laterally, finger-
like..coierninarinnnnn, L L LEE LA 8RB AT AT RS BB R s b b £ re et et b s s sssenessssses ]
2. Lateral and medial edges of apical metaplical processes convex proximally (Fig. 5a); apical metaplical processes not
deflected or overlapping MEdially.............cuviiivrviriieerrmr oo oot eeeee oo eeeeeeeeeeeseeeeee gigas
- Lateral and medial edges of apical metaplical processes not convex proximally; apical metaplical processes
deflected and overlapping medially (Fig. 3a, 3b)....... T T —— b e e divergens
3. Apical metaplical processes deflected laterally LT | phillipsii
- Apical metaplical processes not deflected TRIETAILY 1o s st b
4. Lateral edges of apical metaplical process concave, with an angular projection (Figs 94, 9b) ... syrigeis
- Lateral edges of apical metaplical process not concave, without an angular projection ... cieenisireesseneeeeininns 5
5. Distal half of apical metaplical process acute, not rounded apically (Figs 10a, 10b) ... e DO IS
- Distal half of apical metaplical process not acute, rounded apically ... bt SRR 6
6. Distal haif of lateral metaplical process deflected towards apical metaplical process (Figs 8a, 8b)................., smithif
- Distal half of lateral metaplical process not deflected towards apical metaplical process ...........c.oouveveerveveeceoreresnin 7
7. Apex of sternum apex flat; metaplica narrow at level of paracoxite apex (Fig. 6a).......... b S lugubris
- Apex of sternum not flat; metaplica not narrow at level of PAFACORITE APEX . oooviso it srsesesess e bsseee s o8
8. Distal part of lateral metaplical process gently slantin g towards paracoxite; proximal lateral metaplical process and
proximal apical metaplical process at obtuse angle (Fig. 48) .....o..oooovsoovoooeooeoosses oo SR - 17 .14 .
Distal part of lateral metaplical process not slanting towards paracoxite; proximal lateral metaplical process and
proximal apical metaplical process at right L OSSO -
Y. Apex of proplica and apical metaplical process not thumb-like: lateral metaplical process wider and horizontal prox-
imally, abruptly tapering distally (Fig, 1) .............. SO, bbbt b Niberemee e ranaes sus s e e s O T ]
- Apex of proplica and apical metaplical process thumb-like; lateral metaplical process not horizontal proximally or
abruptly tapering distally (Fig. ZBY . asastnrasansie et et e e et et Dattegi

Genus Cacurninostreptus gen. n. Mwabvu

Type species: Cacuminostreptus mazowensis sp. n,

Etymology: Name derived from the Latin word cacumen (a point, summit, top, spine) in reference to the
spinous antetorsal and lateral metaplical processes of the gonopods,

Diagnosis: Proplicae spathulate (subapically/apically wide); lateral metaplical processes with abrupt
narrowing along the length, distally spinous; proximad lobe present on lateral metaplical process; apical
metaplical processes short; and antetorsal processes with a distal spine (Figs 11a, 11b, 12a, 12b, 13a, 13b, 14a,
14b).

Description: Large spirostreptid millipedes, body length 130-215 mm; maximum body width 9-15 mm.

Body rings 54-67.

Body black: legs and antennae brown.

Prebasilar plate of gnathochilarium reduced, without median sclerite.

Collum black, sometimes with anterior lobe, with 2-6 complete striae and 1-7 incomplete striae.

Pre-femoral process of 1" pair of male legs proximally rounded with laterally deflected apical extension
(Figs 11¢, 12¢, 13¢, 14¢).

Sternum friangular; paracoxite apex horizontal or broadly rounded.

Proplicae about 2/3 of gonopod length, spathulate and setose apically (Figs 11a, 12a, 13a, 14a); subapical
central depression of proplica flanked by raised edges. Medial lobe present on proplica apex, concealed under
oral fold of metaplica.

Aborally, medial edges of metaplicae raised,

Apical metaplical processes and lateral metaplical processes short,

Lateral metaplical process arrowhead-shaped with a spine distally (Figs 11a, 12a, 13a, 14a, 11b, 12b, 13b,
14b). Lateral metaplical process may be tilted towards apical metaplical process or crescent-shaped distally.
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Telopodite spirals after telopodite knee. Origin of antetorsal processes at telopodite knee. Antetorsal
processes crescent-shaped, with a spine at extremity (Figs 11a, 12a, 13a, 14a, 11b, 12b, 13b, 14b). Postfemur
of telopodite with three branches at extremity.

Distribution: Known from Mozambique; eastern, south-eastern, western and northern Zimbabwe; Kruger
National Park, South Africa,

Remarks: The genus includes Archispirostreptus conatus (Attems 1928) and three new species.
Cacuminostreptus species are smaller than some species of Archispirostreptus. The gonopods of
Cacuminostreptus species differ from Archispirostreptus species by having a shorter apical metaplical process,
a lateral metaplical process with a constriction and arrowhead-shape, and an antetorsal process without spikes
but terminating in a spine. In addition, the proplicae are wider subapically/apically. Unlike Archispirostrepius
species which have been recorded from East, West and Central A fric a, and the Middle East, Cacuminostreptus
is known only from southern Africa. Based on Hoffman’s (2008) definition of the Spirostreptini,
Cacuminostreptus also belongs to the tribe. A key to the genera of Spirostreptini is given below.

Cacuminostreptus conatus (Attems 1928) comb, n.
Fig. 11

Triaenostrepius conatus Attems 1928, p. 368-369, figs 531-533.
Archispirostreptus conatus: Krabbe 1982: Hamer 1998, 1999; Mwabvu 2005
Spirostreptus conatus: Hoffman 2008

Type material: Syntype: PORTUGESE EAST AFRICA (MOZAMBIQUE): 1 £, Zandemela near Chai Chai
[24"16'S, 33" 56'E], (NHMW 2524) (also labelled SAM 6023).

Additional material examined: ZIMBABWE: 1 &, Mhlekwane School [2231A2), 17.x11,1996, F, Nyathi
(NMZ/Dg44).

Diagnosis: Apical metaplical process with a narrow, longer and laterally deflected sausage-shaped oral
fold of distal metaplica (Fig. 11a); aboral fold of apical metaplical process shorter and wider than oral fold;
apex of apical metaplical process conical with raised base,

Description: Size: Body length 180 mm: maximum body width 15 mm.,

Number of body rings: 54,

Colour: Black.

Collum: Laterally square, with 2-3 complete striae and -2 incomplete striae (Fig. 11d).

Pre-femoral process of 1" pair of male legs: Proximally broad and parailel, apical extension long and
deflected laterally (Fig. 11¢).

Gonopod: (Figs 11a, 11b) Apex of sternum almost reaching level of paracoxite apex; paracoxite apex flat,
fused tightly to metaplica.

Proplicae wider and flat apically, and not overlapping lateral metaplical process. Small medial lobe on
apical proplica extending distally, concealed under oral fold of metaplica,

Oral fold of apical metaplical process longer and sausage-shaped apically. Aboral fold of metaplica with a
diagonal ridge; mesial depression extends distally.

Lateral metaplical process narrowly joined to metaplica, forming acute angle with apical metaplical
process (Figs 11a, 11b). Lateral metaplical process triangular mid-length, sharply tapering distally.

Oral fold of apical metaplical process deflected laterally; aboral fold of apical metaplical process shorter
and wider than oral fold (Fig. 11a).

Distribution: Known from Chimanimani and Mount Silinda, Zimbabwe; Mozambique, Kruger National
Park, South Africa (Krabbe 1982) and Mhiekwane School in south-eastern Zimbabwe,

Remarks: The gonopod of C. conatus closely resembles the gonopods of the new species, C. vumbaensis,
C. triangulatus and C. mazowensis, by having apically wide proplicae, an arrow-head shape of the distal
lateral metaplical process and a crescent-shaped antetorsal process with a distal spine. However, C. conatus is
distinguished from vumbaensis and mazowensis by a lateral metaplical process which is narrowly joined to
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FIGURE 11a, b. Cacuminostreptus conarus (NMZ/D844). a, oral view of gonopeds (without left telopodite); b, aboral
view of gonopods,
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FIGURE I1¢, d. Cacuminostreptus conatus (NMZ/D844). ¢, oral view of prefemoral lobe of first pair of male legs; d,
lateral view of collum.
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the metaplica and slanting towards the apical metaplical process, a long and laterall y deflected oral fold of the
apical metaplical process, and the presence of an aboral ridge and depression on the metaplicae, In C.
vumbaensis and C. mazowensis the lateral metaplical process is not deflected towards the apical metaplical
process. The triangular shape of the apical metaplical process of the gonopod of C. triangulatus is unique in
this genus.

Cacuminostreptus mazowensis sp. n. Mwabvu
Fig. 12

Type material: Holotype: ZIMBABWE: 1 ', Mazowe Dam [17°30'S, 30° 58'E], 13.xii.08, T. Mwabvu
(NMSA 21945)

Paratypes: ZIMBABWE: 4 &, 9 © Mazowe Dam [17°30'S, 30° S8'E], 13.xii.08, T. Mwabvu (NMSA
21992)

Additional material examined: ZIMBABWE: | &, Mazowe Dam [17°30'S, 30° 58'E], T. Mwabvu
(NMSA 21970); 1 &, Mazowe Dam [17°30'S, 30°58'E], 19.xi.1997, T. Mwabvu (NMSA 20529); 1 &,
Highlands Suburb, Harare [17°49'S, 31702'E], xii.2007, M. Cummings (NMSA 21944),

Etymology: Refers to the type locality, Mazowe Dam, Zimbabwe.

Diagnaosis: Lateral margin of metaplicae strongly convex. Apical metaplical process concave apically,
with lateral and medial apices produced into short acute horns (Figs 12a, 12b).

Description: Size: Body length 7 135-150, ¢ 140-160 mm; maximum body width 10-15 mm.

Number of body rings: 59-65.

Colour: Body black; legs and antennae dark brown,

Collum: Produced into a narrow anterior lobe, with 4-6 complete striae and 2-7 incomplete striae (Fig.
12d).

Pre-femoral process of 1" pair of male legs: Proximally wide, medial extension laterally deflected (Fig.
12¢).

Gonopod: (Figs 12a, 12b) Apex of sternum not reaching level of paracoxite apex; paracoxite not fused
tightly to metaplica, apex flat.

Opposite telocoxites parallel, medial edges in contact (Figs 12a, 12b).

Apical proplica wide and rounded (Fig. 12a), with a triangular medial lobe, and overlaps lateral metaplical
process proximally.

Metaplicae convex laterally, distally with a tapering mesial hump.

Lateral metaplical process short; broad proximally with constriction; arrowhead-shaped, crescent-shaped
and tapering distally.

Lateral metaplical process and apical metaplical process at right or obtuse angle.

Apex of apical metaplical processes concave, with short horns (Figs 12a, 12b).

Antetorsal processes extend past paracoxite apex,

Distribution: Known from Harare and Mazowe Dam (20 km north of Harare), Zimbabwe.

Remarks: Although the gonopod of C. mazewensis closely resembles that of vumbaensis, the metaplicae
are less convex and the apex of the apical metaplical process is flat in C. vumbaensis. In C. mazowensis the
apex of the apical metaplical process is concave,

Cacuminostreptus triangulatus sp. n. Mwabvu
Fig. 13

Type material: Holotype: ZIMBABWE: 1 , Sahwe River, Mavuradona [1631A3], 8.xi.1989, D. G.
Broadley (NMZ/D568)
Etymology: Refers to the triangular shape of the apical metaplical process.
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FIGURE 12a, b. Cacuminostreptus mazowensis (NMSA 21970), a, oral view of gonopods (without left telopodite); b,
aboral view of gonopods.
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FIGURE 12¢, d. Cacuminosireptus mazowensis (NMSA 21970). ¢, oral view of prefemoral lobe of first pair of male
legs; d, lateral view of collum,
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FIGURE 13a, b. Cacuminostreptus triangulatus (NMZ/D568). a, oral view of gonopods; b, aboral view of gonopods.
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FIGURE 13¢, d. Cacuminostreptus trigngulatus (NMZ/D568). ¢, oral view of prefemoral lobe of first pair of male legs;
d, lateral view of collum.
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Diagnosis: Apical metaplical processes triangular, touching proximally and separate distally forming V-
shape (Fig. 13a).

Description: Size: Body length 140 mm; maximum body width 11 mm.

Number of body rings: 61.

Colour; Body dark brown; legs and antennae light brown.

Collum: Anterior produced into narrow lobe, with 3 complete striae (Fig. 13d).

Pre-femoral process of 1" pair of male legs: Proximally oval with lon g laterally deflected mesial extension
(Fig. 13¢).

Gonapod: (Figs 13a, 13b) Apex of sternum reaching level of paracoxite apex; paracoxite fused tightly to
metaplica, apex flat.

Telocoxites touching and parallel up to level of apical metaplical process (Figs 13a, 13b).

Proplicae broadly rounded apically: central groove of proplica flanked by gently raised edges. Medial lobe
of distal proplica short and rounded apically.

Opposite metaplicae separate at level of iateral metaplical process. Medial ridge of metaplicae extend
from lateral metaplical process to apex of apical metaplical process,

Lateral metaplical process deflected anteriad, and extending beyond lateral margins of paracoxite: lateral
metaplical process narrow proximally, widens and tapering distally. Proximad lobe produced from wider part
of lateral metaplical process, lobe extending towards telopodite (Fig. 13a).

Lateral metaplical process and apical metaplical process at acute angle (Fig. 13a).

Apical metaplical process triangular, slightly deflected laterally and wider apart distally; apical metaplical
process shaped like an inverted triangle (Fig. 13a). Medial edges of opposite apical metaplical processes form
a V-shape distally.

Distribution: Known from a single locality at the Sahwe River in Mavuradonha Wilderness Area, in
western Zimbabwe

Remarks: The triangular shape of the apical metaplical process of the gonopod distinguishes C,
triangulatus from congeners. However, the shapes of the lateral metaplical process and antetorsal process do
not show significant difference from those of C. conatus, C. mazowensis and C. vumbaensis. The medial
edges of the opposite coxites of the gonopod of C. triangulatus seem to be fused up to the level of the lateral
metaplical process as in the gonopods of C. mazowensis.

Cacuminostreptus vambaensis sp, n, Mwabvu
Fig. 14

Type material: Holotype: ZIMBABWE: 1 , Chimanimani [19°47'S, 32"52'E], 1957, (NMZ/D602)

Additional material examined: SOUTH AFRICA: 1 &, Kruger National Park [22°08'S, 31Y03'E],
(NMSA 9273). ZIMBABWE: 1 &, Chimanimani [19°47'S, 32"52'E], 1957, (NMSA 7223); 1 &,
Chimanimani [19°47'S, 32°52'E], 1963, (NMSA 8949):1 3, Nyanga [18"12'S, 32°43'E],1998, T. Mwabvu
(NMSA 21937); 1 &, Chirinda Forest [20°40'S, 32" 60°'E], 1998, T. Mwabvu (NMSA 20507); 1 &, Eastern
Highlands Tea Estates [18°12'S, 32°43'E], 2008, T. Mwabvu (NMSA 21937): 1 &, Mount Silinda [20°40'S,
32'60'E], 1955, (NMSA 6250). 1 7, Pungwe River, Honde Vailey [18"14'S, 32°40'E], x.1998, T. Mwabvu
(NMSA 20492); 1 &', Gweru [19°27'S, 29°49°E], 6.xii.2003, T. Mwabvu (NMSA 20494),

Etymology: The specific name refers to the Vumba Mountains (75 km north of Chimanimani) which are
part of the eastern highlands of Zimbabwe, where vumbaensis is common.

Diagnosis: Apex of apical metaplical process flat; apical metaplical process convex laterally (Fig. 14a).

Description: Size: Body length 130-215 mm; maximum body width 7-15 mm.

Number of body rings: 58-67,

Colour: Body black; legs and antennae reddish brown or dark brown.,

Collum: Broad with rounded anterior lobe, with 3-5 complete striae and an incomplete stria (Fig. 14d).
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FIGURE 14a, b, Cacuminostreptus vumbaensis (NMZ/D602). a, oral view of gonopods (without left telopodite); b,
aboral view of gonopods.
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FIGURE 14c, d, Cacuminostreptus viambaensis (NMZ/D602). ¢,
d, lateral view of collum.

oral view of prefemoral lobe of first pair of male legs;
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Pre-femoral process of 1 pair of male legs: Proximally wide and paralle], mesial apical extension ni pple-
shaped and deflected laterally (Fig, 14c).

Gonopod: (Figs 14a, 14b) Apex of sternum not extending to level of paracoxite apex; paracoxite rounded
apically (Figs 14a, 14b),

Apex of proplica wide; medial lobe of apical proplica long and extends distally. Subapical groove present
on proplicae,

Metaplicae narrow proximaily.

Lateral metaplical process narrow proximally leading to crescent-shaped arrowhead apex; distally
tapering,

Proximal lobe of arrowhead short, extending towards telopodite (Figs 14a, 14b).

Oral fold of apical metaplical process overlaps proximal part of lateral metaplical process.

Distribution: Known from the eastern highlands of Zimbabwe: Kruger National Park, South Africa and
western Mozambique.

Remarks: There are variations in the size of the gonopods and the orientation of the lateral metaplical
process within and between populations. The gonopod of C. vumbaensis resembles closely that of C.
mazowensis. The two species differ in the convexity of the lateral edges of the metaplicae, the shape of the
apex of the apical metaplical process and the shape of the lateral metaplical process. The longer lateral
metaplical process of C. vumbaensis closely resembles that of C. conatus and C. rriangulatus than C,
mazowensis,

C. vumbaensis has been recorded from a wide range of vegetation types and altitudes. In Zimbabwe the
species is found in miombo woodland and montane vegetation at altitude greater than 1 000 m above sea
level. Further south C. vumbaensis occurs in dry savanna at altitude below 500 m above sea level, in southern
Zimbabwe and Kruger National Park, South Africa.

Key to the species of Cacuminostreptus based on male gonopods

1. Apical metaplical process triangular (FIg. 138). oot oo triangulatus sp. n,

- Apical metaplical process not triangular e e e et e e ettt e

2. Oral fold of apical metaplical process longer and narrower than aboral fold; distally oral fold deflected laterally (Fig.
L OOV ORI Y17 1T
Oral fold of apical metaplical process not longer than aboral fold; distally oral fold not deflected laterall O |

3. Lateral margins of metaplicae strongly convex; apex of apical metaplical process concave and straight laterally, with
small lateral and medial horns apically (Figs 12a, L2ZB) ottt sesse e, AZOWERSES sp. n.
Lateral margins of metaplicae not stron gly convex; apex of apical metaplical process flat and convex laterally, with-
out lateral and medial horns apically (Figs 14a, LBt ViTBGERSES sp. m,

Species incertae sedis

S. arabs Pocock 1895, p. 298-299,

This species was described from Hadramaut, Yemen. Although Krabbe (1982) listed this species under
Archispirostreptus she doubted this placement. We concur that arabs should be assigned to a different genus,
however, without the type material or new material any placement would be tentative. The type material is
missing from the BMNH collection; this was confirmed by the curator, Janet Beccaloni. According to
Hoffman (2008) the Spirostreptini are characterised by a bifid or trifid prostatic groove with each branch ending
in a small process. Although the distal trifurcate ending of the telopodite in arabs is consistent with the
Spirostreptini it is unclear from the drawing whether the prostatic groove also has three distal branches, The
antetorsal process of the gonopods of arabs is very short and does not extend beyond the knee bend of the
telopodite. The antetorsal process of arabs also lacks the distal spikes which characterise Archispirostreptus.
In addition, the proximal half of the free telopodite is broad with a side spine and the prefemoral process of the
first pair of male legs is rectangular without distal tapering as in Archispirostreptus species.
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Nomen dubium
A. sumptuosus Silvestri 1896b, p. 60-61, fig. 3.

The species description was based on a female specimen from Somalia. The location of the type material is
unknown,

Taxonomy and species relationships

As currently defined, Archispirostreptus is heterogeneous and can be divided into two groups: the east African
species and the southern African species. There are two distinct forms of gonopaods in the species currently
assigned to Archispirostreptus. The shapes of the proplicae, metaplicae, lateral and apical metaplical processes,
the orientation of the apical metaplical processes, and the presence/absence of a spine or spikes on the antetorsal
process characterise the gonopods of each group.

The gonopods of the mainly east African species (tumuliporus, divergens, smithii, bottegi, becarrii,
phillipsii, dodsoni, lugubris and gigas) have a long and finger-like apical metaplical process, a tapering lateral
metaplical process without abrupt narrowing and distal spikes on the antetorsal process; the proplica is tongue-
shaped. We have erected a new genus, Cacuminostreptus, to accommodate the southern African specigs—-(.
conarus and three new species, mazowensis, vumbaensis and trianguiatus. Although the two genera are closely
related, the gonopods of Cacuminostreptus species differ from Archispirostreptus by having spathulate
proplicae, shorter apical metaplical processes, lateral metaplical processes with abrupt narrowing and antetorsal
processes which have a spine at the extremity.

Distribution

Archispirostreptus and Cacuminostreptus occur mainly in the eastern half of Africa (Fig, 15). Although both
genera have been recorded in the savanna woodland, forests and at high altitude, they are allopatric.

Most Archispirostreptus species were recorded from Kenya, Somalia, Ethiopia and Eritrea. However, A.
tumuliporus and A, gigas spread to the south into Malawi and Zimbabwe, and Mozambique, respectively,
Unlike A. divergens, A. dodsoni, A, phillipsii, A. bottegi and A. beccarii, which have restricted ranges and are
known from single localities, A. twmuliporus and A. gigas are widely distributed (Fig, 15). C. vumbaensis
occurs in the montane forests of the eastern highlands of Zimbabwe, as well as in the miombo woodland in
central Zimbabwe and the dry savanna in Kruger National Park, South Africa. All the Cacuminostreptus
species are restricted to the eastern half of southern Africa. Cacuminostreptus conatus and C. vumbaensis are
the most widely distributed (Fig. 15),

Key to the genera of Spirestreptini

L. Apical metaplical process long and finger-like; antetorsal process of telopodite with laciniate edges distally ............
e s s es ATCRISPErOStreptus Silvestri 1895
Apical metaplical process short and not finger-like; antetorsal process of telopodite without laciniate cdges distaliy

Stebetrarnnasana A R4S Edrn aREE e TE bR B

2. Metaplicae rounded and flattened distally, without lateral metaplical process ........... Choristostreptus Hoffman 2008
- Metaplicae not rounded or flattened distally, with lateral Metaplical Process. .. e, Pt s 3
3. Metaplicae with large convex iateral lobe at level of proplica apex and with short distal lateral lobe......................

R bt s s NAEDOSTPEPTUS Mwabvu 2009
- Metaplicae without large convex lateral lobe at level of proplica apex or short distal lateral 10be ...o...cooovrvernnnnnn i
4. Metaplicae with apical cavity on mesial side S LTSI rEptus Hoffiman 2008
- Metaplicae without apical cavity on mesial SR cotvunsnint s sttt ettt et e 5
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Distal metaplica with median hump; apical metaplical process lying on proplica apex and medially convex;

telopodite with tongue-like lobe distal to origin of antetorsal process .......cccvvvieiiennn Plagioraphrus Attems 1914
Distal metaplica without median hump; apical metaplical process not lying on proplica apex or medially convex;
telopodite without tongue-like lobe distal to origin of antetorsal Process ... 0
Metaplicae golf-club shaped; apical metaplical process produced laterally into rounded lobe; lateral metaplical pro-
cess not arrowhead-shaped, and without proximad lobe or abrupt narrowing ... Spirostrepius Brandt 1833
Metaplicae not golf-club shaped; apical metaplical process not produced laterally into rounded lobe; lateral metapli-
cal process arrowhead-shaped, with proximad lobe and abrupt narrowing ..., Cacuminastreptus gen. n.

1,000 500 O
| - -

1,000 Kilometers

FIGURE 15. Distribution of Archispirostreprus and Cacuminostreptus species.
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The descriptions of a new genus and three new species support Hamer's (1997; 2000) observations that
millipede genera in Africa require revision because several genera are poorly defined, and because some taxa
have not been described. These observations are corroborated by new genera and new species of spirostreptids
that have been discovered following surveys, or after studying material in various collections (see Hamer
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2000; Vandenspiegel 2001; Vandenspiegel 2004; Mwabvu & Vandenspiegel 2005; Mwabvu er al, 2007;
Mwabvu & Vandenspiegel 2009; Hoffman 2008; Mwabvu et al. 2009a; Mwabvu er al. 2009b).

Non-gonopod characteristics are unreliable indicators of taxon validity in the Spirostreptini because they
overlap among taxa and do not differentiate species in neither Archispirostreptus, nor the new genus,
Cacuminostreptus. However, the shapes of the apical metaplical processes, lateral metaplical processes and
apical proplicae, and the form of the distal antetorsal processes of the gonopods differentiate the genera and the
species.

The present records of Archispirostreptus species suggest a wide distribution in Africa, particularly in the
savanna biome. However, some species have been collected in the forests of the east African mountain system
only. The present distribution of Archispirostreptus suggests that it was widely distributed in the past before
parts of Africa became drier in the late Pliocene or early Pleistocene. This is supported by the isolated
occurrence of A. lugubris villiersi (whose body size and gonopod are smaller than in conspecifics) in the Air
Mountains, Niger (Schubart 1951); the presence of the genus in localities immediately south of the Sahara
desert, in western Sudan, Mali, Chad and Senegal; and the occurrence of A. syriacus in Syria, Yemen, Israel,
Jordan and Saudi Arabia. Until more localities in central Africa and the western half of Africa have been
surveyed we can not establish whether the known distributions of the species are real or a collecting artifact.
However, the absence of A.divergens, A. dodsoni, A. phillipsii, A. bottegi and A. beccarii from areas south of
their type localities (Fig. 15) is unlikely to be a collecting artifact because several areas in the highlands of East
Africa have been surveyed without yielding any of these species.

The absence of Archispirostrepius species in South Africa despite the occurrence of A. tumuliporus in
Zimbabwe is probably explained by the different vegetation types and climatic conditions south of the
Limpopo River. Although the tree species which dominate miombo woodland (Brachystegia spiciformis and
Julbernardia globoflora) have a wide distribution they do not extend into South Africa probably because of
their apparent intolerance to frost conditions which are common south of the Limpopo River (Werger &
Coetzee 1978). We infer that the lack of suitable food litter and suitable habitats, and the unfavourable
climatic conditions account for the absence of Archispirostreprus species in South Africa.

Cacuminostreptus is endemic to southern Africa, south of the Zambezi River (Fig. 15). The area between
the Zambezi and Limpopo Rivers seems to be the centre of endemism of the genus. Assuming that the
radiation of the genus is relatively recent, Cacuminostreptus may not have had adequarte time ro disperse
widely into diverse biomes. Although the genus mainly occurs in the miombo woodland, C. vumbaensis has
also been recorded in montane forests in eastern Zimbabwe. That Archispirostreptus and Cacuminostreptus
are allopatric, with the former occurring north of the latter (Fig. 15), suggests differences in vegetation
preferences or tolerance to climatic conditions. Because C. vumbaensis and C. conatus occur in the dry
savanna on either side of the Limpapo River we infer that the two species have greater tolerance to diverse
environmental conditions and may have catholic habitat preferences. That C. vumbaensis also occurs in
montane forest in the Chimanimani mountain system further supports our hypothesis that the genus is tolerant
of a wide range of conditions.

The occurrence of C. conatus and vumbaensis in south-eastern Zimbabwe and Kruger National Park, South
Africa, mirrors the distributions of Bicoxidens brincki Schubart 1966 (the largest Bicoxidens species) (see
Mwabvu ef al. 2007) as well as the large-bodied Spirostreptus unciger Attems 1928, S. heros Porat 1872 and S.
kruegeri (Attemns 1928) (see Mwabvu et al. 2009b). Despite the relatively small body size of C. vumbaensis and
C. conatus, their distributions suggest that the dry savanna is not necessarily a barrier to smaller species. This is
contrary to Enghoff’s (1992) observations that specimens of A, rumuliporus judaicus from arid localities were
larger than specimens from less arid environments. Although we suggested body size-habitat correlations for
Spirostreptus species in southern Africa (see Mwabvu er al. 2009b), these correlations may not hold for all
spirostreptid genera. For example, the small body sizes of Archispirostreptus and Cacuminostreptus species,
relative to Spirostreprus, may not be correlated to some of their habitats. This is unlike 5. unciger, S. heros and
8. kruegeri, which occur in the hot and dry savanna, and are bigger (longer, wider and with more body rings)
than species which are found in wetter areas. Generally, these species of Spirostreprus have 4-6 more body
rings, their maximum body diameter is 4-5 mm greater and they are up to 40 mm longer than the species of
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Cacuminostreptus which occur in similar localities (see Mwabvu er al. 2009b). With respect to
Archispirostreptus, the wide body size ranges among the species are probably explained by their occurence in
different vegetation types and disjunct localities, unlike the regional endemic genera, Spirostreptus (see
Mwabwvu, er al. 2009b), Bicoxidens (see Mwabwu, er al. 2007) and Cacuminosireprus, that seem to occur in
relatively fewer vegetation types and in similar climatic belts.

Because the distributions of spirostreptid millipedes seem to be influenced by climatic factors and
associated vegetation type, it is not surprising that similar patterns of distribution occur in different genera.
Based on the similar distribution patterns and the coexistence of genera, we infer that more species belonging
to different genera can be found in a single locality than previously estimated, Therefore, areas of overlapping
distributions and coexistence of species should be identified when biodiversity conservation is intended.
Additionally, if these areas do not have high human populations, such as in dry savanna, they could be
targeted for conservation without facing resistance from communities and politicians.
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CHAPTER 5

A REVISION OF THE TAXONOMY AND DISTRIBUTION OF
Archispirostreptus Silvestri 1895 (DIPLOPODA, SPIROSTREPTIDA,
SPIROSTREPTIDAE), AND DESCRIPTION OF A NEW
SPIROSTREPTID GENUS WITH THREE NEW SPECIES.

LIST OF ERRATA

Chapter 5: A revision of the taxonomy and distribution of Archispirostreptus Silvestri 1895

(Diplopoda, Spirostreptida, Spirostreptidae), and description of a new spirostreptid genus with three
new species,

1. What is the type species of Graphidostreptus? Who placed it in synonymy?
Why?

The type species of Graphidostreptus is Spirostreptus gigas Peters 1855. The
synonymisation was based on similar gonopod morphology; the gonopods are
characterized by spikes on the antetorsal process.

2. Type material of the subspecies of 4. lugubris should be included.

The location of the type of the subspecies of A. lugubris maior is unknown, therefore it
was not examined. The gonopod of 4. lugubris villiersi was missing, although the
specimen was available. As a result, original descriptions were used in the study to study
most subspecies. Although the subspecies represent recognizable forms, they do not
appear sufficiently different to justify species rank.

3. The subspecies of A. tumuliporus should be included.

The location of the type of the subspecies A. tumuliporus sudanicus is unknown. It could
be that the type was lost or the type was designated. Drawings of the gonopods in the
original were used in the study.

4. Page 13, A. dodsoni locality.

The locality information is based on the specimen label.

5. Phylogenetic Analysis of Archispirostreptus and Cacuminostreptus species




Materials and Methods

Character and data matrices were constructed using male gonopod characters. A
phylogenetic analysis was performed using PARS 3.6 and CONSENSE 3.6 (both in the
phylogeny inference program, PHYLIP) to produce an extended majority rule consensus
tree. The reliability of the tree was tested using bootstrap analysis with the use of 1000
replicates. Orthoporoides pyrhocephalus (C. L. Koch 1865) was selected as the outgroup
because it has a gonopod structure similar to the ingroup.

Results and Discussion

The phylogenetic analysis separates the ingroup into two groups, all the
Archispirostreptus species and Cacuminostreptus triangulatus (Group A), and a strongly
supported group of C. mazowensis, C. vumbaensis and C. conatus (Group B) (Fig. 16).
Although Group A contains all the Archispirostreptus species, the group is poorly
supported. Archispirostreptus smithii, A. dodsoni and A, lugubris, form a polytomy; the
relationships within the clade are unresolved.
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Figure 16. A consensus tree of Archispirostreptus and Cacuminosireptus

species using Orthoporoides pyrhocephalus as an outgroup. The numbers indicate the
number of times the groups to the right of each fork occur among the trees out of 1.00.




The early separation of C. mazowensis, C. vumbaensis and C. conatus to form a
strongly supported clade corroborates our observation that the taxa are closely related and
support the erection of the genus. Group B is paraphyletic. The presence of C.
triangulatus in the Archispirostreptus species clade is not consistent with generic
diagnosis. This inconsistency and the polytomy in the phylogeny could have been a result
of the small number of unambiguous gonopod characters (relative to the number of taxa)
available (Scotland et al. 2003). Hamer and Slotow (2000) also reported many unresolved
relationships among Doratogonus species and attributed this to characters that do not
provide phylogenetic information. In future, non-gonopod characters and characters from
females should be included in analyses. In addition, DNA sequences should be explored
further to compliment morphological evidence (Bond, 2004).
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Appendix 1: Character matrix for cladistic analysis of Archispirostreptus and
Cacuminostreptus

1.

bl

o oLh s
-

10.
11.
12,
13.
14,
15.
16.

Apical proplica: 0—not tongue-shaped or spathulate; 1—tongue-shaped; 2—
spathulate

Sternite apex: O—triangular; 1—horizontal

Oral fold of metaplica: 0—not longer than aboral fold; 1—longer than aboral
fold

Lateral margins of metaplica: (—straight; 1—convex

Proximal metaplica: 0—without abrupt narrowing; 1—with abrupt narrowing
Lateral process: 0—tapering uniformly; 1—not tapering uniformly; 2—not
tapering

Lateral process shape: 0— without arrowhead shape; 1—with arrowhead
shape

End process shape: 0—conical; 1—finger-like; 2—triangular

Apical end process: 0—rounded; 1—acute; 2—horizontal

End process: 0—not deflected; 1—deflected laterally; 2—deflected medially
Lateral angular projection on end process: 0—absent; 1—present

Proximal lateral and medial edges of end processes: 0—straight; 1—convex
End processes: 0—do not overlap; 1—overlap

End and lateral process: O—uniformly opaque; 1—not uniformly opaque
Antetorsal process origin: 0—at knee; 1—distal to knee

Apical antetorsal process: 0—with spikes; 1—with spine

Appendix 2: Data matrix for cladistic analysis of Archispirostreptus and

Cacuminostreptus

Taxon Character states

15 16

O. pyrhocephalus 0000000000000000
beccarii 1000022100000010
bottegi 0000022100000010
gigas 1000010000010100
lugubris 1100122100000000
divergens 1000000012001100
phillipsii 1000100101000010
syriacus 1000022100100000
tumuliporus 1000022010000000
dodsoni 1000022100000000
smithii 1000022100000000
mazowensis 2001011020000001
conatus 2011011000000001
vumbaensis 2001011020000001
triangulatus 2001011220000001




6. Distribution map of Archispirostreptus species

The distribution map of Archispirostreptus species (below) is an improved version of
Figure 15 in the published taxonomic revision of Archispirostreptus (Chapter 5 in the
thesis). The recent map has included all the records that had been omitted in the earlier

version. Records of Cacuminostreptus species have been excluded.
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A, syriacus
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A divergens
A, dodsoni
A. gigas

A lugubris
&, phillipsii
A smmithii
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FIGURE 15. Distribution of Archispirostreptus species.




7. Distribution map of Cacuminostreptus species

The distribution map of Cacuminostreptus species (below) is an addition to the published
taxonomic revision of Archispirostreptus (Chapter 5 in the thesis). The map includes all
the known localities from which the species have been recorded.

C. conatus
C. mazowensis
C. triangulatus
C. vumbaensis

> b - @

500 250 0 500 Kilometers
[ = .

FIGURE 16. Distribution of Cacuminostreptus species




CHAPTER 6

SPIROSTREPTID MILLIPEDES (MYRIAPODA: DIPLOPODA) OF
THE TAITA HILLS, KENYA, INCLUDING DESCRIPTIONS OF
THREE NEW SPECIES.
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Abstract

We present a checklist and distributional analysis of spirostreptid millipedes in the Taita Hills region of Kenya. We
recorded a total of nine species in this area, of which three in the genera Bucinogonus, Lophostreptus, and Tibiozus?
are new lo science and described herein. No species was collected from all 12 isolated forest fragments in the Taita
Hills. The most common and widely distributed species were Tibiozus? vulgaris and Lophostrepitus ptilosireptoides,
which were collected in eight and five localities, respectively. Three species — Archispirostreptus gigas, Lophosirepius
armatus, and Lophostreptus minimus — were collected from only one locality outside of the forest, in grassland, Qur
observations suggest thal most of the millipede species in this region were probably widely distributed in the Taita

Hills prior to fragmentation of the forest,

Key wordy: East Africa, millipedes, Spirostreptidae, taxonomy.

Introduction

The Eastern Arc Mountains contain most of the moist,
montane tropical forest in Tanzania and Kenya and are the
biclogically richest areas, for their size, in East Africa.
They harbor an unusually high proportion of rare and
endemic animals and plants, and have been classified as
one of the 17 most threatened tropical hotspots worldwide
(Myers 1988, Myers et al. 2000, Burgess et al. 2007). The
only range found within Kenyan boundaries are the Taita
Hills. Unfortunately, human encrecachment and over-
exploitation have dramatically reduced the forest cover
of this region. The remaining forest fragments in the Taita
Hills are very small and becoming more fragmented and
degraded over time (some are less than one hectare).

The Taita Hills Biodiversity Project (THBP), a
collaboration between a number of Belgian and Kenyan
institutions (Bytebier 2001), has demonstrated that the
Taita forest fragments form a unique ecosystem in Kenya,
with an unusually high number of plants and animals

that can be found nowhere else in the world. Among
the invertebrates, Myriapoda (including spirostreptid
millipedes) constitute a large proportion of the endemic
species found in this region. Although not all of the
available material has yet been fully studied, 60% of the
species collected appear to be new to science.,

The present study gives an account of the spirostreptid
fauna of the Taita Hills (Table 1) and is mainly based
upon material collected during the THBP from 1999
to 2003. During this period, intensive sampling in the
remaining foresl fragments of the Taita Hills resulted in
the collection of 315 samples of diplopods, 36 of which
contained spirostreptids. Although we are aware of the
fact that descriptive taxonomy should preferably not be
based on a local faunal survey, it is inevitable that new
species are collected when comprehensive surveys like
the THBP are conducted in tropical couniries. In this
paper we describe the three new species of spirostreptid
millipedes found during our surveys, and compare them
with previously described species. What is of great

Pp. 195-207, in 5. M, Roble and 1. C. Mitchell (eds,). 2009, A Lifetime of Contributions to Myriapodology and the Natural History
of Virginia: A Festschrift in Honor of Richard L. Hoffman’s 80th Birthday. Virginia Museum of Natural History Special Publication

Mo, 16, Martinsville, VA.
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interest in the present study is that it is probably the first
African collection programme aimed at Diplopoda that
has been conducted over several vears, and has most
species represented by large samples.

Study Area and Methods
Swudy Area

The Taita Hills are about 25 km west of Voi in
southeastern Kenya, The hills rise abruptly from the
surrounding Tsavo plains to an elevation of 600-700 m
asl., ascending to a series of ridges with Vuria, the highest
point, at 2208 m. The Taita Hills comprise four main hills:
Dabida, Kasigau, Mbolalo, and Sagala. Forest fragments
remain on all four hills but the Dabida complex is the
most fragmented and consists of several small forests:
Chawia, Fururu, Macha, Mwachora, Ngangao, Vuria,
and Yale (Wilder et al. 1998; Fig. 1).

Methods

Millipedes were collected primarily by hand, during
day and night, and by using pitfall traps. Specimens were
preserved in 70% ethanol. The habitat and substrate on
which each specimen was found were noted.

Descriptive  terminology:  The  taxonomy  of
spirostreptid millipedes is based chiefly on gonopod
structure (modified legs) found on the seventh body ring

o Main Town
@ Forast fragments

X

Fig. 1. Map of the Taita Hills, Kenya.

Table 1. Local distribution of spirostreptids recorded in Taita Hills, Kenya, Names in bold are new io science and the

species underlined are endemic to the Taita Hills.

Locality Dabida

Kasigau Mbololo  Sagala

TDC  Wundanyi

Mwachora
Vuria
Yale

:
5

g

Chawia
Macha

Species

Anastreptus scalatus
Archispirostreprus gigas
Bucinogonus aviceps * *
Calostreptus chelys

Lophostreptus armatus

L. minimus

L. ptilostreproides * . =
Taitastrepius flavipes .
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Fig. 2. Anastrepius scalatus male, A. Lateral view of head, collum, and first body ring of adult; B. Lateral view of last body ring,
preanal, and anal ring; C. Anterior view of right gonopod; D. Posterior view of right gonopod; E. Anterior view of right telopodite,
Abbreviations: agf, anterior gonocoxal fold; Ip, lateral process; pgf, posterior gonocoxal fold; t, telopodite,
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of mature males. Most of the terms used in this paper for
describing the gonopods of Taita species are adapted from
Hamer (1999), In addition, discrimination of taxa also
depends on the structure of peripheral characters such
as the general shape of the collum and telson, presence
or absence of spines on the anal valves, structure of the
first pair of legs, and the distribution of adhesive pads on
locomotory legs. For each species, the number of body
rings including apodous ring and preanal ring is given,
as well as a short diagnosis allowing differentiation
between the species known from the Taita Hills.

For scanning electron microscopy (SEM), samples
were air dried and mounted on aluminium stubs, coated
with gold in a sputter coater and observed with a JEOL
JSM-6480LV scanning electron microscope. After observation,
dry SEM material was removed from stubs and retumed to
alcohol.

Abbreviations: MRAC, Musée royal de I"Afrique
centrale, Tervuren, Belgium; NMEK, National Museum
of Kenya, Nairobi, Kenys, TDC, Taita Discovery
Centre; VMNH, Virginia Museum of Natural History,
Martinsville, Virginia, U.S.A.

Symonmymy: Taxonomy and nomenclature follow
Krabbe (1982) where synonymies of described species
can be found.

Fig. 3. Archispirostreptus gigas male, A, Anterior view of left
gonopod; B. Posterior view of left gonopod. Abbreviations:
agf, anterior gonocoxal fold; apgf, apical posterior gonocoxal
fold; fp, femoral process; Ip, lateral process; p, paracoxite; pgf,
posterior gonocoxal fold; t, telopodite.

Taxonomic Account
Order Spirostreptida
Family Spirostreptidae
Anastreptus scalatus (Karsch, 1881)
Fig. 2

Marerial examined: KENYA: 1%: Tsave West, TDC,
S03°25'E38°46", 5. X11.2000, VandenSpiegel D. (MRAC
20070); 1J: Tsavo West, Kasigau Forest, 6.XIL2000,
VandenSpiegel D. (MRAC 19460); 14 Taveta district,
Taita, 6.X11.2000 Selempo Edwin (MRAC 20560); 15
Mt. Kasigau, X11.2001, Selempo E. (MRAC 21036); 15:
M. Kasigau, XI11.2001, Selempo E. (MRAC 21041),

Diggnosis: Medium-sized spirostreptid millipede
characterized by the posterior half of each body ring
distinctly wider than the anterior half; each body ring
ermamenied with numerous strongly raised, short
longitudinal ridges (Figs. 2A-B). Gonopod telopodite
with a particularly long and helicoidal distal part (Figs.
2C-E).

Remarks: In Kenya, the species has been collected at
Mombasa and in the Taita Hills, 2s well as in Sokoke forest
ca. 20 km south of Malindi, Ngong Hills, Bushwackers
near Kibwezi. [n Tanzania, it is known from the Pwani
region, Kisarawe District, Ruvu South Forest Reserve.
All det. H. Enghoff, Zoological Museum, University of
Copenhagen, Denmark {unpubl. data). In the Taita Hills,
specimens of Anastreptus scalatus have been collected at
night primarily after rain. No specimens were collected
within the forest, but rather always in localities where
herbr cover was dominant. The body surface texiure
is similar to that of Calostreptus chelys Cook but the
longitudinal ridges are more pronounced in 4. scalatus
(Table 2; Fig. 2A).

Archispivastreptus gigas {Peters, 1855)
Fig. 3

Material exantined: KENYA: 15, 29: Tsavo, TDC, §
03°25" E 38°46', 6.X11.2000, VandenSpiegel D. (IMRAC
20254).

Diggnosis: A very large species and certainly the
biggest Kenyan spirostreptid millipede. Females can
reach 30 cm total length but males are shorter, up to 24
cm. Gonopod telopodite characterized by a spinous or
tasselled femoral process (Fig. 3).

Remariks: This species has a wide distribution and
is known from South Africa (Transvaal), Mozambique,
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Tanzania, Kenya, to Somalia (Mogadiscio). Within
Kenya it is common along the coast, at Meru National
Park, Taita Discovery Center, and Samburu National
Park.

Bucinogonus aviceps sp. n.
Figs. 4-5

Material examined: KENYA (Taita Hills): Holotype
&, Mwachora forest, S 03°24' E 38°22', IILIV.1999,
pitfall traps, Rogo Lucy (MRAC 18052). Paratypes: 14
Mbolole Forest, § 03°19° E 38°27", 3VII-2VIIL1999,
1800-1900 m, pitfall raps, Mwakos R, (MRAC 18484).
Id, 19: Ngangao Forest, § 03°22' E 38°20', 17-18.
VL1999, 1820-1900 m, pitfall traps, VandenSpiegel D.
(MRAC 18482),

Diagnosis: Apically, posterior gonocoxal fold bird
head-shaped withashort lateral beak; posterior gonocoxal
fold with a subapical extension facing the gonocoel;
telopodite forms a single incomplete loop close to the
coxite just above the depression of paracoxite; apically,
anterior coxal fold with a short median spine.

Erymology: So named to highlight the bird head-
shape of the apical posterior coxal fold.

Deseription: Number of body rings including preanal
ring: & 54-57, € 63; length, & 63-66 mm, ¥ 65 mm;
maximum diameter & 3-4 mm, ¥ 4 mm. Body colour dark
brown (preserved), antennae and legs brown. Antennae
extend to 4" body ring in males, 2* body ring in females.
Collum narrow ventrally, slightly produced posteriorly
and with 2 submarginal folds. First ozopore on 6® body
ring; longitudinal striae on all rings except preanal ring,
maore prominent anteriorly. First pair of male legs with
long, sausage-shaped prefemoral processes (Fig. 5A).
Gonopod with a conical sternite (Fig. 5B); paracoxite
tightly fused to coxite and with a central depression.
Posterior coxal fold apically rounded with a short,
tapering horizontal lateral process, length approximately
haif the coxite width (Fig. 4A). Subapically, posterior
fold with an ear-shaped median extension directed
towards the gonocoel, almost level with the apical lateral
process (Fig. 4B). The width of coxite remains the same
except subapically at the lateral process. Anterior coxal
fold rounded apically, with a straight spine adjacent
to the gonocoel (Figs. 4B, 5B). Telopodite forming a
broad incomplete loop resting in the depression of the
paracoxite just below the level of sternile tip, apically
with two branches that cross each other (Figs. 4B, 5D).
Solenomerite with a sub-terminal hyaline lamella (Figs.
4B, 5D)

Affinities: The genus Bucinogonus contains two
species — B, kandti (Carl, 1909) and B. silvestrii Demange
et Mauries (1975) — which differ mainly by the structure

Fig. 4. Bucinogonus aviceps sp. n. male. A. Posterior view
{without telopodite) of right gonopod; B. Anterior view of left
gonopod. Abbreviations: apgf, apical posterior gonocoxal fold,
t, telopodite.

of the telopodite. The gonopod of the new species is
similar to that of B. kandti (both have a lateral coxal
process, a straight spine on the anterior coxal fold, and a
telopodite with a sub-terminal lamella) and supports our
assertion that these two species are congeneric, The major
differences appear to be in body size and the shape of the
telocoxite. Additionally, in B. kandyi the body surface is
keeled, the anterior coxal fold tapers distally (thus coxite
is broader proximally), the telopodite forms a complete
loop, and the prefemoral processes of the 1% pair of male
legs are spade-shaped and wider apart apically, unlike in
the new species,

Remarks: Known only from Taita Hills, Kenya,
where the species was collected from Dabida complex,
as well as in Mbololo. Specimens were caught inside the
forest using pitfall traps.

Calostreptus chelys Cook, 1896
Fig. 6

Material examined: KENYA: 15 Taita Hills,
Kasigau, 6.XIL2000, VandenSpiegel, D. (MRAC
21380); 14: Taveta district, Taita, 10.11V.2001, Selempo
E. (MRAC 20560).

Diagnosis: Anterior part of the posterior section of
each body ring slightly raised and with longitudinal
ridges. Preanal ring (telson) dorsally with a distinct
granular keel in the middle, Apex of posterior gonocoxal
fold hammer-shaped; most of post knee telopodite loops
close to the coxite, distal part is in the loop (Fig. 6).
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Fig. 5. Bucinogonus aviceps sp. n, male (SEM). A. Anterior view of first left leg; B. Anterior view of gonopods (without telopodites);
C. Posterior view of apical posterior gonopod; 1. Lateral view of left telopodite. Abbreviations: acf, anterior coxal fold; hi, hyaline
lamella; Ip, lateral process; p, paracoxite; pef, posterior coxal fold; sp, straight spine; st, stemite.

Remarks: This species is new for the Kenyan fauna,
having been reported previously only from Mpapua,
Tanzania, and Upemba, DR Congo (Krabbe 1982),
General body texture is very similar to dnastrepfus
scalatus, which has more prominent longitudinal ridges.
Calostreptus chelvs was also found in a biotope very
similar to that of 4. scalarus (Table 2).

Laphostreptus armatus Pocock, 1896
Fig. 7
Material examined: KENYA: 33, 32:, Tsavo West,
TDC, 8 03°25" E 38°46', 5.XI1.2000, night catch,

VandenSpiegel D. (MRAC 19445); 10: same data, water
iank, night catch (MRAC 19451).

Diagnosis: Apically, posterior coxal fold bends
laterally, with a lateral process proximally curving away
from the coxite and paracoxite (Fig. 7).

Remarks: Mature specimens of both sexes were found
in the wet season at night always in localities where herb
cover was dominant; specimens were never caught in
the Taita forest, This species is also known from Mount

. Kenya and Upemba, DR Congo,

Lophostreptus minimus sp. n.
Fig. 8
Material examined: KENYA: Holotype &, Tsavo

West, TDC, S 03°25' E 38°46", 5 X11.2000, in grassland,
VandenSpiegel D. (MRAC 21784).
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Diagnosis: Apically, posterior coxal fold constricted/
narrow, with a tapering crescent-shaped lateral process
pointing towards paracoxite; paracoxite not raised,
almost at right angle with coxite,

Etymology: from Latin, referring to the fact that this
species is, up to now, the smallest species of the genus.

Description: Number of rings 42; length 34 mm;
maximum diameter 2 mm. Body colour black, antennae
black, legs brown. Head with markings above level of
eyes on either side of a vertical line that extends to the
collum but not below the level of the eyes. Two spols
present at the front of the head between the antennae, just
below the vertical line, Collum ventrally square-shaped
with 3 submarginal folds. First ozopore on 6" body
ring. Posterior section of each body ring raised, with
longitudinal ridges, Prefemoral processes of first legs of
males close together, each producing a proximal lateral
extension before sharply narrowing distally. Apically
posterior coxal fold not enlarged, but produces a crescent-
shaped tapering lateral process directed towards the
paracoxite (Fig. B). Telopodite twists upwards towards
the knee just above the paracoxite forming a complete
loop; femoral process foliated,

Affinities; The posterior part of each body ring is
slightly raised as in Anastreptus scalatusand Calostreptus
chelys, but the ponopod of this species is clearly that
of a Lophostreptus. At first glance, the new species
seems to be a small specimen of L. armarus, but a close
examination shows that the apical posterior coxal fold of
the gonopod is significantly more reduced in L. minimus.
The lateral process in L. armatus curves away from the
coxite and paracoxite unlike in L. minimus, The broader
and lobed part of the telopodite is directed medially in
L. minimus as opposed to laterally in L. armatus.

Fig. 6. Calostreptus chelys male, A. Anterior view of left
gonopod; B. Posterior view of left gonopod; C. Lateral view
of the left telopodite.

Remarks: Known only from the type locality, The
species seems to prefer the upper part of the grassland and
may have been overlooked during the THBP survey.

Fig. 7. Lophostreptus armatus male. A. Anterior view of left
gonopod; B. Posterior view of left gonopod.

Fig. & Lophostrepms minimus sp. n. A. Anterior view of
left gonopod (without telopodite); B. Posterior view of left
gonopod, Abbreviations: agf, anterior gonocoxal fold; fp,
femoral process; Ip; lateral process; t, telopodite.
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Fig. 9. Lophostrepius ptilostrepioides male, A. Posterior
view of right gonopod; B. Anterior view of right gonopod.
Abbreviations: Ip, lateral process; mp, median process; t,
telopodite,

Fig. 10. Taitastreptus flavipes male, A, Lateral view of right
gonopod; B, Anterior view of left gonopod.

Lophostreptus ptilostreptoides Carl, 1909
Fig. 9

Material examined: KENYA (Taita Hills): 15, 19:
Mbololo forest, S 03°19" E 38°27, 3.VII-2.VIIL. 1999,
1800-1800 m, pitfall traps, Mwakos R. (MRAC 18027);
14: same locality, 22.V11999, VandenSpiegel D.
(MRAC 18481); 15: Chawia forest. S 03°29° E 38°20",
1-20.V11999, 1500 m, pitfall traps, Mwakos R. (MRAC
18068); 27, 19: same locality, 25.VL 1999, Mwakos
R. (MRAC 18483); 27, 19: same locality, 7.X11.1999,
VandenSpiegel D, & Michiels 1.P. (MRAC 18429); 15,
12 Yale forest, S 03°39" E 38°33, 16.1V-16.V.1999,
1840 m, Mwakos R. (MRAC 18213); 14, 3%: Ngangao
forest, S 03°22' E 38°20", 23-28.X1.1999, Mwakos R.
(MRAC 18438); 7: Wundanyi lodge, 3.X11.1999 night
catch, VandenSpiegel D, & Michiels 1P (MRAC
184000; 19: Wundanyi, 3.XI11999 around houses,
VandenSpiegel D. & Michiels LP. {(MRAC 18439);
14" Wundanyi, 3.XI1.1999 night catch, (2100-2200 h),
VandenSpiegel D. & Michiels J.P. (MRAC 18492),

Diagnosis: Apically, posterior coxal fold with a
lateral process slanting towards paracoxite, just above
the apex of anterior coxal fold a median process overlaps
the opposite process (Fig. 9).

Remarks: This species was previously known
from Kenya (Voi), Rwanda (Kagera), and Tanzania
{Kilimandjaro, Usambara). In the Taita Hills, it occurs in
all Dabida forest fragments, as well as in Mbololo Forest,
This millipede is most frequently observed within the
forest but also occurs in grassland.

Taitastreptus flavipes VandenSpiegel, 2001
Fig. 10

Material  examined: KENYA: 19: Taita Hills,
Mhbaololo Forest, S 03°19" E 38°27°, 21.V1.1999, 1800-
1900 m, Vanden Spiegel D. (MRAC 17978); 15 same
locality, 8.X11.1999, VandenSpiegel D. & Michiels J.P,
{(MRAC 18416); 47,1%: Taita Hills, Ngangao Forest,
§ 03722° E 38°20/, 16-22.1V.1999, 1820 m, Mwakedi
R. (MRAC 18056); 29: same locality, 23-28.X1.1999,
Mwakos R. (MRAC 18437); i2.19: Tsavo West,
Kasigau, 5 03°49" E 38°40", 6.X11.2000, 1004 m, forest,
in trees, VandenSpiegel D. (MRAC 19563),

Diagnosis: Apically, gonopod telopodite deeply
forked with equally-sized branches; the femoral process
is long and straight (Fig, 10),

Remarks: Known only from the type locality, This
species with yellow legs is notable for its arboreal
tendencies {VandenSpiegel 2001).
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Tibiozus? vulgaris sp. n.
Figs. 11-12

Material examined: KENYA: Holotype &, Taita
Hills, Ngangao Forest, 4.X11.1999, VandenSpiegel D, &
Michiels I. P. (MRAC 018478). Paratypes (same data as
holotype): 14, 1% (VMNH); 24 (NMK); 24, 109, 2
juveniles (MRAC 18478).

Other material: KENYA (Tzita Hills): 29 Mbololo
forest, 5 03°19" E 38°27", 21.V1.1999, 1800-1900 m,
VandenSpiegel D. (MRAC 17975); 34, 19: same
data except 22.VL1999 (MRAC 17985); 43: same
locality, 8.X11.1999, VandenSpiegel D. & Michiels 1P,
{(MBRAC 18417); 3%: Chawia forest, S 03°29' E 38°20°,
25. VL1999, VandenSpiegel D. (MRAC 17997); 19:
same locality, 1-20.VL.1999, pitfall traps, Mwakos R.
(MRAC 18067); 13: same data as preceding (MRAC
1B07T0Y, 19: same data as preceding except 10-26.
VL1999 (MRAC 18018); 1S same locality, [II-1V.1999,
pitfall traps, Rogo Lucy (MRAC 18091); 247, 29 same
locality, 7.XI11.1999, VandenSpiegel D. & Michiels J.PB,
(MRAC 18427); 20: Ngangao forest, S 03°22" E 38°20",
19.V1.1999, 1820 m, VandenSpiegel D. (MRAC 18006);
18 same data except 18.VL1999, hand collecting
(MRAC 18112); 19: same locality, 17.VII11.1999,
Mwakodi R. (MRAC 18044); 12, 19: same locality,
20.X1.199%9, Mwakos R. (MRAC 18407); 1 Ngangao
forest, 8 03°22" E 38°20¢, 4.X11.1999, VandenSpiegel
D. & Michiels LP. (MRAC 21785); 2&: same data.
{MRAC 21786); 15, 15: same data. (MRAC 21787);
2%+ Vuria forest, S 03°24' E 38°17", 26.V1.1999, 2200
m, VandenSpiegel D. {(MRAC 18082); 12 Mwachora

Fig. 11. Tibipzus wulgaris sp. n. A. Anterior view of right
gonopod  (without telopodite); B. Posterior view of nght
gonopod. Abbreviations: agf, anterior gonocoxal fold; fp,
femoral process; pgf, posterior gonocexal fold; t, telopodiie.

forest, 8 03°24* E 38°22', 20,V1.1999, VandenSpiegel D,
{(MRAC 21788); 55 same data, pitfall (MRAC 21789).
3, 222 Yale forest, S 03°39' E 38°33%, 19.V1.1999,
1840 m, VandenSpiegel D. (MRAC 18121); 35 same
data, pitfall traps (MRAC 18047); 35, 79 Fururu forest,
VandenSpiegel D. & Michiels 1.P. (MRAC 18447);
29: Sagala forest, S 03°50' E 38°58", 5.XI1.1999,
VandenSpiegel D. & Michiels LP. (MRAC 18453);

Diagnosis: Medium-sized spirostreptid with the
apical part of the posterior gonocoxal fold extended
laterally, giving gonopod an inverted L shape (Fig.
11}. Telopodite with a small spine just before the knee,
proximal half of telopodite much broader than distal
half. Origin of femoral process distal to exit-point of
telopodite from gonocoxite, femoral process laterally
attached to the telopodite by a thin membrane.

Etymolagy: Specific name referring to the fact that
the species is common (“vulgaris” in Latin) in most of
the Taita Hills forest fragments,

Description: Number of body rings: &, 47-48; 9,
47-49 (including preanal ring); length: &, 55 mm, ¥
80 mm; maximum diameter: & 4 mm, ¥ 5 mm, Body
colour dominantly blackish, posterior part of metazonite
darker, antennae blackish, legs light brown to red brown.
Head smooth, eyes widely separated (shortest distance
between eyes 2 mm), each with ca. 52 ocelli in 9 rows,
antenna extending to the 2* body ring. No frontal
setae, 4 supralabral setae in a transverse row, a row of
labral setae, labrum tridentate. Gnathochilarium stipes
with proximal field of prominent setulae, prementum
modified, its lateral ends isoplanar with adjoining sclerite
but median two-thirds strongly and abruptly depressed
to a much lower level (Fig. 12A). Odontomere of
mandible partly fused with psectromere, sectile edge of
latter with four lobes; pectinate lamellate in eight to ten
rows (see Hoffman and Howell 1996 for terminology).
Collum: anterior comner protrudes slightly ventrad, and
with 3-3 submarginal groves (Fig, 12B), First ozopore;
6" body ring, usually up to ome-half of metazonite
length behind suture on midbody segments. Body rings
almost circular; no legless body rings in front of telson,
Prozonite smooth, suture between pro- and metazonite
straight; metazonite rugose, metazonital sirize present
throughout entire perimeter of pleuroterga. Paraproct
convex, distal margins set off by well-marked submarginal
groove. Hypoproct not fused with preceding segment.
First pair of legs as shown in Figure 12C, coxae touching
medially, with lateral setae, prefemoral process wider than
long with small basal projection on anterior side and short
setose tubercles laterally, Walking legs relatively long with
a small ventral pad on tibia and post femur. Tarsal claws
long and almost straight,

Gonopods with a small, conical sternite; paracoxite
rounded, largely not fused to coxite except basally. Apical
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Fig. 2. Tibinzus vulgaris sp. n. A, Gnathochilarium; B, Lateral view of collum; C, Anterior view of first left leg; D, Posterior view
of right gonopod; E. Anterior view of gonopods; F. Lateral view of telopodite showing the spine at the knee (upper inset: detail of

the telopadite showing the prefemoral spine),

part of the posterior coxal fold extended laterally into a
horizontal process projecting outside the body when at
rest (Figs. 12D, 12F). Proximal half of telopodite much
broader than distal half, a short spine lying flat against
the telopodite is present just before the knee {amow in
Fig. 12F); origin of femoral process distal to exit-point
of telopodite from gonocoxite.

Affinities: At first glance, the new species seems to be
referable either to the genus Brevitibius, which is known
to be represented in the Usambara Mountains (Krabbe
1982), or to Tibiozus, which is known from Uganda

{Demange 1975). Close observations show that the
telopodite of vulgaris has a short prefemoral telopodite
spine (before the knee), lacks abrupt narrowing, and has
no significant inflation after the femur. These characters
suggest that this species is more closely related to
Tibipzus than Brevitibius. Among the two species of
the genus Tibiozus, T. robustus Attems, 1950 and T, sixi
Demange, 1975, the new species seems to be closest
to T sixi from Uganda. The two species have a similar
telopodite with a small prefemoral spine (before the
knee in vulgaris, at the knee in sixi), and one femoral
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Table 2. Characters allowing differentiation between the spirostreptids recorded in Taita Hills, Kenya.
Max. body Max. body Max. no, of Body ring

Species length (mm)  diameter (mm)  body rings sculpture Color when alive  Habitat

Anastreptus Metazonite with Brown with

sealatus eh; P71 g4, G5 447; P49 high ridges darker metazonite  Grassland

Archispivostreptus Dark brown

glgas £240; 2300 220 269 smooth to black Girassland

Bucinogonus

aviceps J66; 635 a4; 24 457, 263 Metazonite striag Dark brown Forest
Metazonite with

Celostrepius ridges; telson with Brown with

chelvs A62; 97 45 27 447, 27 granular keel darker metazonite  Grassland

Lophostreptus Metazonite with Brown with

armatus 470; 375 35 95 047; P48 low ridges darker metazonite  Grassland
Metazonite with Brown with

L, minimus 434 a2 442 low ridges darker metazonite  Cirassland
Metazonite with Forest &

L. ptilostreptoides  J80;, 290 J4; 5 58, D58 low ridges Brown Grassland

Taitastreprus Black; legs Forest

Sflavipes 45 950 &3 04 S47; P46 Metazonite strize yellowish {arboreal)

Blackish;
i ? p a 4.- " L]
Tibiozus? vulgaris  A55; 280 J4: 95 48, F49  Metazonite rugose legs brown Forest

process distal to the exit-point of the telopodite from the
gonocoxite, Similarities also exist with T, robustus, but
this species has an additional lateral process at the level
where the telopodite makes a loop.

Remarks: Tibiozus is one of the poorly defined genera
of the family Spirostreptidae and the generic status of
T. vulgaris would need to be investigated further once
other African spirostreptid genera have been revised; the
present placement is therefore tentative, The species is
widespread within the Taita Hills and was always caught
in the forest,

Discussion

The new material collected in the Taita Hills
contains seven genera and nine species of spirostreptid
millipedes, three of which are new to science. Collecting
was performed twice a year during four years using
various collecting techniques such as pitfall traps, day
and night hand collecting, and Winkler extraction. A
major difficulty remains in deciding which species

are really confined to the Tzita Hills or simply have
been overlooked at lower elevations and different
bictopes. Among the spirostreptid millipedes collected
in the Taita Hills three species — Bucinogonus aviceps,
Tibiozus? vulgaris, and Taitastreptus flavipes — can be
considered endemic o this region of Kenya. They are
also the only species restricted to forest fragments; the
other species are distributed over forest and grassland
(Lophostreptus ptilostreptoides) or where herb cover
is dominant (dnastreptus scalatus, Archispirostrepius
gigas, Lophostreptus armatus, and L. minimus).
Similarities of the Taita Hills spirostreptid diversity
with that in other Eastern Arc montane forests is not
wvery clear because many places were only superficially
sampled and many of the small spirostreptids are still
undescribed. In so far as diplopods are concerned,
only three areas, all in Tanzania, can be considered as
reasonably well known: the east Usambaras around
Amani, the northern Ulugurus, and the easternmost
end of the Uzungwas at Mwanihana (Hoffman 1993).
Mone of the spirostreptid species found in those regions
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were found in the Taita Hills. In other families like
Harpagophoridae (VandenSpiegel and Hoffiman 2001)
and Ammodesmidae (VandenSpiegel and Golovatch
2003), links with the Usambara Mountain forest oceur
but only at the generic level.

Male-Based Identification Key to the
Spirostreptidae of the Taita Hills, Kenya

1 -Large millipedes {length > 170 mm, maximum
diameter > 8 mm}; more than 64 body rings; apically
posterior coxal fold with a short slanting lateral
process; femoral process spinedfiasselled...................
............................................. Archispirostreptus gigas
-8mall- to medium-sized millipedes (length <170
mm, maximum diameter <8 mm); less than 64 body
rings; apically posterior coxal fold not as above;
femoral process not spined/tasselled ...............2
2 -Telopodite apically deeply furked w:th e:quall:.r-
sized branches... wrersanaenn Jaitastreptus flavipes
=Telopodite aplcally not furl;:&d ........................... i
3 -Telopodite with a short spine just before the knee;
femoral process laterally attached to telopodite by a
thin membrane ................... Tibiozus? vulgaris sp. n.
-Telopodite without a short spine just before the
knee; femoral process not attached to telopodite ..., 4
4 -Apically posterior coxal fold bird head-shaped
with a short pointed lateral beak, subapically with
an ear-shaped projection above the knee; apically
anterior coXal fold with a median spine; paracoxite
with a depression in the middle ..o,
. wBucinogonus aviceps sp. n.
-.|!k.|:m:allj.-r postenur cuxal fold bird head-shaped
without a short pointed lateral beak, subapically
without an ear-shaped projection above the knee:
apically anterior coxal fold without a median spine;
paracoxite without a depression in the middle ......... 5
5 -Posterior half of body rings with raised
longitudinal ridges ....ooovvieseseissies e O 6
-Posterior half of body rings without raised
longitudinal ridges ... 7
6 -Preanal ring with a keel in middle; apically
posterior coxal fold hammer-shaped; telopodite
without a long and helicoidal distal part .
......... ...,.,.,.,,.................H..,,.,.,......Cafm.'mmus chefys
-Preanal ring without a keel; apically posterior
coxal fold not hammer-shaped; telopodite with a long
and helicoidal distal part............Arastrepius scalatus
7 -Apically posterior coxal fold with a median
process that overlaps the opposite process .................

et b Lophostreptus ptilostreptoides
-Apically posterior coxal fold without a median
PIOCEESE .ottt e ce e rres e e sems e asasassbas 8

8 -Maximum body diameter 2 mm,; apically posterior
coxal fold with a tapering crescent-shaped lateral
process pointing towards paracoxite.................c.c....,
csssssnssssssasnnscns LOPROSIFEPINS mTiNiMNS SP. 0.
-Mammmn body dnameter 5 mm; apically posterior
coxal fold lateral process not crescent-shaped, distal end
turned away from paracoxite ......Lophostreptus armatus
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CHAPTER 7

Genetic divergence and relationships among selected African millipede genera (Diplopoda:
Spirostreptida: Spirostreptidae).

7.1 Abstract

The taxonomy of spirostreptid millipedes is based on male genital morphology; these taxonomies
have not been re-assessed using non-morphological characters. The taxonomic validity of the
genera Archispirostreptus Silvestri 1895, Bicoxidens Attems 1928, Orthoporoides Krabbe 1982,
Doratogonus Attems 1914, Plagiotaphrus Attems 1914, Cacuminostreptus Mwabvu 2010 and
Spirostreptus Brandt 1833, and intra-specific variation in the widely-distributed Bicoxidens
SNavicollis Attems 1928 were assessed, and relationships among the genera were inferred by
analysis of sequences of the mitochondrial 16S rRNA and cytochrome ¢ oxidase 1 genes.
Bayesian, maximum parsimony and neighbour-joining analyses were performed on each dataset
to determine genetic distances and phylogenetic relationships among the taxa. The three analyses
(of the same dataset) produced trees that were congruent in structure. Based on these genera, the
order Spirostreptida is monophyletic (Bayesian posterior probability 1.00). The high genetic
distances among genera (> 20 %) supported taxonomic validity of the genera, including the
recently described Cacuminostreptus. Although sequence data appear congruent with taxonomies
that are based on genitalic morphology, the high mean CO1 inter-generic genetic distance suggests
inappropriate taxonomic assignments, In addition, the high sequence divergence also suggests slow
genitalic evolution relative to molecular evolution. This further supports the notion that millipede
gonopod morphology underestimates species richness. Within the colour-polymorphic B,
Aavicollis, high sequence divergence among populations (165 = 6 %; CO1 = 19.1 %) suggests the
presence of cryptic species. Although taxon sampling was limited, these results are largely
concordant with morphologic evidence at genus level, indicating that the two types of data could
complement each other in application to millipede taxonomy.
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7.2 Introduction

Morphology-based taxonomy is extensively used to delimit taxa (Schlick-Steiner e al., 2007),
particularly in groups that are poorly known and difficult to identify, such as millipedes (Hamer,
1999; 2000). Despite increasing use of DNA sequence data in invertebrate taxonomy (e.g.
Carapelli et al., 2000; Pfenninger et al., 2007, Bumns et al., 2008; Hebert e al., 2004),
genital/gonopod morphology is still central to spirostreptid millipede taxonomy (e.g. Hoffman,
2008; Hamer, 2009; Mwabwvu et al., 2009a; Mwabvu & Van den Spiegel, 2009; Mwabvu et al.,
2010) because the divergent male genitalia suggest reproductive isolation (Bond et al., 2003).
Therefore, most millipede species are defined on the basis of their genitalic morphology.
Although gonopod morphology supports monophyly of genera in the Spirostreptidae (see Hamer,
1999; 2000; Van den Spiegel, 2001; 2004; Mwabvu et al., 2007; 2009b; 2010), morphology may
fail to identify cryptic diversity (see Bond & Sierwald, 2002). For example, Bond et al. (2003)
reported speciation without gonopod divergence in a spirobolid millipede, Anadenobolus Karsch.
Based on this evidence, morphology-based classifications are being re-evaluated against other
character sources because morphology alone could underestimate diversity (see Hebert et al.,
2003). For example, DNA sequences identified cryptic species in Lepidoptera genera Cymothoe
Hiiber (van Velzen et al, 2007) and Perichares Scudder (Burns et al, 2008), in an ant
Tetramorium Mayr (Schlick-Steiner ef al., 2006), and in a Diptera genus Chironomus Meigen
(Pfenninger et al., 2007).

Given that morphology fails to separate genetically-distinct species (sec Bond &
Sierwald, 2002; Bickford et al., 2006, Adams et al., 2009), the use of DNA sequence data to
distinguish taxa, identify new species and estimate phylogeny is becoming prominent in
systematics (Hebert ef al., 2004). However, that DNA may not always reveal cryptic species,
particularly those that diverged recently (Pfenninger et al., 2007), lends support to arguments for
using more than one type of data in systematics (Dayrat, 2005; Padial et al., 2010). As molecular
sequencing techniques become advanced and increasingly available, DNA sequence data (see
Tautz et al., 2003; Will et al., 2005) are used increasingly to complement morphology in order to
speed up identification (Hajibabaei et al., 2007), improve taxonomic resolution, identify cryptic
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diversity (Wiemers & Fiedler, 2007; Bond, 2004) and facilitate species delimitation (Lefébure ef
al., 2006).

Inter-generic, inter-specific and intra-specific genetic variations, and sequence
divergence, have not been assessed in African spirostreptid millipedes. However, analysis of the
mitochondrial genome, which has relatively fast-evolving molecular markers, has facilitated the
study of evolutionary relationships in other taxa (Funk, 1999). Based on the concept that each
taxon has a unique and diagnostic sequence, sequences of mitochondrial cytochrome ¢ oxidase 1,
16S rRNA and 18S rRNA genes have been used to assess genetic divergence in many taxa. For
example, mitochondrial 168 rRNA gene sequences were used in taxonomic studies of the
Chilopoda (Edgecombe & Giribet, 2004), the Polydesmida (Marek & Bond, 2007), the
Hymenoptera (Dowton & Austin, 1994), the Australian elapid snakes (Keogh er al., 2000), the
Anadenobolus excisus Karsch millipede species complex (Bond & Sierwald, 2002), the North
African toad (Froufe et al., 2009), Madagascan frogs (Vences et al., 2005) and the cichlid fish
(Farias et al., 2000).

The present study is a first attempt to use genetics in taxonomic studies of African
spirostreptid millipedes. Given that generic and specific boundaries of some taxa are ambiguous,
DNA sequences could clarify their taxonomic validity. Although sequence divergence threshold
values of 2-3 % have been assigned for insects and mammals (Rubinoff et al., 2006), the levels of
sequence divergence and threshold values for designating millipede species need to be determined.
Given that systematic data would have implications for conservation decisions (Funk &
Richardson, 2002; Bickford ef al., 2006) assigning divergence threshold values for millipedes is
imperative. Furthermore, using DNA sequences to complement morphological data could lead to
better phylogenetic hypotheses, produce stable classifications and resolved phylogenies. Such a
combined evidence approach s widely supported (e.g. Page et al, 2005; Dayrat, 2005; Padial et
al., 2010), and has been used in taxonomic revisions of other taxa (see Schlick-Steiner er al.,
2006).

Given the importance of accurate identification of taxa and reliable phylogenetic
hypotheses in biodiversity conservation and the implications for other disciplines, the objective
was to determine the extent of genetic differences among selected millipede genera, and to
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establish whether qualitative morphology-based taxonomic groups are supported by DNA
sequence data. Furthermore, 1 seek to establish whether the order Spirostreptida (represented by the
selected genera) is monophyletic and determine the extent of genetic variation in the colour-
polymorphic and widely-distributed millipede B, flavicollis Attems 1928.

7.3 Materials and Methods

Total genomic DNA was extracted from fresh specimens, frozen specimens and millipedes
preserved in 70 % or 100 % ethanol, Fresh specimens of B. flavicollis, B. aridis Mwabvu 2009,
S. kruegeri (Attems 1928), S. sebae Brandt 1833, Doratogonus uncinatus (Attems 1914),
Doratogonus sp. 1, Archispirostreptus tumuliporus (Karsch 1881), Plagiotaphrus sulcifer
Attems 1914 and C. mazowensis Mwabvu 2010 were collected from Zimbabwe; S. sebae was
collected from Zambia and S kruegeri, D. cristulatus (Porat 1872) and Orthoporoides
pyrhocephalus (Lock 1865) were collected from South Africa (Appendix 2). All specimens were
collected by hand, after which the material was preserved in ethanol or frozen at -20° C,
Specimens that were collected from Zambia and South Africa are housed in the Matal Museum,
Pietermaritzburg, South Africa, and those collected from Zimbabwe are in the Natural History

Museum, Bulawayo, Zimbabwe.,

Legs removed from the midbody rings of individual specimens were ground using a
pestle and mortar. DNA was then extracted following the manufacturer’s instructions using the
Qiagen DNeasy Blood and Tissue Kit (Qiagen). DNA concentrations were determined using a
spectrophotometer (Nanodrop, ND-1000), after which the quality and purity of DNA was
inferred from the ratio of absorbance at 260 nm and 280 nm. Good quality DNA was indicated
by a ratio in the region of 1.8 (NanoDrop Technical Support Bulletin T009, 2007). Agarose gel
electrophoresis was carried out to assess the purity and integrity of DNA which was used as
template in polymerase chain reactions (PCR); high quality DNA was indicated by a single high-
molecular weight band per sample on the gel, with little smearing. After electrophoresis in 0.5 X
TBE (tris-borate-EDTA) as running buffer at 15 V for 16 hours, the 1.5 % (w/v) agarose gel
(containing 200 ul of 0.05 mg/ml ethidium bromide) was examined by transillumination with

UV light.
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Polymerase chain reactions targeting part of the mitochondrial 16S rRNA gene were performed
in 25 pl reactions. The reaction mixture was made up of 9 ul DNA solution, 0.8 ul PCR water,
2.5 pl 10 X reaction buffer (Super-Therm), 4 ul magnesium chloride (25 mM) (Super-Therm), 4 pl
primer 1 (6 uM), 4 ul primer 2 (6 pM), 0.5 pl of 10 mM deoxyribonucleic triphosphates
(ANTP’s) (Roche Diagnostics) and 0.2 pl Tag polymerase (5 U/ul) (Super-Therm). Optimal PCR
conditions were determined by gradient PCR using four different primer sets, two temperature
profiles and four DNA: PCR water dilutions of 1:0; 1:1; 1:2 and 1:3. The thermal cycling profile
included: [denaturation at 94 ° C for 5 minutes], followed by 36 cycles of [denaturation at 96 ° C
for 30 seconds; annealing at 50 ° C to 60 ° C for 1 minute; extension at 72 ° C for 30 seconds]

and a final extension at 72 ° C for 7 minutes. Primers for the amplification of 168 rRNA gene

were: Fl S’AGGACGTCAAGTCAAGGTGCAGC3’ and R1
S'AATCCACCTTCATGATGCACTTC3Y'  (Lavrov et al., 2002); Rhino 16SIB
S'CCATGTATTTGATAAACAGGCA3’ and Rhino 16SNC
5’GTGGGGGTATTGGAAAATGTTC3’ (Bond & Sierwald, 2002); and Rhinol6SJA
S’TTAATCCAACATCGAGGTCGY’ and Rhinol16SND

SATATTGAGATATCTGGTTCTTT3’ (Bond & Sierwald, 2002).

A second thermal cycling profile comprised [denaturation at 95 ° C for 5 minutes] followed by
25 cycles of [denaturation at 94° C for 30 seconds; annealing at 50 ® C to 60 ° C for 30 seconds;
extension at 72 ° C for 1 minute], with a final extension at 72 ¢ C for 10 minutes. Primer sets
used in conjunction with this profile were: FW-Primer  TM-56
S'GATTTAATCCAACATCGAGGY and RW-Primer TM-55
S’'TAATCCAACATCGAGGTC3’ (Ingaba Biotechnical Industries (Pty) Ltd, Pretoria, South
Africa); Rhino 16SJB S5’CCATGTATTTGATAAACAGGCA3® and Rhino 16SNC
5’GTGGGGGTATTGGAAAATGTTC3’ (Bond & Sierwald, 2002); and Rhinol6SJA
S'TTAATCCAACATCGAGGTCG3’ and Rhino16SND
S’ATATTGAGATATCTGGTTCTTT3’ (Bond & Sierwald, 2002).

PCR products were electrophoresed in 1.5 % agarose gels containing 200 pl ethidium bromide
(0.05 mg/ml) using 0.5 X TBE buffer at 15 V for 16 hours. The PCR products were viewed with
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a UV transilluminator (Unitec, BTS-15.M) and DNA bands excised from the gel were preserved
at - 20° C. Purification of excised DNA fragments was carried out using a Zymoclean™ Gel
Recovery Kit (Zymo Research, USA). Products were sequenced on an ABI 3730 capillary
sequencer at Ingaba Biotechnical Industries Pty. Ltd., Hatfield, Pretoria, South Africa. DNA
samples that did not amplify after PCR were cloned and sequenced for cytochrome oxidase 1 at
Inqaba Biotechnical Industries Pty. Ltd., Hatfield, Pretoria, South Africa.

Raw sequences were edited in BioEdit version 7 (Hall, 1999), and aligned using the Clustal W
algorithm in BioEdit, and by inspection, The alignments were trimmed to 684 nucleotides of
mitochondrial 168 rRNA gene and 520 nucleotides of the mitochondrial cyvtochrome oxidase 1
gene, respectively. Saturation analyses were carried out in Dambe (Xia & Xie, 2001) to evaluate
the levels of homoplasy and to establish the reliability of the datasets as indicators of
phylogenies. Saturation results in an underestimation of the true number of substitutions in a
sequence and is caused by the occurrence of multiple substitutions (among other factors) at the
same site (Xia & Xie, 2001). A default model (F84) was used by DAMBE to correct for
underestimation of substitutions. Bayesian, maximum parsimony and neighbor-joining analyses
were performed to determine genetic distances and phylogenetic relationships among the taxa.
Modeltest (Posada & Crandall, 1998) was used to select the model of nucleotide substitution
which best fitted each sequence dataset. The general time-reversible (GTR) model was selected
using the Akaike Information Criterion (AIC) for both the 168 rRNA and cytochrome oxidase 1
datasets, and was used subsequently in Bayesian and neighbour-joining analyses. Neighbour-
joining and maximum parsimony analyses were implemented in PAUP (Swofford, 2002),
Genetic distances are presented as distance matrices and as neighbour-joining trees trees, which
were bootstrapped using 1000 pseudo-replicates. For parsimony analysis, the random additions
sequence option (n = 100) for discrete, unordered characters was used. The shortest tree was
obtained using the heuristic search option under the tree bisection-reconnection (T BR) branch
swapping option. The degree of support for each node of the resulting tree was estimated using
bootstrap re-sampling analysis (1000 pseudoreplicates; Felsenstein, 1985). Bayesian analysis
was implemented in Mr Bayes 3.0 (Hulsenbeck & Ronquist, 2001) using flat priors. For all
analyses, four Markov chains were run for 5 million generations each, and the first 500,000 trees
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discarded as burn-in. A preliminary run was carried out in order to determine that the burn-in
value was sufficiently high to discard all less-likely trees generated before the likelihoods had
stabilised. Outgroup sequences of taxa belonging to the Orders Spirobolida (Narceus sp. and
Anadenobolus excisus), Callipodida, Julida, Polyxenida (Unixenus sp.) and Spirostreptida
(Harpagophoridae: Thyropygus sp.) were obtained from the NCBI GenBank database.

7.4 Results

Extracted DNA concentrations differed among species and ranged from 2.81 to 105.17 ng/ pl
(Appendix 1). DNA of good quality was obtained only from fresh specimens and from material
which had been preserved for less than 5 years.

The ideal annealing temperature range was between 53 and 55 ° C for the samples that
amplified. Where amplification was successful, the best PCR results were obtained usinga 1: 1
dilution of isolated DNA and PCR water, and the following temperature profile: [5 minutes
denaturation at 95 ° C], of 25 cycles of [30 seconds denaturation at 94° C, 30 seconds annealing
at 55 ° C, 1 minute extension at 72 ° C], and [a final extension at 72°C for 10 minutes]. The
primers used were: Rhino 16SIB-CCATGTATTTGATAAACAGGCA and Rhino 16SNC-
GTGGGGGTATTGGAAAATGTTC (Bond & Sierwald, 2002) and FW-Primer; 5-
GATTTAATCCAACATCGAGG-3TM-56 and RW-Primer: TAATCCAACATCGAGGTC TM-
55 (Ingaba Biotechnical Industries (Pty) Ltd).

Most DNA samples did not amplify despite repeated attempts. Some samples which
amplified proved difficult to sequence, even when these fragments were cloned prior to
sequencing. Samples of only three species (B. flavicollis, C. mazowensis and A, tumuliporus)
were successfully amplified and sequenced for 16S rRNA region. Samples of 12 species (B.
Aavicollis, B. aridis, D. cristulatus, Doratogonus sp. 1, D. uncinatus, O, pyrhocephalus, P,
sulcifer, C. mazowensis, S. sebae, S. kruegeri, A. tumuliporus and A, gigas) were cloned and
sequenced for CO1.

Although there was some saturation in transitions, but no saturation in transversions, the
test of Xia et al. (2003) for substitution saturation indicated little saturation in the CO1 dataset
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(Fig. 1), and that it was useful for phylogenetic analysis. With respect to the 168 dataset, there
appeared to be little saturation in the ingroup (Spirostreptida) dataset (F84 distance < 0.41),
although there was some saturation associated with the outgroups which are separated by higher
genetic distances (> 55 %) (Fig. 2).The test of Xia et al (2003) for substitution saturation
indicated little saturation in the datasct, which makes 168 a useful gene for phylogenetic analysis
of this dataset.

All the sequences were very divergent and the genetic distances were high (Table 1 & 2).
The mean COI intra-specific genetic distance for Bicoxidens species was 17.64 % and the mean
inter-specific distance in Archispirostreptus, Doratogonus and Spirostreptus species was 14,87
% (Fig. 5). The genera Bicoxidens, Archispirostreptus, Doratogonus, Orthoporoides,
Plagiotaphrus, Cacuminostreptus and Spirostreptus had a mean inter-generic distance of 21 26
% and the mean inter-order genetic distance was 28.51 % (Fig. 5). There was a large degree of
overlap between the categories of genetic distances (Fig. 5). As expected, genetic distance
increased with taxonomic distance, with the exception of the intra-specific and inter-specific
comparisons. The mean intra-specific genetic distance for Bicoxidens species was higher than the
mean inter-specific genetic distance in the Archispirostreptus, Doratogonus and Spirostreptus
group. Both CO1 and 168 genetic distances for B, Savicollis A and C, and B. flavicollis D and C,
. Tespectively, were higher than expected (Table 1 & 2; Figs 1,2 & 5).

There was high bootstrap support for all the major clades and there was some degree of
congruence between the trees (Figs 3 & 4). Both the CO1 and 168 sequence datasets showed that
the orders are distinct taxa (Figs 3 & 4). Bayesian, maximum parsimony and neighbour-joining
analyses based on 520 nucleotides of the mitochondrial COl gene provided support for the
monophyly of the Spirostreptida (Bayesian posterior probability 1.00, maximum parsimony
bootstrap 87 % and ncighbour-joining bootstrap 92 %). The monophyly of the Spirostreptida was
even more strongly supported (Bayesian posterior probability 1.00, maximum parsimony
bootstrap 100 % and neighbour-joining bootstrap 100 %) by the 16S rRNA dataset. Within the
Spirostreptida clade, support for the Doratogonus subclade was good (Bayesian posterior
probability 0.95 and neighbour-joining bootstrap 92 %), unlike for the unsupported and unresolved
sister subclade which contained the Spirostreptidae species B. aridis, B. flavicollis, O.
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pyrhocephalus, P. sulcifer, C. mazowensis, S. sebae, S. kruegeri, A. tumuliporus and A. gigas,
and a harpagophorid genus Thyropygus. Based on the COIl tree (Fig. 3) the genus Bicoxidens
appears paraphyletic, Bicoxidens flavicollis occured in both clades, contrary to the results based
on the 168 rRNA gene. Plagiotaphrus sulcifer and A. tumuliporus were distinct and well-
supported lineages (Bayesian posterior probability 1.00, maximum parsimony bootstrap 100 %,
neighbour-joining bootstrap 100 %).

Bayesian, maximum parsimony and neighbour-joining analyses based on 684 nucleotides
of the mitochondrial 168 rRNA gene also provided strong support for the monophyly of the
millipede orders Spirostreptida and Spirobolida: (Bayesian posterior probability 1.00, maximum
parsimony bootstrap 100 % and neighbour-joining bootstrap 100 %). The strongly-supported
Spirostreptida clade further formed strongly supported sister subclades. One of these contains C.
mazowensis and a strongly-supported sister-group comprising A. tumuliporus and the
harpagophorid Thyropygus sp.; the other clade contained the widely-distributed and colour-
polymorphic B. flavicollis, which was further subdivided into two strongly-supported B. flavicollis
sister clades separated by a mean 16S genetic distance of 6.6% (Table 2). The Cacuminostreptus-
Archispirostreptus-Thyropygus subclade (Bayesian posterior probability 1.00, maximum
parsimony bootstrap 100 % and neighbour-joining bootstrap 100 %) was consistent with the
relationships observed in the CO1 tree. A 168 genetic distance of 21 % (Table 2) provides support

for the genetic distinctiveness of Cacuminostreptus and Archispirostreptus.
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Figure 1: Saturation plot of a dataset comprising 520 nucleotides of the mitochondrial
cytochrome oxidase 1 gene created in DAMBE (Xia & Xie, 2001).
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Figure 3: Bayesian Inference tree based on analysis of 520 nucleotides of the mitochondrial
cytochrome oxidase 1 gene showing relationships between Spirostreptida species and outgroups
Julida, Callipodida and Polyxenida (Unixenus) species. Numbers next to each outgroup are
GenBank Accession numbers. This tree was congruent in structure with maximum parsimony
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and neighbour-joining analyses of the same dataset. Nodal support values are indicated as
(posterior probability, maximum parsimony bootstrap, neighbour-joining bootstrap). The scale
bar (0.1) indicates the number of substitutions per site.
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Figure 4: Bayesian Inference tree based on analysis of 684 nucleotides of the mitochondrial 16S
rRNA gene showing relationships between Spirostreptida species and outgroups Spirobolida
(Anadenobolus and Narceus) species. Numbers next to each outgroup are GenBank Accession
numbers. This tree was congruent in structure with maximum parsimony and neighbour-joining
analyses of the same dataset. Nodal support values are indicated as (posterior probability,

maximum parsimony bootstrap, neighbour-joining bootstrap). The scale bar (0.1) indicates the
number of substitutions per site,
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Table 1: Pairwise comparisons of genetic divergence between spirostreptid species

and the outgroups indicated by general time-reversible genetic distances (%) based on

analysis of 520 nucleotides of the mitochondrial cytochrome oxidase 1 gene.

At Ba | BfiA | BfC | De D1 Du Op Ps Sk Ss Cm Th Un Tu
Ag
Al | 19.47
Ba | 22.70 | 18,12
BfA | 20.90 | 20.20 | 17.76
BfC | 19.26 | 18.56 | 16.08 | 19.09
Dc | 24.34 | 21.97 | 16.64 [ 13.95 | 20.69
DI | 23.06 | 21.43 | 19.19 | 7.48 | 20.57 | 11.58
Du | 28.79 | 24.77 | 24.10 | 13.20 | 27.5% | 16,79 | 10.10
Op | 23.19 | 18.64 | 18.94 | 22.28 | 21.72 | 16.32 | 20.33 | 25.00
Ps | 22.56 | 20.72 | 20,11 | 27.09 | 24.56 | 22.42 | 25.91 | 29.66 | 21.26
Sk | 16.75 | 17.99 | 19.85 | 16.81 | 19.28 | 17.78 | 17.20 | 21.31 | 16.27 | 23.12
Ss [ 23.80 | 18.70 | 21.67 | 20.19 | 22.93 | 22.30 | 20.20 | 26.11 | 21.26 | 24.10 | 16.42
Cm | 28.29 | 22.49 | 25.84 | 25.77 | 25.23 | 23.07 | 21.16 | 21.49 | 19.99 | 2333 19.10 | 18.48
Th | 16.86 | 18.55 | 18.91 | 19.79 | 22.41 | 20.37 | 20.39 | 25.10 | 1926 | 2194 | 17.34 20.10 | 22.10
Un | 33.39 | 30.17 | 29.44 | 30.07 | 32.91 | 28.98 | 2999 | 36,14 | 31.13 | 31.60 | 29.87 | 32.49 25.88 | 31.69
Ju | 30.58 | 28.15 | 30.60 | 30.92 | 30.73 | 20.78 | 31.87 | 36.40 | 30.63 | 34.19 | 20.42 | 12.15 29.28 | 32.38 | 35.88
Ca | 28.42 | 31.06 | 33.34 | 28.23 | 29.36 | 30.05 | 28.83 | 32.92 | 30,20 | 33.62 | 28.77 | 33.58 30.02 | 26.64 | 30.85 | 29.37

Abbreviations: Ag, A. gigas; At, A. tumuliporus; Ba, B. aridis; BfA, B. flavicollis A:
BIC, B. flavicollis C; Dc, D. cristulatus; D, Doratogonus sp. |; Du, D. uncinatus; Op,
O. pyrhocephalus; Ps, P. sulcifer; Sk, S. kruegeri; Ss, S. sebae; Cm, C. Mazowensis,
Th, Thyropygus sp.; Un, Unixenus sp.; Ju, Julida; Ca, Callipodida




Table 2: Pairwise comparisons of genetic divergence between B. flavicollis, C. mazowensis, A.

tumuliporus and the outgroups indicated by general time-reversible genetic distances (%) based
on 684 nucleotides of the mitochondrial 16S rRNA gene.

Th

Cm

BfD5

BfD3

BfDI1

BfC5

BfC2

At

Nam

Ng

Nan

Cm

19.66

BfD5

31.91

29.43

BfD3

31.69

29.21

0.15

BiD1

31.69

29.21

0.15

0.00

BfC5

29.00

27.21

6.66

6.50

6.50

BfC2

28.85

27.03

6.48

6.30

6.32

1.54

At

16.83

21.00

3299

33.21

33.21

31.83

31.33

Nam

72.43

60.89

67.26

66.88

66.88

63.40

63.46

65.23

76.86

65.75

70.29

69.93

69.93

71.62

70.78

73.14

18.77

Nan

72.34

60.78

64.18

63.81

63.81

61.62

61.64

67.73

11.24

22.23

Aeg

74.65

73.00

71.34

71.74

71.74

69.19

69.19

70.89

§1.92

80.89

82.35

Abbreviations: Th, Thyropygus sp.; Cm, C. mazowensis; BDS, B. Havieollis D5; BfD3, B.
Havicollis D3; BID1, B. flavicollis D1; BfCS, B. flavicollis C5: BfC2, B. flavicollis C2; At, A.

tumuliporus; Nam, N. americanus; Ng, N, gordanus; Nan, N. annularis; Ae, A. excisus
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Figure 5: Comparisons of genetic distances separating millipede taxa at inter-specific, inter-
generic, inter-order and intra-class level based on analysis of 520 nucleotides of the
mitochondrial cytochrome oxidase 1 gene. This figure is based on an analysis of the distances in
Table 1.
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7.5 Discussion

Despite recent advances in molecular techniques, the need for fresh material for good
quality DNA extraction and sequencing (Carvalho & Vieira, 2000) may be necessary because
preserved specimens are unsuitable for sequencing (Meier, 2008). In this study, DNA of good
quality could only be extracted from fresh specimens or millipedes which had been preserved in
ethanol for less than five years. This implies that taxa of uncertain taxonomic status and other
preserved specimens, including those which have been collected once only, ¢can not be studied
using molecular tools, thus hinder phylogenetic studies of the taxa. In addition to this, many
museum specimens could not be used in DNA extraction because they were considered valuable
(Meier, 2008), further reducing the size of the sample available for molecular work.
Furthermore, DNA extracted from most specimens did not amplify despite repeated attempts
using different primer sets, different temperature profiles and several DNA concentrations. This
was probably a result of the poor quality of extracted DNA, or inhibition of PCR. Meier (2008)
reported that ethyl acetate which is used to kill insects and formaldehyde which is used as a
preservative degrade DNA, and result in low amplification of DNA. Although these chemicals
were not used in this study, several other chemicals and conditions could have affected the
quality of extracted DNA. The defensive secretions that are produced by millipedes (Hopkin &
Read, 1992; Huth, 2000; Arab et al., 2003), the length of time that specimens had been preserved
and the method of preservation are factors that could have reduced the quality of DNA, and
could explain the lack of gene amplification and sequencing in most specimens. Unfortunately,
these variables could not be controlled in this study because preserved specimens were borrowed
from museums where they were kept under different conditions.

Most millipedes produce defensive secretions: the Spirostreptida produce mainly
benzoquinones (Hopkin & Read, 1992; Huth, 2000; Arab et al., 2003), whilst the Polydesmida
produce hydrogen cyanide (Arab et al., 2003). The chemistry of the secretions differs among
taxa (Hopkin & Read, 1992) and between sexes (Huth, 2000). Huth (2000) reported that males
tended to have higher proportions of certain quinones than females. This could be a critical factor
considering that only males were used in this study, because species identification requires using
male genitalia (Hamer, 1999). These chemicals could have affected the quality of DNA, or
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inhibited amplification of DNA. Therefore, the quality of DNA and success of PCR could
depend on the taxa, the sex, duration of preservation and the method of preservation (see
Carvalho & Vieira, 2000). In addition, the temperature at which preserved specimens were kept
could have affected the quality of DNA (see Carvalho & Vieira, 2000). As such, more work on
preservation methods, optimizing PCR and the possible influence of chemical secretions on
PCR, is required before DNA methods can be fully exploited for millipede taxonomy,

The saturation analyses plots showed that both COl and 165 rRNA genes are useful
genetic markers in spirostreptid taxonomy and provide useful phylogenetic signals. Whether
these genetic markers are the most phylogenetically informative in millipedes require
mnvestigation. The view that CO1 sequences allow discrimination of fauna, and that the CO1
gene can be a universal marker (Hebert et al., 2003; Lefébure ef al., 2006), is widely disputed
because morphologically distinct species could have similar CO1 sequences (Wiemers & Fiedler,
2007; Meier et al., 2006). In addition, Vences et al. (2005) demonstrated that 16S rRNA was a
better marker than CO1 in amphibians, and proposed its use in vertebrates. In some taxa, DNA
sequences are not sufficiently divergent, or may be too divergent to differentiate species (Meier
et al., 2006). Besides these opposing views, other debates are on the suitability of matemally
inherited mitochondrial genes when nuclear sequences could be used (Meier, 2008), the fact that
16S is casier to amplify and that CO1 evolves faster than 168 (Lefébure et al., 2006).

Although the datasets were of different sizes, taxa belonging to the same Order clustered
together, as expected, in both the CO1 and 16S DNA phylogenetic trees. In general, clustering of
the genera in the trees are consistent with classifications based on genital morphology. Both the
COl and 16S DNA sequences illustrated that the Spirostreptida is monophyletic, and that the
genera (in this study) are genetically distinct. However, whether morphologic and genetic
divergences are coupled is unclear. The high CO1 and 16S sequence divergences (> 20 %)
between the genera also supported the erection of the new genus Cacuminostreptus (see Mwabvu
et al., 2010). Concordance between morphological and sequence data demonstrates that gonopod
morphology is a reliable index of taxon validity in spirostreptids. Because proposed names of taxa
are hypotheses, they are considered reliable when different types of data are congruent (Padial &
De 1a Riva, 2010). Concordance between the different types of characters makes taxonomic data
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widely accepted and reliable, which benefits biodiversity conservation planning, especially in
millipedes, with many species local or site endemics (Hamer & Slotow 2002), making them [UCN
threatened (Hamer, 2009) and prioritizing them for conservation.

It is interesting that Thyropygus sp. and Archispirostreptus have a sister group
relationship in both trees, although genital morphology-based taxonomy places the two genera in
different families, Harpagophoridae and Spirostreptidae, respectively. However, at this stage it is
premature to question the relationship based on genital morphology because of inadequate
Sequence comparisons among the taxa. More importantly, 4. gigas and A. tumuliporus do not
form a subclade within the Spirostreptida clade although based on gonopod morphology they are
congeneric; this was unexpected. Although inter-specific (but intra-generic) genetic divergence
of 22.60 % is high, it is difficult to explain their separation because all the species in the genus
were not studied, and intra-specific variations were not determined. However, given lower intra-
generic sequence divergence (< 10 %) in the Lepidoptera Cymothoe (Van Velzen et al., 2007),
the two species may possibly belong in different genera. Furthermore, the large degree of overlap
in different categories of COI1 genetic distances indicates that genetic and morphological
variations are not correlated, and that some taxonomic assignments could be incorrect.
Therefore, there is need to increase taxon sampling in order to assess intra-generic and intra-

specific divergence in the group.

The occurrence of a strongly-supported clade in the COl phylogeny containing
Bicoxidens flavicollis A, Doratogonus uncinatus and Doratogonus sp. 1 was unexpected because
the two genera have distinct gonopods. In the phylogeny, Bicoxidens is not monophyletic, with
B. flavicollis C and B. aridis occurring in a distinet, although very poorly-supported clade, B
Havicollis is a colour-polymorphic and widely-distributed species (Mwabvu et al., 2007). The
COLl genetic distance separating B. flavicollis forms A and C (19.09%) is larger than the mean
inter-specific distance (14.87%); in the 16S dataset, B, Aavicollis C and D form a well-supported
clade. Thus the notion that B, flavicollis A, D and C are distinct species warrants further
investigation. Comparable data from the 16S rRNA region is unfortunately not available, as this
region did not sequence successfully for B. flavicoilis A. The high CO1 genetic distances among
Bicoxidens species (B. aridis, B, Aavicollis A and B. flavicollis C) and high 16S genetic distances
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between B. flavicollis C and D samples (6.66 %) suggest the existence of more than one species
or genera. The presence of cryptic species in Bicoxidens would be supported by Lefébure et al.
(2006), who proposed designation of species in Crustacea using CO1 divergence threshold of
below 16 %. In addition, compared to intra-specific divergence values of below 2 % from several
phylogeographic studies (see Bond, 2004), genetic variability among specimens of B. flavicollis
was high. Therefore, if 2 % divergence is used as a threshold value for species designation
genetic distance of 6 % further supports the presence of a cryptic species which could not be
identified using genitalic morphology. The high genetic variability in Bicoxidens is not
surprising because the species are small-bodied, with poor dispersal ability (Mwabvu er al.,
2007), and as they tend to have very narrow distributions, there is presumably restricted gene

flow.

As previously mentioned, the 16S tree separates Bicoxidens into a clade, however, there
is no congruency with the COIl tree which places specimens of B. flavicollis (from different
localities and with indistinguishable gonopods) in separate clades. Incongruency between the
trees could be explained, in part, by the differences in the rates of evolution of the genes
(Lefébure ef al., 2006) and the different sizes of the datasets. Therefore, taxon sampling should
increase and further investigations into the suitability of the genes that are used currently are
required because some genetic markers may be suitable for specific taxa (see Vences et al.,
2005)

Although DNA samples proved difficult to amplify or clone and sequence, even after
repeated attempts, which resulted in fewer taxa being studied, sequence data are useful in
spirostreptid taxonomy. Sequences demonstrated a general increase in divergence with
increasing taxonomic level as indicated by the mean inter-specific, inter-generic and inter-order
genetic distances. Greater genetic distinctiveness among taxa than expected emphasises the need
to review taxonomies based on gonopod morphology. Because gonopod morphological change
may not be correlated with genetic change (Adams et al., 2009) morphological species might be
hiding considerable levels of cryptic variation,

Besides increasing taxon sampling, more work on genetic marker selection, DNA
amplification and sequencing more taxa is required before sequences can be fully utilised in
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spirostreptid taxonomy, Adding sequences of more taxa to datasets could resolve phylogenies
and provide a clearer picture of the phylogenetic relationships in the Spirostreptida. Although the
use of sequences contributes to improved taxonomies, Rubinoff et al. (2006) argue that DNA
sequences can not be used alone because they rely on morphological and ecological data to
identify specimens, and because no single threshold genetic distance can be assigned to designate
species in different groups. Their view farther reinforces the importance of integrative taxonomy
(see Padial & De Ia Riva, 2010). In spirostreptid millipedes, clear inter-generic and intra-generic
phylogenetic relationships can only be established once more sequences become available.

Future research could include a phylogeographic study of the Spirostreptida and
investigate levels of genetic variation in the genera, that is, after taxonomic revisions of the
genera. Molecular research could reveal greater cryptic diversity and high levels of intra-specific
genetic variation in these genera after complete taxon sampling and sequencing. It is critical that
reliable and corroborated systematic data are available for use in biodiversity assessment and
conservation planning before species become extinct. Therefore, extensive sampling throughout
the distribution range of the taxa has to be conducted. Until more samples are studied using
different types of data, species delimitation, biogeographical trends and threats to millipedes will
be difficult to determine. Furthermore, research should clarify the possible influence of
preservation methods and millipede defensive secretions on DNA quality and amplification. This
is critical because many taxa may be extinet or have been collected once, thus leaving museum
specimens as the only source of material for genetic studies. In addition, the potential of
defensive secretions in chemo-taxonomy could also be investigated to establish whether they are
sufficiently distinct to differentiate taxa.
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Appendix 1: List of taxa from which DNA was extracted, DNA concentrations, year of

collection and preservation method. Appendix 2 gives details of where the specimens are housed.

Taxon

A. tumuliporus
A. divergens
A. gigas

B. aridis

B. nigerrimus
B. brincki

B. nyathi

B. matopoensis
B. flavicollis
B. flavicollis
B. flavicollis
C vumbaensis
C. triangulatus
C. mazowensis
C. conatus

Calostreptus

Doratogonus sp.1

D, uncinatus

Year

2007

1977

2000

1997

1994

1994

1994

1985

1991

2008

2009

2008

1989

2007

1996

2008

2008

2008

Preservation

70 % ethanol

70 % ethanol

Ethanol

70 % ethanol

Ethanol

70 % ethanol

70 % ethanol

70 % ethanol

Ethanol

100 % ethanol

100 % ethanol

100 % ethanol

70 % ethanol

100 % ethanol

70 % ethanol

100 % ethanol

100 % ethanol

100 % ethanol

DNA concentration (ng/ul)

26.88

16.53

16.59

25,60

13.50

11.63

4.66

11.55

7.54

13.00

79.30

19.43

13.68

18.36

27.00

9.00

41.80

75.35
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D. eristulatus

Q. pyrhocephalus

N. kymatorhabdus

P. sulcifer
S. unciger

S, tripartitus
S. batokensis
5. heros

S. kruegeri
S. sebae

Z. munda

2008

2008

1978

1997

1961

1975

1995

2005

2009

2008

2008

100 % ethanol

100 % ethanol

Unknown

70 % ethanol

Unknown

Unknown

70 % ethanol

70 % ethanol

100 % ethanol

100 % ethanol

100 % ethanol

6.59

3.36

5.59

21.52

2.81

23.62

64,34

83.06

82.17

21.47
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Appendix 2: List of specimens from which DNA was extracted, museum housing the specimens

and accession numbers (or museum housing the specimens if the specimens are uncatalogued),

geographical coordinates and localities.

Taxon
A. tumuliporus

A. divergens
A. gigas

B. aridis

B. nigerrimus
B. brincki

B. nyathi

B. matopoensis
B. flavicollis
B. flavicollis
B. flavicollis
C vumbaensis
C. triangulatus
C. mazowensis
C. conatus

Calostreptus

Doratogonus sp.1

D. uncinatus

Accession # Coordinates
NMSA21941 18°57'S, 3227E
ZMUC 059N, 36°03'E
MRAC20254 03°25'S, 38° 46'E
NMZ/D§19 1630B1
NMZ/D753 2030A4
NMZ/D756 2230A4
NMZ/D747 2030B4

NMZ/D356 2129A4
NMZ/D648 2032D1

NMZ 18°40's, 31°30'E
NMZ 18°30'S, 32°30'E
NMSA21937 187128, 32°43'E
NMZ/D568 1631A3
NMSA21944 17°49's, 31°02'E
NMZ/D844 2231A2

NMZ 17°30'S, 30" 58'E
NMZ 18°40's, 31°30°E
NMZ 17°30'S, 30° S8'E

Locality, Country

Marange, Zimbabwe

Lake Baringo Lodge, Kenya
Tsavo, Kenya

Mushumbi Pools, Zimbabwe
Taru Dam, Zimbabwe
Pande Mine, Zimbabwe
Mudzwiru River, Zimbabwe
Doddieburn, Zimbabwe
Maguge, Mozambique
Chihota, Zimbabwe
Muterere, Mutasa, Zimbabwe
Zindi, Zimbabwe
Mavuradona, Zimbabwe
Highlands, Zimbabwe
Beitbridge, Zimbabwe
Mazowe Dam, Zimbabwe
Chihota, Zimbabwe

Mazowe Dam, Zimbabwe
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D, cristulatus

O. pyrhocephalus
N. kymatorhabdus
P. sulcifer

S. unciger

S. tripartitus

S. batokensis

S. heros

S. kruegeri

S. sebae

Zinophora munda

Abbreviations:

MRAC

NMSA

NMSA

ZMUC

NMZ/D830

NMSAB896

ZIMUC

NMZ/D835

NMZ/D835

NMZ

NMSA21967

NMZ

29°51'S, 30" S8'E
29°51'S, 30° 58'E
22°32's, 17°41'E
16°S, 30°E
25%44's, 28°11'E
1233'S, 13%24'E
1726C3

22°02's, 30° 00'E
20°56'S, 29°00'E
19%0's, 32°40'E

17°30'S, 30° S8'E

PigeonValley, Dbn,

Pigeon Valley, Dbn, SA
Daan Viljoen Game Park, Nm
Mushumbi Pools, Zimbabwe
Pretoria, South Africa

Egito, Angola

Batoka Gorge, Zimbabwe
Beitbridge, Zimbabwe
Gwanda, Zimbabwe
Marange, Zimbabwe

Mazowe Dam, Zimbabwe

- Royal Museum of Central Africa, Tervuren, Belgium

NMSA - Natal Museum, Pietermaritzburg, South A frica

NMZ - Natural History Museum, Bulawayo, Zimbabwe

ZMUC - Natural History Museum {(Zoological Museum), University of Copenhagen,
Copenhagen, Denmark

Dbn - Durban

Nm - Namibia

SA - South Africa

N - Namibostreptus
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CHAPTER 8

GENERAL DISCUSSION & CONCLUSION

8.1 Introduction

Taxonomic revisions of the spirostreptid genera Bicoxidens, Plagiotaphrus, Spirostreptus and
Archispirostreptus stabilised their taxonomy, and corroborated Hamer’s (2000) observations that
the Spirostreptidae contains poorly defined and heterogeneous genera, with many endemic and
undescribed species. In addition, the geographical distributions of the genera are poorly known and
the levels of endemism have not been determined. The results also demonstrated that genitalic
morphology discriminated genera. Furthermore, DNA gene sequence divergences illustrated
expected increase with taxonomic level and generic divergences were concordant with
classifications based on genitalic morphology. The results of the molecular study, which was the
first on Southern African spirostreptid genera, support increased future use of DNA sequences to
identify cryptic species and determine phylogenetic relationships among taxa.

8.2 Taxonomic changes in the genera

Taxonomic revisions often result in taxonomic inflation, that is, an increase in the
number of recognized taxa after splitting inclusive groups (Isaac et al., 2004; Garmett &
Christidis, 2007; Morrison IIl et al., 2009). The results of this study illustrated that, in
millipedes, the number of known species increased mostly due to new discoveries in previously
unsurveyed biomes, rather than due to taxonomic inflation (see Mwabvu et al., 2007: 2009a;
2009b; Mwabvu et al., 2010). Padial and Dela Riva (2006) also reported that increases in the
number of amphibian species were mainly a result of new discoveries rather than taxonomic
inflation. This further supports the view that most of the earth’s biological diversity has not been
discovered (see Gaston & Spicer, 1998) and puts into context the estimate of 12 % millipede
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species having been described (Sierwald & Bond, 2007). Increases in the number of species due
to new discoveries are expected in poorly known groups, such as millipedes, whereas taxonomic
inflation is common in taxa that are well known (Padial & De la Riva, 2006).

Two new genera (Namibostreptus and Cacuminostreptus) and eleven new species were
described in this study. These descriptions support my hypotheses that generic boundaries were too
inclusive and that many millipede species are undescribed. Similar observations were reported by
Hamer (2000), Hamer and Slotow (2009) and Hamer (2009). More new species of spirostreptids
continue to be discovered, particularly from previously unsurveyed localities in Southern Africa
(see Hamer, 2009; Mwabvu et al., 2010) and Eastern Africa (Van den Spiegel, 2001; Van den
Spiegel, 2004; Mwabvu & Van den Spiegel, 2009). It is likely that more species await discovery
because other Southemn African biomes, such as grassland, have not been well surveyed for
millipedes (Hamer & Slotow, 2009), and some museum collections have not been processed
(Sierwald & Bond, 2007). Furthermore, because millipedes are a poorly known group in which
trinominal nomenclature (naming of subspecies) is uncommon (Enghoff pers. comm.), there are
few subspecies that could potentially be elevated to species rank after taxonomic revisions.
Although morphological characters will remain important in taxonomy {Padial & De la Riva,
2010) using sequence data to delineate species will result in more species being recognized, as
such, Sierwald and Bond (2007) estimated that millipede genitalic and other morphological
characters could underestimate the number of species by a factor of three.

In this study, taxonomic uncertainties in the Spirostreptidae were highlighted by the
splitting of two genera, the three species which were re-assigned to other genera, four new
synonymies that were established, and the two names treated as nomina dubia and two as incertae
sedis. In most of the problematic cases, species descriptions had been based on non-genitalic
characters which vary intraspecifically and were taxonomically redundant. This demonstrated that
some taxa had been incorrectly identified and that morphology-based classifications need to be re-
assessed using other characters, such as gene sequences, in order to produce taxonomies that have
been corroborated independently, and are likely to be stable and reliable hypotheses (Padial & De
la Riva, 2010). Therefore, revisions of the four genera using genitalic characters erected
monophyletic taxa with clearly defined synapomorphies by correcting generic and species
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boundaries. Besides stabilising the taxonomy of these genera, keys to species identification, which
are important tools in future research and biodiversity assessment, were produced.

8.3 Morphology in millipede taxonomy

Non-genitalic morphological characters in the Spirostreptidae are homoplastic. For
example, Archispirostreptus, Plagiotaphrus, Namibostreptus, Cacuminostreptus and Spirostreptus
have the same body colour and overlapping body size ranges, thus body colour and size are
taxonomically uninformative, Considering the similar preferences for sheltered and moist
habitats (Hamer, 2000; Hamer & Slotow, 2000; Hamer & Slotow, 2009) morphological
convergences in millipedes are not surprising. Body size also varies intra-specifically. This is
consistent with Enghoff (1992) and Bond and Sierwald (2002) who reported that body size in
conspecifics is influenced by habitat type. The shape of the collum was the only non-genitalic
character which showed differences between genera, This suggests that some characters are more
informative in sotne groups than others (Krabbe, 1979), thus variation in morphological

characters requires further investigation for use in taxonomy of millipedes.

Given that other external body features are influenced by habitat conditions (Krabbe,
1979}, male gonopod morphological characteristics proved to be reliable indices of taxonomic
validity, and did not show major qualitative intra-specific variation. Bond and Sierwald (2002)
reported similar observations in a spirobolid millipede Anadenobolus excises Karsch. The low
intra-specific variation in genitalia, which has been observed in other arthropods, is probably a
result of sexual selection pressure to be compatible with conspecific females (Huber et al.,
2005). Thus speciation was assumed to be correlated with changes in gonopod morphology
(Huber ef al., 2005). According to Hamer (2000) the gonopod telopodite provides taxonomically
useful characters for species delimitation in a spirostreptid millipede Doratogonus. However, in
Archispirostreptus, Plagiotaphrus, Bicoxidens and Spirostreptus the gonopod coxites distinguish
species whilst the telopodite differentiates the genera.

Although genitalic morphology is widely used to distinguish species, there is evidence
suggesting that it may not reflect species boundaries (Huber ef al., 2005; Dayrat, 2005). Thus

there is a drive to investigate the validity of genitalic morphology-based classifications using
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molecular characters (Lee, 2004; Dayrat, 2005) because there appears to be no correlation between
sequence divergence and reproduction isolation (Lee, 2004).

8.4 Gene sequences in taxonomy

Based on the results of this first study of genetic variation in the spirostreptid millipedes,
the use of DNA sequences in millipede taxonomy has potential to compliment genitalic
morphology, particularly in identifying cryptic taxa. Both the mitochondrial CO1 and 16S rRNA
genes discriminated taxa, and provided useful phylogenetic signals in the spirostreptids. In
addition, classifications based on genitalic morphology and genetic evidence were concordant.
However, the high mean sequence divergence suggests slow morphological evolution relative to
molecular evolution (Lee, 2004), thus gonopod morphology may have failed to identify cryptic
species and thus underestimated species richness in the genera. This further supports the view
that genetic variation and genital morphology are not necessarily correlated (Bond & Sierwald,
2002; Lee, 2004).Therefore, intra-specific genetic variation requires further investigation in
order to identify any cryptic diversity. High intra-specific genetic distance in B. flavicollis
compared to lower divergence values in other studies (Bond, 2004; Meier et al., 2006: Lefébure
et al., 2006; Pfenninger et al., 2006; van Velzen et al., 2007) strongly suggest the presence of
cryptic species. Unfortunately, because few invertebrates have been sequenced (Lefébure er al.,
2006), there are few comparable studies. In addition, it is not possible to compare the
performances of the CO1 and 16S rRNA genes in this study in detail because different species
were sequenced for the two genes. At present the GenBank sequence database for millipedes is
very small, as a result, only male genitalic morphology-based keys are available for identifying
millipedes. More sequencing of millipedes would provide important data to use in identification
and phylogenetic analysis. Given that DNA barcoding and DNA taxonomy could speed up
identification and delineation of species, sequencing of millipedes is critical because many
species have not been described (Sierwald & Bond, 2007), and face extinction because of man’s
activities (Hamer & Slotow, 2009). Thus, inferring phylogenies using molecular data would
facilitate selection of appropriate taxa and areas for conservation. Based on the levels of genetic
divergence among taxa and their phylogenetic relationships, areas/taxa that have unique genotypes
could be selected for conservation.
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Although molecular data give faster and consistent identification (Dayrat, 2005), and reveal
more cryptic species (Huber et @l,, 2005), than morphological characters do, at this stage few
spirostreptid millipedes have been sequenced, which makes it impractical to use the sequences in
systematics. Furthermore, several aspects of DNA data need standardization and further
investigation. For example, the notion that CO1 is a universal marker which is unique to species
(Hebert et al., 2003) is widely disputed because morphologically distinct species could have
similar CO1 sequences (Wiemers & Fiedler, 2007). Thus it is incorrect to assume that the genes
that are used in DNA taxonomy are correlated with reproductive isolation (Meier ef al., 2006).
Different genetic markers may be suitable for specific taxa, for example Vences er al. (2005) found
168 rRNA to be a better marker than COI in amphibians. Most importantly, intra-specific and
inter-specific divergence threshold values to designate taxa should not be arbitrary, particularly in
cases where intra-specific and inter-specific divergences overlap (Meier et al., 2006). Divergence
threshold values should probably be specific to taxonomic groups because many published studies
have shown wide variation between groups (Bond, 2004; Meier er al., 2006; Lefébure er al.,
2006; Pfenninger et al., 2006; van Velzen et al., 2007). It is likely that more informative and
reliable data could be obtained if multiple genetic markers are used in molecular studies, Until
these questions are adequately addressed and taxon sampling increased, misidentification of taxa

could become widespread, and defeat the purpose of using molecular data in taxonomy of

millipedes.

8.5 Distribution of taxa

Many species were recorded for the first time in previously unsurveyed localities, New
distribution records from Southern Africa (see Mwabvu, 2005; Mwabvu er al., 2009a; 2009b;
Mwabvu et al,, 2010) and from Eastern Africa (Van den Spiegel, 2001; Van den Spiegel, 2004;
Mwabvu & Van den Spiegel, 2009) were reported. As more biomes, such as grassland, are
surveyed for millipedes (Hamer & Slotow, 2009), as museum collections are processed (Sierwald
& Bond, 2007) and taxonomic revisions of genera are undertaken, new distribution patterns of

species will emerge.
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Although the genera are widely distributed, many species have restricted distributions and
are endemic in the savanna. However, the levels of endemism are lower in the South African
savanna than in forests (Hamer ef al., 2006). Hamer and Slotow (2000) reported high endemism in
Doratogonus which led them to conclude that one area cannot conserve many species because of
high degrees of localised endemism in millipedes. Hamer and Slotow (2009) also reported high
levels of endemism in the Drakensberg mountains in South Africa. Bicoxidens, Plagiotaphrus,
Cacuminosireptus and Spirostreptus are endemic to Southern Africa, and most species are
restricted to woodland in the wetter, eastern half of Southern Africa. The exceptions are the large-
bodied species of Spirostreptus which occur in drier and sparsely vegetated savanna. This is not
surprising because millipedes are vulnerable to desiccation due to their inability to close their
spiracles completely (Hopkin & Read, 1992), and because they have limited dispersal ability
(Hamer & Slotow, 2002). As such, most millipedes cannot cross barriers, such as arid areas, or
survive under xeric conditions. Consequently, species occur where moisture and shelter are present
(Hamer & Slotow, 2009). For example, small-bodied Bicoxidens species are restricted to relatively
high rainfall areas and Miombo woodland, and display high levels of endemism (Mwabvu e al.,
2007). In this case, woody vegetation provides moist microhabitats and shelter, and protects small-
bodied species that are more vulnerable to desiccation (Hamer & Slotow, 2000).

What was surprising was that the genus Spirostreptus is not as widespread as
Archispirostreptus whose body size and mobility are comparable. Spirostreptus species dominate
arid environments in Southemn Africa (Mwabvu et al, 2009b), thus suggesting a body size-
desiccation resistance correlation (Enghoff, 1992). The genus spreads westwards into Botswana,
Namibia and Angola, but not eastwards into the eastern highlands of Zimbabwe. This suggests that
high altitude (and associated vegetation types and climatic conditions) is probably a challenging
barrier to the spread of this genus. Archispirostreptus is widely distributed in Africa and the
Arabian Peninsula (Mwabwvu et al., 2010). The distribution pattern of Archispirosireptus probably
indicates the influence of past climate change. The genus probably had a continuous distribution
before parts of Africa became drier, and forests contracted in the ]late Pliocene and early
Pleistocene (Werger & Coetzee, 1978). Fragmentation of forests may have led to allopatric
speciation after isolation of small populations (Hamer & Slotow, 2009). Isolated occurrence of
small populations of Archispirostreptus lugubris villiersi in remnant refugia in North Africa
corroborates this explanation (Schubart, 1951).
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Restricted distribution of species and high levels of endemism occur in all the genera in this
study. Many Archispirostreptus species with narrow distributions are known from single localities
despite intensive sampling in the East African mountain system (Mwabvu & Van den Spiegel,
2009). This is consistent with reports that montane forests are centres of high species richness and
high levels of endemism (see Myers, 1988; Hoffman, 1993; Hamer & Slotow, 2009). Similarly
high levels of endemism in afromontane forests were also reported in earthworms (Hom et al.,
2007) and spiders (Foord et al., 2008) in South Africa. With respect to millipedes, these patterns
appear to be associated with high altitude and woodland or forests. Given that high altitude areas
have heterogeneous habitats (Hoffman, 1993), the poor vagility of millipedes and their preference
for specific habitats, small populations could become isolated, diverge and speciate (Hamer &
Slotow, 2000), resulting in many species with narrow, non-overlapping distributions. Further
evidence of the high levels of endemism in millipedes comes from recently collected and

undescribed species from the eastern highlands of Zimbabwe (Mwabwu, pers. obs.).

Although localised endemism is high in millipede species, different genera were recorded
in close proximity, in many cases metres away from each other. These observations indicate
similar habitat preferences among different genera. As such, these patterns could have broader
implications for conservation of millipedes and other non-volant soil invertebrates. Given that a
single species within a genus contains the ancestral diversity inherent to that genus, where different
genera occur in the same localities, the genetic diversity of all species belonging to those genera,
could be conserved in a single locality thereby effectively conserving greater genetic diversity (see
Rodrigues & Gaston, 2002). For that reason, areas of overlapping generic distributions could be
identified and targeted for protection. The areas could include forest and woodland patches, where
species could be facing extinction because of habitat loss (see Hamer & Slotow, 2009). Thus, it is
critical to establish phylogenetic relationships among the taxa and the extent of genetic variation so
that the data can be used in conservation (Posadas et al., 2001; Rodrigues & Gaston, 2002).

Based on Hamer and Slotow’s (2002) classification of endemism, most species in this
study are site and local endemics. These patterns of distribution are probably linked to greater
diversification in woodland and at high altitude (Hamer & Slotow, 2009) and the effect of past
climate changes on forest size (Hamer et al. 2006). The high levels of endemism in these genera

are consistent with observations for Doratogonus (Hamer, 2000; Hamer & Slotow, 2000) and
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highlight the challenges of trying to conserve localised endemic species (Hamer & Slotow,
2002).

Although the absence of species from surveyed areas suggests that they do not occur there,
the absence could also be because the species are rare or occur in small, patchy areas which could
have been missed in random or scattered sampling (Hamer & Slotow, 2009). With more localities
being surveyed and additional material in museums being processed, new distribution records
will be captured. However, several collecting gaps still exist in most parts of Eastern Africa,
Central Africa, and the northern half of Africa. Therefore, the distribution patterns of genera
remain incomplete and should be interpreted cautiously because they could be a collecting artifact.

8.6 Conclusion

Given that the use of different types of data in taxonomy presents reliable data for biogeographic
and ecological studies, and for addressing conservation issues, morphological and sequence data
should be integrated (see Padial & De la Riva, 2010). Because genitalic morphology may fail to
detect cryptic species, genetic data could compliment or be used to re-assess morphology-based
taxonomy, particularly in poorly known invertebrate groups. As such, because genetic data are
largely concordant with morphologic evidence, the two types of data could be used in integrative
taxonomy to produce more stable taxonomies. When reliable taxonomic data are available for use
in monitoring programmes and conservation planning there is likely to be fewer cases of

arbitrary decisions making.

The role of genetics and phylogenies in conservation is an important one. Phylogenies
and genetic distances will show relationships between populations and facilitate identification of
unique populations. Because unique genotypes may perform key roles in the ecosystem, they
may have to be targeted for conservation. More critically, areas with recent radiations of taxa or
showing fast diversification of taxa can be identified and targeted for protection. However,
before DNA sequence data can be utilized fully in millipede taxonomy and phylogeography
more taxa should be sequenced and genetic variation among taxa determined. Prior to this, DNA
extraction techniques, amplification and sequencing protocols appropriate for millipedes need to

be developed. Presently available protocols appeared inappropriate for successful amplification,
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cloning and sequencing of millipede DNA. However, many reasons, among them the presence of
defensive chemicals and the effect of preservation, could have caused unsuccessful amplification

of most samples.

Given that millipedes have high levels of endemism and that several biomes are under
threat because of direct or indirect human activities (Hamer & Slotow, 2009), it may be
impractical to survey all localities and designate large areas for protection. Thus, conserving
habitats and endemics outside protected areas could be difficult because of increasing demand for
resources and land. The solution could be educating rural communities on sustainable use of
resources and providing communities with alternatives to what they see as available in nature
and feel entitled to. Without the involvement of governments and full cooperation of
communities, conservation of millipedes and other non-volant soil invertebrates is unlikely to

succeed,

Given that it is not possible to identify all invertebrate species because of their enormous
diversity, environmental monitoring may have to be based on a single indicator taxon which
reflects the response of other taxa (Uys et al., 2010). As the number of described species and
data on distribution increase, millipedes could become important indicators in biodiversity
monitoring and ecosystem management, and surrogate taxa for other poorly known soil
invertebrates that also have restricted distribution (see Lovell et al., 2007). Unfortunately, there
may be incongruency between invertebrate groups (Lovell et al., 2007) because different taxa
respond differently to environmental changes (Uys et al., 2010). This led Lovell et al. (2007) to
propose using many taxa in conservation and environmental monitoring. Considering that many
genera are poorly known, that few species are listed as endangered and the slow pace of
taxonomic research, blanket protection of threatened or rare biomes could be a more effective
approach to conservation at present. Additionally, sequencing described species and submitting
the sequences to the GenBank database should be prioritized. When sequences become available
for use with genitalic morphology in integrative taxonomy, stable and more reliable taxonomies
are produced. Most importantly, accurate circumscriptions will have far reaching implications

for biogeographic interpretations, phylogenetic conclusions and biodiversity conservation.
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8.7 Recommended Future Research Directions

Given that millipedes are a poorly known group, with many undescribed taxa and unknown
distributions (see Hamer, 1997; Hamer, 2000; Sierwald & Bond, 2007), additional taxonomic
and biogeograhic data are required in order to improve the predictive value of the data and make

them more useful for conservation planning. Although greater understanding of diversity and

distribution patterns of genera was achieved in the study, several questions need to be addressed.

Future taxonomic research on millipedes should focus on:

1.

Revising more genera, describing new taxa, comparing patterns of distribution among
taxa, and sequencing all the described species of millipedes.
Increasing taxon sampling in order to examine intra-specific and inter-specific variation,

levels of endemism and cryptic diversity using gene sequences.

. Identifying suitable genetic markers for distinguishing taxa and estimating phylogenies.

Because large genetic variation among taxa was observed in this study, more conserved
genes such as 18S (Dowton & Austin, 1994) should be sequenced to determine their
suitability as genetic markers in millipedes. Other genes that could be sequenced include
288, cytochrome b and 128, In addition, millipede sequences should be added to the
existing GenBank database.

Developing appropriate PCR protocol for millipedes. Given that most DNA samples in
this study did not amplify, the effects of defensive secretions and methods of preservation
of millipedes on DNA quality and amplification have to be investigated.

Assessing the potential of integrative taxonomy and using multiple genetic markers to
construct phylogenies.

Establishing the potential of chemo-taxonomy in species differentiation, given that all
spirostreptids produce defensive secretions. Chemo-taxonomy could be developed if the

chemistry and relative proportions of chemicals are unique to taxa.

. Behavioral or breeding experiments to determine reproductive isolation, particularly in

widely distributed or closely related taxa. Although they are time-consuming, these
experiments could compliment taxonomic data.

Ecological questions relating to inter-taxonomic interactions, coexistence and activity
patterns of species could also be investigated to determine their role in diversification.
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