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Abstract
This study examined biogeographical and taxonomic relationships within the genus Peripatopsis
with a special emphasis on the Peripatopsis capensis species complex using phylogenetic analyses,
population genetics, divergence time estimation, ancestral area reconstruction, scanning electron
microscopy, and gross morphological analysis. A total of 104 specimens were collected from 21
localities from the known distribution of the Peripatopsis capensis species complex in the Western
Cape, while 54 specimens from prior studies on the Peripatopsis genus from the Western Cape,
Eastern Cape, and KwaZulu-Natal were used for the analysis of the genus. Two partial gene
fragments were selected for this study, namely the mitochondrial DNA cytochrome c oxidase one
subunit (COI) and the 18S rRNA nuclear DNA gene locus. DNA sequences were analysed using
phylogenetic methods and divergence time dating. The P. capensis species complex population
genetic analyses were conducted on COI, while ancestral area inference for Peripatopsis was
carried out using COI and 18S. For the P. capensis species complex geographic boundaries amongst
cryptic lineages were inferred using Phylogeobuilder and evolutionary drivers of cladogenesis were
determined for the latter as well as for the genus. A conservation assessment was carried out on
described species using the IUCN red list framework and phylogenetic diversity indexes.
Phylogenetic analysis reveals that P. capensis is a species complex comprised three geographically
discrete and statistically well supported clades. Peripatopsis was retrieved as a genus comprising 12
statistically well supported and taxonomically described species, with three species being retrieved
as non-monophyletic. Divergence time analysis results revealed Plio/Pleistocene diversification for
the P. capensis species complex and an early Miocene diversification for the Peripatopsis genus
coincident with climatic amelioration during the time period. The ancestor of the latter originated in
the geomorphic province delineated as the Syntaxis Cape Fold Mountain region. While gross
morphological characters for P. capensis such as leg pair number was invariant, scanning electron
microscopy (SEM) yielded differentiating characters, albeit limited (e.g. dermal papillae and male
2
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genital pads). Two new Peripatopsis species are described in the present study. According to the
IUCN framework all described species within the Peripatopsis genus require red listing and
phylogenetic diversity indexes have highlighted the Cape Peninsula and the Central Cape Fold
mountains as regions with a rich evolutionary history and high evolutionary potential.
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Chapter 1

1. General introduction
1.1 Preamble
The presence of cryptic species poses a challenge to taxonomists and conservationists alike (Daniels
et al., 2003; Bickford et al., 2007). Cryptic species are defined as two or more distinct lineages that
are erroneously classified under a single morphological species (Bickford et al., 2007). In these
instances speciation is not always accompanied by obvious morphological changes. Historically
most species were delineated and diagnosed on morphological characteristics potentially resulting
in an underestimation of taxonomic diversity (Goldstein et al., 2000; Bickford et al., 2007).
Inherently this presents a problem which extends to conservation authorities who have to assign
conservation status to poorly defined taxa (Daniels et al., 2003). This problem is further confounded
by the large emphasis placed on species or subspecies as the unit of conservation (Daniels et al.,
2003).
The development of modern molecular systematic techniques has enhanced the ability of scientists
to document the presence of cryptic species. These molecular techniques have been used with great
success to distinguish cryptic species across a wide variety of organisms (Avise, 2004). DNA
sequencing is one of the most widely applied methods in delineating cryptic species, currently
fuelled by the DNA bar coding of life initiative (Savolainen, 2005). However, DNA-based data
should not be regarded as a substitute for studying and understanding systematic relationships at the
whole organism level, since DNA data also presents challenges (Will & Rubinoff, 2004). The cost
and accessibility may also be an obstacle for many developing countries, which possess high levels
of biodiversity. This is evident in so called megadiverse countries, which are primarily poor and
9
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developing, and contain 60-70% of the world’s diversity (Roe & Elliott, 2005). Africa comprises
four of these countries: namely, Democratic Republic of Congo, Kenya, Madagascar, and South
Africa. Despite the limitations of DNA data, it provides evidence for defining species that are
important and are most powerful when used in conjunction with other types of data such as
morphology, behaviour, ecology, and biogeography (Ruhberg, 1992; Will & Rubinhoff, 2004,
Bickford et al., 2007).
The invertebrate diversity in South Africa is poorly studied (Herbert et al., 2001). For example,
only one third to one half of our insect species has been described (Sholtz & Chown, 1995). This
paucity of data extends to investigations of cryptic invertebrate taxa, which have received limited
attention. For example, taxonomic studies on freshwater macro crustaceans in South Africa revealed
substantial levels of hidden diversity. South African freshwater amphipods initially comprised only
four species (Barnard, 1916). Recent systematic efforts have led to the discovery of twenty six
species and two genera (Thurston, 1973; Griffiths, 1981; Stewart & Griffiths, 1992a, b, c; Stewart,
1992; Stewart et al., 1994; Stewart & Griffiths, 1995). Until recently the South African freshwater
isopod genus, Mesamphisopus, comprised four species. A subsequent revision by Gouws (2008)
yielded six additional novel species, increasing the total number of described species to ten.
Similarly, recent systematic endeavours using both morphological and genetic methods on the
widely distributed South African freshwater crab species yielded 11 new species of Potamonautes
(Daniels et al., 1998, 2001; Stewart et al., 1995; Stewart, 1997; Stewart & Cook, 1998; Gouws et
al., 2000, 2001 respectively; Phiri & Daniels, 2014; Daniels et al., 2014). Evidently, several South
African macro crustacean groups exhibit remarkable diversity that is often masked by conservative
morphology and lack of diagnostic features.
Velvet worms (Onychophora) are a prime example of a group that is morphologically conservative
(Sherbon & Walker, 2004). The frequent occurrence of intraspecific variation has resulted in a
limited understanding of species boundaries, particularly among widely distributed species. These
10
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widely distributed species may be prone to cryptic speciation and require systematic investigation.
Onychophorans are soft-bodied terrestrial invertebrates (Reinhard & Rowell, 2005). They are
vulnerable to desiccation and typically inhabit moist, humid, microhabitats (e.g. inside rotting logs,
under stones, in leaf litter, caves and in soil) that make the group prone to allopatric speciation
(Hamer et al., 1997).
The Onychophora are divided into two families. The Peripatidae (Evans, 1901) which has a
circumtropical distribution and occurs in the Neotropics, Mesoamerica, southeast Asia, and west
equatorial Africa (Monge-Najera, 1995). The Peripatopsidae (Bouvier, 1907), has a circumaustral
distribution occurring in Australasia, Chile, and southern Africa (South Africa, Swaziland,
Mozambique) (Hamer et al., 1997; Daniels et al., 2009). Monge-Najera (1995) concluded that the
Peripatopsidae have a Gondwanan origin. Interestingly, Peripatopsidae have not been recorded from
the remaining Gondwanan remnants of New Caledonia, Madagascar, and the Seychelles (Newlands
& Ruhberg, 1978). Hence vicariance is suggested to have played a major role in the current
Onychophoran distribution (Ruhberg, 1985; Monge-Najera, 1995). According to Monge-Najera
(1995) dispersal by means of rafting on logs or within vegetation could also have contributed. The
paraphyly and divergence time estimations of the South African genera suggest that velvet worm
stem lineages were present on Gondwana prior to continental fragmentation (Allwood et al., 2010)
The Peripatopsidae currently comprise 42 genera and approximately 115 species (Reid, 1996,
2000a, b, 2002; Sherbon & Walker, 2004; Ruhberg & Hamer, 2005; Daniels et al., 2009). There is a
general consensus among velvet worm taxonomists that traditional taxonomic characteristics (e.g.
morphological) may have underestimated the diversity within the group. This was demonstrated in
several Australian and New Zealand studies (indicated below) where modern molecular systematic
techniques (e.g. DNA sequencing, cytogenetics, allozyme electrophoresis, and scanning electron
microscopy) were used. For example, initially, six genera and nine species (Ruhberg et al., 1988)
were known from Australia. However renewed recent research suggests the velvet worm diversity is
11
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currently to 38 genera and 81 species (Briscoe & Tait, 1995; Reid et al., 1995; Rowell et al., 1995;
Tait et al., 1995; Reid, 1996, 2000a, b, Gleeson et al., 1998; Tait & Norman, 2001). In New
Zealand, Trewick (1998) used allozyme electrophoresis to show that Peripatoides novaezealandiae
was a species complex comprised of five genetically distinct species. Trewick’s (2000) findings
based on mtDNA sequence data supported this. Three additional lineages were also identified.
These were based on samples from sites that were not included in that previous study (Trewick,
1998). Furthermore Rockman et al. (2001) observed strong congruence between the male head
structures of fourteen putative Planipapillus species and the phylogeny based on COI, 12S rRNA,
and a nuclear intron from the fushi tarazu gene. This provides strong evidence for defining new
species.
In South Africa the Peripatopsidae are comprised of 24 species in two genera; Peripatopsis
(containing 17 described species) and Opisthopatus (containing seven described species). All South
African Onychophora are legally ‘protected’ (New, 1995). Redlisted species include O. roseus
(Vulnerable), P. alba (Vulnerable), P. clavigera (Vulnerable), and P. leonina (Critically
Endangered) (IUCN, 2003). A recent study of the Peripatopsis of South Africa by Daniels et al.
(2009) using a combination of the aforementioned modern molecular systematic techniques (DNA
sequencing and SEM) revealed widespread cryptic speciation within the genus. Tentatively the
species diversity doubled, from eight to 16 operational taxonomic units. The identification of so
called ‘umbrella species’ or species complexes that comprise multiple novel allopatric operational
taxonomic units (P. balfouri, P. capensis, and P. moseleyi) necessitated further examination. Both
P. balfouri and P. capensis exhibit intraspecific morphological variability (Hamer, 1997).
Traditional morphological characters such as number of legs and colour are highly variable in the
two species. Daniels et al. (2009) found that P. balfouri comprised six evolutionary units; P.
capensis comprised three evolutionary units; and P. moseleyi two evolutionary units. Daniels &
Ruhberg (2010) subsequently conducted comprehensive geographic sampling focused on detecting
12
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cryptic speciation in P. moseleyi. The same authors found that the P. moseleyi complex comprised
five genetically distinct clades and subsequently described four new species (Ruhberg & Daniels,
2013). These findings were based on DNA sequence data (i.e. mt- and nDNA), general allopatry,
the lack of shared haplotypes amongst any of the five novel lineages, and marked levels of COI
sequence divergence. Furthermore it represents a more than four-fold increase in the complex’s
diversity. Daniels et al. (2013) uncovered a further three-fold increase of diversity within the P.
balfouri species complex using the aforementioned molecular and morphological techniques.
Similarly, there is evidence for cryptic speciation in the most widespread South African velvet
worm species, O. cinctipes (Daniels et al., 2016) using DNA sequencing, SEM, and morphological
methods. Based on genealogical exclusivity, geographical concordance, and good statistical
support; seven evolutionary lineages where identified within the O. cinctipes species complex. The
latter authors have subsequently described five novel species. These results suggest that widespread
velvet worm species are often comprised of cryptic species and that taxa benefit from molecular
systematic scrutiny.
Evolutionary relationships within P. capensis remain unquantified, and species boundaries illdefined. Intra and interspecific variation in leg number and colour is widely reported in the taxon
(Hamer et al., 1997). The number of leg pairs in P. capensis range from 17 to 19 with highly
variable colour ranging from orange brown, slate blue to violet black (Daniels et al., 2009). The
species has a wide distribution across the western and south-western Cape (Brinck, 1957).
Peripatopsis generally occurs in fynbos, forests or in bushy ravines along mountain slopes (Hamer
et al., 1997). However, Endrody-Younga & Peck (1983) reported the occurrence of P. capensis and
P. moseleyi in mesic grasslands. P. balfouri and P. capensis survive in habitats located within
Western Cape Afrotemperate forest and southern Cape Afrotemperate forest in fynbos and the
Afrotemperate forest biomes respectively (Mucina & Rutherford, 2006).
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Divergence time estimates by Daniels et al. (2009) suggest that major cladogenic activity occurred
during the Miocene. Tectonic activity raised the interior plateaus of southern Africa by 1000m
(King, 1978). Hence forest patches were isolated; this limited conspecific forest fauna to high lying
relictual areas (King, 1978). Suitable forest habitat was further reduced by the development of the
proto-Benguela current on the west coast of southern Africa (Siesser, 1985). This cold Atlantic
current caused marked xeric climatic conditions resulting in increased aridity and hence fire
frequency (Mucina & Rutherford, 2006; Daniels et al., 2009). According to Mucina & Rutherford
(2006) this contributed to the development of fire-adapted woodlands, shrublands (e.g. fynbos), and
grasslands which facilitated the fragmentation of forests along fire pathways. Hence the persistence
of forest in fire refugia (e.g. ravines and wind shadow areas). It was the establishment of these
disjunct forest areas that most likely limited the dispersal capabilities of allopatric populations.
Interestingly, Daniels et al. (2009) found close phylogenetic relationships between the Cederberg
(Peripatopsis) populations at the extreme north-west of the distribution and taxa from the southern
Cape. This suggests that these Afrotemperate forest patches may have been historically linked. In
the same study a similar observation was made for southwestern Cape Afromontane forest
populations and the Cape Peninsula Afrotemperate forest populations, further reinforcing evidence
for a historical link between these areas.
Peripatopsis capensis complex populations are generally allopatric making them candidate taxa for
cryptic speciation (Daniels et al., 2009). Traditional morphological characters (e.g. number of leg
pairs, size of the last pair of legs, shape of the dorsal body papillae etc.) prove to have limited
taxonomic value among taxa that are closely related (Hamer et al., 1997, Daniels et al., 2009).
Limited geographic sampling as well as a lack of samples from crucial areas further precluded
Daniels et al. (2009) from unravelling the systematic diversity and describing the novel taxa within
the species complexes.

14
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Using the latest findings, a phylogeny for all the novel described evolutionary units for the three
species complexes and existing species will be reconstructed. Phylogenetic diversity (PD) indices
will be applied to the tree topology to assess the conservation status of South African Peripatopsis
species. In contrast to species or genus richness indices, which assign the same taxonomic value to
all conservation units, PD takes the phylogenetic relationships between species or evolutionary
history into account (Rodrigues & Gaston, 2002; Perez-Losada & Crandall, 2003). A phylogenetic
index was successfully employed by Beenaerts et al. (2009) to show unexpectedly high levels of
phylogenetic diversity amongst the Sri Lankan lowland freshwater carcinofauna. Such information
may have been overlooked if the conservation assessment was based purely on species richness
information. Hence Beenaerts et al. (2009) and Rodrigues & Gaston (2002) argue for the inclusion
of PD in conservation assessments. The dubious conservation status and cryptic nature of
Peripatopsis merits the use of PD as a conservation assessment tool.
The general aims of this study include 1) determining the boundaries between lineages present in
the P. capensis species complex, 2) to describe the novel lineages, 3) undertaking a comprehensive
re-evaluation of phylogenetic relationships of Peripatopsis, and examining the conservation status
of taxa in the genus.

1.2 Research Problem and Objectives
This study aims to examine the biogeographical and evolutionary relationships within the
Peripatopsis genus, with a specific focus P. capensis populations in the Western Cape using DNA
sequence data (mtDNA and nDNA), scanning electron microscopy (SEM), and gross morphological
analysis. Two partial gene fragments, cytochrome oxidase one subunit (COI) and the nuclear small
subunit ribosomal 18S rDNA, will be used to derive sequence data. The specific objectives of the
study are as follows:
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To examine biogeographical and evolutionary relationships within/among P. capensis
populations in the Western Cape using DNA sequence data.



To apply SEM and gross morphological analysis to the phylogeny to investigate potential
species discriminating characters and hence describe the species.



To assign conservation priorities within the genus Peripatopsis according to the
International Union for the Conservation of Nature (IUCN) redlisting framework and using
phylogenetic diversity indexes.



To understand the paleological and biogeographic relationships between the genus
Peripatopsis and its environment.
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Chapter 2

2. Phylogeography of the Cape velvet worm (Onychophora:
Peripatopsis capensis) reveals the impact of Plio/Pleistocene climatic
oscillations on Afromontane forest in the Western Cape, South
Africa
*This work formed the basis of a peer reviewed paper published in the Journal of Evolutionary
Biology, 25, 824-835.

2.1 Introduction
South Africa harbours three biodiversity hotspots (Cape Floristic Region, Succulent Karoo,
Maputaland-Pondoland-Albany) (Cowling et al., 1992; Lombard et al., 1999, Lahaye et al., 2008).
Among these, the Cape Floristic Region (CFR) is considered the smallest (Myers et al., 2000). The
CFR has the highest floristic diversity of any similar sized area on the globe and is characterized by
exceptional endemism of vascular plants (Goldblatt & Manning, 2002; Cowling et al., 2003). The
interaction of several historical biotic and abiotic factors operational across varying spatial and
temporal scales are thought causal in the cladogenesis of the CFR’s rich floristic biodiversity. A
large number of recent molecular phylogenetic studies, coupled with divergence time estimates of
clades suggest that the majority of cladogenesis in the flora occurred since the onset of the early
17
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Oligocene to mid Miocene epochs (Schnitzler et al., 2011; Verboon et al., 2009). During the early
Oligocene epoch a continental ice-sheet developed over East Antarctica, the expansion of which
caused a sea level drop in the region of 500 m below the current shoreline (Linder, 2003; Cowling
et al., 2009). This marine regression spanned the entire Oligocene and early Miocene (Siesser &
Dingle, 1981). Furthermore a dry climate prevailed with fossil flora indicating sclerophyllous
vegetation (Axelrod & Raven, 1978).
The early Miocene CFR was characterized by a dramatic climatic shift from warm, tropical
conditions supporting subtropical forest flora to drier more seasonal conditions that became
progressively more pronounced during the Pliocene (Linder, 2003; Cowling et al., 2009). The
climatic shift can be attributed to the late Miocene development of the Benguela upwelling system
along the west coast of southern Africa (Siesser, 1980). Furthermore, this was a period when the
CFR underwent a phase of geomorphic evolution with tectonic uplift (Partridge & Maud, 2000).
Dramatic geotectonic uplift (600-900 m) in eastern southern Africa increased the east-west rainfall
gradient reinforcing western CFR aridity by intercepting a greater proportion of rainfall from the
warm Agulhas current (Tyson, 1986). This effectively divided the CFR into a western “winter
rainfall zone” (WRZ) and an eastern “year-round rainfall zone” (YRZ). In the western CFR,
seasonal drought provided an environment conducive to regular lightning-induced fires. The CFR
fire regime is suggested to have become established less than 6-8 million years ago, during the late
Miocene (Bytebier et al., 2011). This prompted the evolution of the pyrophytic Cape fynbos
vegetation (Cowling et al., 2009; Swart et al., 2009; Mucina & Rutherford, 2006).
Aridification became increasingly more marked during the Plio/Pleistocene epochs with moderate
marine transgression and regression. It is argued that in comparison with the western CFR, the
eastern part of the CFR became progressively more arid during the Pleistocene with pronounced
climatic instability, thereby reducing the extent of the Cape vegetation, increasing extinction rates,
and disrupting the potential for speciation (Cowling et al., 1992, 1997; Dynesius & Jansson, 2000).
18
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In comparison speciation and extinction histories suggest a more reliable rainfall regime and greater
climatic stability in the western CFR (Cowling & Lombard, 2002). These developments resulted in
considerable habitat fragmentation among forested areas, resulting in the contraction of the habitats
to high lying areas.
Within the CFR, the Afromontane forests represent the smallest biome and are comprised of two
subtypes namely; southern Afrotemperate and southern coastal forest (Castley & Kerley, 1996;
Mucina & Rutherford, 2006). These forest patches generally occur below 1000 m, in areas where
rainfall exceeds 600 mm (Rutherford & Westfall, 1986; Mucina & Rutherford, 2006). The impacts
of historical climatic amelioration on forested areas remain largely unexplored in the absence of
phylogeogeographic studies on forest dwelling taxa. However, it would be reasonable to assume
that the increased aridification experienced during the Miocene/Pliocene has fragmented forest
habitats. It has been demonstrated that habitat specialists such as soft bodied invertebrates (e.g. land
planarians and springtails) can be effectively employed to reconstruct the biogeographic patterning
of forested areas (Garrick et al., 2007; Carnaval et al., 2009; Alvarez-Presas et al., 2011). Their
dependence on stable microenvironments and highly restricted dispersal ability make them suitable
for reconstructing biome affinities (Garrick, 2007; Alvarez-Presas et al., 2011). Onychophora,
commonly known as velvet worms, are known to be habitat specialists, restricted to moist
environments like closed canopy forests where they typically inhabit saproxylic environments
(Hamer et al., 1997; Daniels & Ruhberg, 2011). Their habitat specificity and general physiological
intolerance to desiccation coupled with their low dispersal capabilities render these organisms ideal
to test the contraction and expansions of their habitats (Hamer et al., 1997; Alvarez-Presas et al.,
2011). The Cape velvet worm, Peripatopsis capensis Grube, 1866, has a relatively wide distribution
in the Western Cape of South Africa where conspecific populations are confined to discontinuous,
Afromontane forest areas and adjacent fynbos along the Cape Fold Mountains (Brinck, 1957;
Hamer et al., 1997). This taxon provides the ideal template organism with which to explore the
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impact of climate and topography on Afromontane forest in the Western Cape. Daniels et al.
(2009) demonstrated that P. capensis comprises three distinct clades corresponding to three distinct
biogeographical regions in the Western Cape. The latter study further suggested a historical link
between the southwestern Cape and the Cape Peninsula forests based on the close phylogenetic
relationships of the respective sampling localities; however, limited geographic coverage of the
species distribution precluded biogeographic inferences.
In the present study, P. capensis was extensively sampled from Afromontane forests throughout the
Western Cape province of South Africa. The following three hypothesis are explored; 1) Due to its
habitat specificity, P. capensis will display a genetic history which mirrors the palaeogeography of
CFR forests in the light of climatic and geological perturbations, 2) populations of P. capensis are
isolated due to the inhospitality of low lying coastal plains and the absence of low lying forests, 3)
Increased levels of genetic differentiation should be observed along a west to south-easterly
trajectory since the southeastern parts of the Cape Fold Mountain chain harboured larger fragments
of forest patches, more pronounced habitat heterogeneity, and have historically received higher
levels of rainfall.
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2.2 Materials and Methods
2.2.1 Taxon sampling
A total of 104 Peripatopsis capensis specimens were collected from 21 localities in the western and
south-western Cape regions, of the Western Cape province of South Africa (Fig. 2.1) (Table 2.1).
Sample sizes ranged between a minimum of one and a maximum of 10. Samples were handcollected from forest understory including rotten logs, leaf-litter, moss and beneath ravine rocks.
Locality coordinates were recorded with a handheld global positioning system (Garmin-Trek
Summit). Samples were killed by submergence in absolute ethanol. Specimens were preserved in
absolute ethanol and stored at 4˚C in a refrigerator. Samples were identified using the dichotomous
key provided by Sherbon & Walker (2004).
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Figure 1: Map of the Western Cape (WC), South Africa (SA) showing the localities where Peripatopsis capensis was sampled. Sample localities: 1, Myburgh Ravine; 2,
Orangekloof; 3, Cecelia Forest; 4, Skeleton Gorge; 5, Newland’s Ravine; 6, Rhode’s Memorial; 7, Rondevlei Nature Reserve; 8, Jonkershoek; 9, Bergriver Dam,
Franschoek; 10, High Noon; 11, Dappat se Gat; 12, Kogelberg Biosphere Reserve; 13, Fernkloof Nature Reserve; 14, Caledon; 15, Grootbos Private Reserve; 16, Napier;
17, Greyton; 18, Oubos; 19, De Hoop Nature Reserve; 20, Marloth Nature Reserve; and 21, Grootvadersbosch Nature Reserve.

22

Stellenbosch University https://scholar.sun.ac.za

Table 1: Samples of Peripatopsis capensis collected from the Western Cape, South Africa during the present
study and by Daniels et al. (2009). Pop N corresponds to the population number as indicated on the map (Fig. 1) .

Pop N
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

Sample locality
Myburgh Ravine
Orangekloof
Cecelia Forest
Skeleton Gorge
Newland's Ravine
Rhode's Memorial
Rondevlei Nature Reserve
Jonkershoek
Berg River Dam
High Noon
Dappat se gat
Kogelberg Biosphere Reserve
Fernkloof Nature Reserve
Caledon
Grootbos Private Reserve
Napier
Greyton
Oubos
Potberg-De Hoop Nature Reserve
Marloth Nature Reserve
Grootvadersbosch Nature Reserve
Total number of specimens

n^
4
4
4
3
6
1
4
4
5
2
4
1
4
6
˗
4
5
7
3
71

n*
˗
˗
3
1
3
˗
˗
˗
4
˗
1
5
3
5
3
5
33

Coordinates
34˚00' 19.28"S 18˚22' 41.96"E
34˚00' 15.69"S 18˚22' 58.64"E
33˚59' 75.00"S 18˚24' 99.00"E
33˚58' 48.00"S 18˚25' 12.00"E
33˚57' 15.50"S 18˚26' 41.03"E
33˚57' 09.73"S 18˚27' 04.66"E
34˚03' 37.50"S 18˚29' 59.76"E
33°58' 05.76"S 18°56' 24.65"E
33˚54' 25.14"S 19˚03' 04.48"E
33˚54' 29.23"S 19˚16' 56.05"E
34˚13' 25.84"S 18˚50' 24.16"E
34˚19' 58.51"S 18˚57' 05.34"E
34˚23' 37.00"S 19˚16' 34.00"E
34°12' 43.00"S 19°30' 23.00"E
34˚55' 05.00"S 19˚41' 37.00"E
34˚29' 23.72"S 19˚43' 20.25"E
34˚02' 01.52"S 19˚36' 57.32"E
34˚04' 34.33"S 19˚49' 43.76"E
34˚17' 35.00"S 20˚29' 19.00"E
33˚59' 51.84"S 20˚27' 27.68"E
33˚58' 55.00"S 20˚49' 23.00"E

^present study
*Daniels et al. (2009)
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2.2.2 DNA extraction, PCR, and sequencing
DNA was extracted from tissue samples using a Qiagen DNEasy kit, following the manufacturer’s
protocol. Extracted DNA was stored in a refrigerator until required for PCR. Prior to use, a 1µl
DNA in 19µl water dilution was performed. Two partial gene fragments were selected for this
study. These were the mtDNA cytochrome oxidase one subunit (COI) and the 18S nuclear gene
locus. The selection of these loci was based on the fact that they exhibit varying mutational rates,
represent both the mtDNA and nDNA genomes respectively, and have been used with great success
to reconstruct evolutionary relationships in velvet worm and other invertebrate groups (Allwood et
al., 2010; Gleeson et al., 1998; Trewick, 2000; Daniels et al., 2009, 2010). The following primer
pairs were used; Folmer’s et al. (1994) LCOI-1490 and HCOI-2198 for a partial fragment of the
COI locus, and the primer pair 5F and 7R for 18S after Giribet et al. (1996). Polymerase chain
reactions (PCRs) were performed on a GeneAmp PCR System 2700 Thermocycler (Applied
Biosystems, Foster City, CA, USA). For COI, standard PCR conditions were employed using 13µL template DNA (Daniels et al., 2006, 2009; Daniels & Ruhberg, 2010). Standard protocols were
used to cycle sequence purified PCR products. Sequencing was performed on an ABI 3730 XL
automated machine. All specimens were sequenced for COI, whereas for 18S a single representative
specimen for each locality was sequenced.

2.2.3 Phylogenetic analyses
Sequence Navigator (Applied Biosystems) was used to check for base ambiguities and compute a
consensus sequence from forward and reverse strands. Sequence alignment was performed in
CLUSTAL X (Thompson et al., 1997). Evolutionary relationships were determined using
maximum parsimony (MP), maximum likelihood (ML) and Bayesian inference approaches. For the
MP analysis of the COI dataset, trees were generated using the heuristic search option with tree
bisection and reconnection (TBR) branch swapping using 100 random taxon stepwise additions and
gaps were executed as characters. The phylogenetic confidence in nodes recovered from MP and
ML analysis was obtained from bootstrap analysis of 1000 pseudo-replicates of data sets
(Felsenstein, 1985). Bootstrap values >75% were treated as strongly supported. MP and ML
analysis were conducted on the reduced, combined mtDNA and nDNA (COI and 18S) data matrix
using a single representative sample per locality and taxon for both genes. Uncorrected sequence
divergence values were calculated for the COI locus using PAUP.
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MRBAYES 3.0b4 (Ronquist & Huelsenbeck, 2003) was used to investigate optimal tree space
using Bayesian inferences for the COI dataset. Akaike information criteria (AIC) (Akaike, 1973)
were used to determine the best-fit maximum likelihood score.

MODELTEST

was used to determine

the best-fit substitution model for each gene locus for the Bayesian analysis. For each analysis ten
Markov Chains (MCMC) were run, starting from a random tree for five million generations,
sampling from every 1000th tree. A 50% majority rule consensus tree was generated from the trees
retained. After burn-in, trees were discarded. Posterior probabilities (pP) for each node were
estimated by the percentage of time the node was recovered. Posterior probability values <0.95
were regarded as poorly resolved. The analysis was conducted on the reduced, combined mtDNA
and nDNA (COI and 18S) data matrix again using a single representative sample per locality and
taxon. Phylogenetic data indicate that Peripatopsis (Pockock, 1894) is a monophyletic group
(Daniels et al., 2009). P. moseleyi Wood-Mason, 1879 and P. sedgwicki Purcell, 1899 are sister
species to P. capensis (Daniels et al., 2009). Hence two P. segdwicki specimens from Diepwalle
(Western Cape) and Port Elizabeth (Eastern Cape) and two P. moseleyi specimens from Karkloof
(KwaZulu-Natal) and Hogsback (Eastern Cape) respectively were selected as outgroup taxa.

2.2.4 Phylogeographic analysis
A haplotype network was constructed (for each individual clade obtained) using

TCS

1.21 (Clement

et al., 2000). Population genetic structure analysis was performed exclusively on the COI mtDNA
locus using ARLEQUIN version 3.5.1.2 (Excoffier et al., 2010). This is the most rapidly evolving
marker used in the present study for which the most comprehensive geographic sequencing was
undertaken (Brower, 1994). Standard diversity indices, including number of haplotypes (Nh),
haplotypic diversity (h), and nucleotide diversity (π) were used. To examine hierarchical population
structure, analysis of molecular variance (AMOVA) was performed by pooling the sample localities
from different locations into geographic clades evident from the preliminary phylogenetic analyses.
Deviations in allele frequencies were investigated using Fu’s F statistic (Fu, 1997). This test has
proven to be especially sensitive to a departure from population equilibrium as in the case of a
population expansion (Excoffier, 2010). GeoPhylobuilder v1.0 (Kidd & Liu, 2007) for ArcGIS was
used to test the geographical concordance of the COI MP phylogram.
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2.2.5 Divergence time estimation

To infer divergence times between the Peripatopsis capensis clades, the total evidence DNA
sequence data (COI and 18S) was used. According to Thorne & Kishino (2002) a multigene
approach yields more information than single-gene data. Divergence time estimation was performed
using a Bayesian framework; this employs a probabilistic model to define rates of molecular
sequence evolution of lineages over time and uses the Markov Chain Monte Carlo (MCMC) method
to derive clade ages as executed in the programme BEAST v1.5.1 (Drummond & Rambaut, 2007).
A relaxed molecular clock was employed (Drummond et al., 2006). For COI the suggested
mutation rates of 1.5% - 2.3% per million years for arthropods were used (Brower, 1994; Farrell,
2001; Trewick & Wallis, 2001; Boyer, 2007). The 18S mutation rate was estimated using a noninformative (1/x) prior. A multiple coalescent model was used for P. capensis (Heled &
Drummond, 2010).

MODELTEST

was used to obtain the most likely substitution model and

parameters for the combined (COI and 18S) dataset. Twelve independent MCMC chains were run
for 10 million generations with sampling carried out every 1000 generations. The convergence of
the 12 combined chains was determined by EES for each parameter in Tracer after appropriate
burnin cut-off. The trees comprising the 12 chains were combined using LogCombiner and were
assessed using TreeAnnotator. FigTree was used to construct a chronogram (v.1.2.3.1, Rambaut,
2009).

2.3 Results
2.3.1 Phylogenetic analyses

A 638 bp fragment of the COI locus was amplified and sequenced for 108 specimens, which
included 104 ingroup specimens and four outgroup (two P. moseleyi and two P. sedgwicki)
specimens. Using the AIC criteria, the GTR+I+G (-1nL = 2714.76; AIC = 5449.52) substitution
model was selected (Akaike, 1973). The base pair frequencies were A = 26.04%, C = 12.24%, G =
16.34%, and T = 45.37%. Similar results have been reported for velvet worms in other studies
(Gleeson et al., 1998; Daniels et al., 2009, Daniels & Ruhberg, 2011). The rate matrix was R(a) [AC] = 1.22, R(b) [A-G] = 21.56, R(c) [A-T] = 3.13, R(d) [C-G] = 0.59, R(e) [C-T] = 8.70, R(f) [G-T]
= 1.00, while the proportion of invariable sites was 0.29, with a gamma shape distribution of 0.32.
Analytical methods (MP and BI) revealed congruent tree topologies; hence, only the Bayesian tree
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is shown and discussed (Fig. 2.2). MP analyses retrieved a total of 129 parsimony informative
characters and yielded a total of 353 trees, with a tree length of 291 steps. The consistency index
(CI) was 0.56 while the retention index (RI) was 0.95. The tree topologies generally retrieved the
same clades with good statistical support. The analyses retrieved a statistically well-supported
monophyletic group for P. capensis (>83%/1.00 pP). Three clades were retrieved with strong
statistical support (>83%/1.00 pP). The Cape Peninsula clade (A) comprised specimens from
Newlands, Skeleton Gorge, Cecelia Forest, Orangekloof, Rhode’s Memorial and Myburgh’s Ravine
with strong statistical support (100%/1.00 pP). The Overberg clade (B) included specimens from
Marloth Nature Reserve, De Hoop Nature Reserve, and Grootvadersbosch Nature Reserve with
strong statistical support (100%/1.00 pP). The Theewaterskloof-Overstrand clade (C) comprised
specimens from Jonkershoek, Rondevlei, Dappat se gat, Kogelberg Biosphere Reserve,
Franschhoek, High Noon, Fernkloof Nature Reserve, Caledon, Greyton, Oubos, Grootbos Private
Reserve, and Napier with strong statistical support (>89%/1.00 pP). Marked uncorrected sequence
divergence values between the three clades were retrieved for the COI locus. For example clade A
(Cape Peninsula) differed from clades B (Overberg) and C (Theewaterskloof-Overstrand) by 8.93%
respectively. Furthermore clades B and C displayed a maximum sequence divergence value of
7.84%. Sequence divergence within clades was comparably low with 2.35% for clade A, 3.91% for
clade B, and 3.13% for clade C. The three clades were geographically concordant, thus
corresponding to the Cape Peninsula (clade A), Overberg (clade B), and the TheewaterskloofOverstrand (clade C) regions as obtained from GeoPhyloBuilder and revealed two low lying
barriers to gene flow (Fig. 2.3).
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Clade C

Clade B

Clade A

Figure 2: A Bayesian phylogram derived from the analyses of the COI mtDNA loci among the 21 Peripatopsis
capensis sample sites across the Western Cape, South Africa. The values above each node represent bootstrap
values (%) for parsimony (MP), while the values below each node represent the posterior probability (pP) value
derived from the Bayesian inference analyses. Asterisk (*) indicate nodes that are statistically unsupported
(<75% and <0.95 pP). Clades are labelled A (Cape Peninsula), B (Overberg), and C (TheewaterskloofOverstrand).
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Figure 3: A map indicating the geographical concordance of clades. Dropnodes from the maximum parsimony (MP) phylogram corresponds to various sample localities.
Clades correspond to three geographical regions namely; Cape Peninsula (Red), Theewaterskloof-Overstrand (Green), and Overberg (Purple).
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2.3.2 Population genetics
The haplotype network for the COI locus corroborates the phylogenetic analyses and retrieved three
clades (Fig. 4). A total of 54 haplotypes were retrieved, with clades A (Cape Peninsula) and B
(Overberg) each comprised of ten haplotypes while clade C (Theewaterskloof-Overstrand) was
comprised of 34 haplotypes (Appendix 1). The Cape Peninsula displayed the most shared
haplotypes indicating gene flow between localities. For example, haplotypes five and two were each
found at three different localities in clade A (Appendix 1). According to the AMOVA analysis,
clade A had the highest levels of genetic variation within localities followed by clade C and B
respectively. Clade B displayed the highest levels of genetic variation among localities followed by
clades C and A respectively. In summary, AMOVA revealed limited genetic variation among
localities on the Cape Peninsula, with the highest levels among the Overberg localities (Table 2.2).
FST values within clades were statistically highly significant indicating substantial genetic
structuring (Table 2.2, Appendix 1). Nucleotide diversity (πn) and haplotype diversity (h) within
clades are summarized in Table 2.3. The highest nucleotide diversity (πn) was retrieved for the
Theewaterskloof-Overstrand clade followed by the Overberg clade. The highest h-values were
found for Theewaterskloof-Overstrand with the Cape Peninsula and Overberg having lower but
similar values. Fu’s Fs were not statistically significant thus limiting any inferences from this
analysis.
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Figure 4: Haplotype networks derived from all samples sequenced for COI demonstrating three distinct haplogroups corresponding to the phylogram in Figure 2. The
numbers inside the circles correspond with the haplotypes in Appendix 2. The closed black circles represent missing or unsampled haplotypes.
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Table 2: Results of the AMOVA for the mtDNA analysis of the three clades detected within Peripatopsis capensis.
All highlighted values are statistically significant (P<0.001).

Clades
Clade A (Cape Peninsula)
Clade B (Overberg)
Clade C (Theewaterkloof-Overstrand)

FST
0.63298
0.82683
0.80952

(Va)
63.30%
82.68%
80.95%

(Vb)
36.70%
17.32%
19.05%

Fu's Fs
1.27
0.84
0.40
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Table 3: Diversity measures for Peripatopsis capensis with population numbers (Pop N) corresponding to those in Figure 1, sample size (N), number of haplotypes (Nh),
number of polymorphic sites (Np), haplotype diversity (h) and nucleotide diversity (πn).

Pop N
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

Localities
Myburgh Ravine
Orangekloof
Cecelia Forest
Skeleton Gorge
Newland's Ravine
Rhode's Memorial
Rondevlei Nature Reserve
Jonkershoek
Berg River Dam
High Noon
Dappat se gat
Kogelberg Biosphere Reserve
Fernkloof Nature Reserve
Caledon
Grootbos Private Nature Reserve
Napier
Greyton
Oubos
Potberg-De Hoop Nature Reserve
Marloth Nature Reserve
Grootvadersbosch Nature Reserve

N
4
4
7
4
3
6
1
4
4
4
5
2
5
1
9
6
3
4
10
10
8

Nh
3
2
3
3
1
2
1
3
2
2
2
2
4
1
7
3
3
3
2
5
3

Np
7
4
6
14
0
0
0
2
1
2
1
3
9
0
16
5
9
7
1
17
2

h
0.8333 ± 0.2224
0.5000 ± 0.2652
0.7143 ± 0.1267
0.8333 ± 0.2224
0.0000
0.3333 ± 0.2152
1.0000
0.8333 ± 0.2224
0.5000 ± 0.2652
0.5000 ± 0.2652
0.6000 ± 0.1753
1.0000 ± 0.5
0.9000 ± 0.1610
1.0000
0.9167 ± 0.0920
0.8000 ± 0.1217
1.0000 ± 0.2722
0.7000 ± 0.2184
0.5556 ± 0.0745
0.7556 ± 0.1295
0.4643 ± 0.2000

πn
0.005486 ± 0.004195
0.003135 ± 0.002630
0.004926 ± 0.003318
0.011755 ± 0.008312
0.0000
0.0000
0.0000
0.001567 ± 0.001553
0.000784 ± 0.000972
0.001567 ± 0.001553
0.000940 ± 0.001030
0.004702 ± 0.005430
0.007210 ± 0.004971
0.0000
0.008447 ± 0.005098
0.004180 ± 0.002980
0.009927 ± 0.008070
0.004389 ± 0.003241
0.000871 ± 0.000876
0.010658 ± 0.006205
0.000784 ± 0.000842
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2.3.3 Combined DNA analyses (COI mtDNA and 18S rDNA)
The combined sequence data yielded a total of 1052 bp of which 18S included 414 bp. Using the
AIC criteria, the GTR+G (-1nL = 2204.02; AIC = 4426.04) model was selected for COI whereas
the JC+I (-1nL = 665.52; AIC = 1333.05) model was selected for 18S. For MP, 105 characters were
parsimony informative producing a single tree with a tree length of 227 steps, CI= 0.57, and RI=
0.78. All three analytical methods (MP, ML and BI) produced near identical tree topologies (Fig.
2.3). The tree topology retrieved a statistically well-supported monophyletic group for P. capensis
(>93%/97%/1.00 pP). Clade A (Cape Peninsula) formed a monophyletic group with strong
statistical support (100%/99%/1.00 pP). Furthermore the monophyly of both clades B and C were
also well supported (97%/99%/1.00 pP and 84%/80/1.00 pP respectively).
Divergence time analyses
Cladogenesis within P. capensis occurred 3.14 Mya (95% confidence interval: 2.13-4.38 Mya).
Divergence between clade B (Overberg) and clade C (Theewaterskloof-Overstrand) occurred 2.39
Mya (95% confidence interval: 1.55-3.3 Mya). These results suggest a Pliocene/Pleistocene
divergence among the three P. capensis clades. Divergence times within clade A range from 0.590.02 Mya. Clades B and C are characterized by divergence times that range between 0.92-0.75 Mya
and 1.16-0.28 Mya respectively.
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2.4 Discussion
Peripatopsis capensis formed a well-supported monophyletic group comprised of three statistically
well supported, deeply divergent, and genetically distinct clades. Phylogenetic analysis reveals that
the clades are characterised by short terminal branches, and long internal branches (Fig. 2). These
clades correspond to three discrete geographical regions namely; the Cape Peninsula (clade A),
Overberg (clade B), and Theewaterskloof-Overstrand (clade C). Two phylogeographic breaks were
identified namely; Cape Flats and the Breede River valley (Fig. 4). Both areas are low lying and
characterized by nutrient-poor, acidic soils, and characterised by sparse low rainfall regimes thus
preventing the establishment of forest flora (Mucina & Rutherford, 2006). P. capensis diverged
during the Plio/Pleistocene epoch. This epoch was characterised by increasing aridification which
further facilitated the cladogenesis of the fire-dependent fynbos flora (Linder, 2003; Cowling et al.,
2009; Schnitzler et al., 2011; Bytebier et al., 2011). As a result CFR forests experienced marked
contraction and fragmentation (Mucina & Rutherford, 2006). Additionally this period corresponds
to varying cycles of marine transgressions and regressions coupled with geotectonic uplift in the
south east (Linder, 2003; Siesser & Dingle, 1981; Cowling et al., 2009). P. capensis displays deep
phylogeographic structure due to its habitat specificity and low vagility. Clade A has low levels of
genetic variation due to the historical isolation of the Cape Peninsula associated with an absence of
forest at low lying areas and Plio/Pleistocene changes in the CFR environment. Increasing levels of
genetic variation on an axis extending eastwards as far as the Langeberg Mountains, highlight the
impact of climatic and geological factors on the dynamics of forest contraction and expansion. Due
to its dependence on the stable microenvironment provided by CFR forests, P. capensis has
delineated the historical dynamics of the latter with high fidelity.
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2.4.1 Historical biogeography

The Cape Peninsula (clade A) is an isolated mountainous area surrounded by the Atlantic Ocean in
the west and the Cape Flats in the east, thus isolating the velvet worm fauna. Interestingly Skeleton
Gorge, which represents the most central sampled locality in the present study, contained the
highest haplotypic diversity. This raises the possibility of Skeleton Gorge acting as a refugial area.
The gorge is characterised by dense forest (McDonald pers. obs) and a perennial stream creating a
moist and humid environment (Prain, 1913). This conforms to the mainland-island metapopulation
pattern where, as a result, genetic divergences among populations are low (Mosblech et al., 2011).
Accordingly, clade A is characterized by the lowest levels of genetic variation compared to the
other clades. In contrast, genetic variation within localities was comparably high indicating
considerable genetic substructure and further evidence for an unstable metapopulation system
where low quality forest patches could present an obstacle to gene flow within localities (Mosblech
et al., 2011). For the most part, P. capensis is generally restricted to forested palaeorefugia
occupying sheltered ravines and gorges. Contemporary and historical forest habitat in this region
could be the main driver of the genetic system observed. The prevailing climate during the
Plio/Pleistocene would have limited the expansion of forest habitat. Linder (2003) suggests that low
sea levels may have led to a loss of rainfall at mountain regions. These marine regressions are
associated with lower absorption of incoming solar radiation due to a decrease in the area covered
by the oceans. This results in decreased evaporation and, consequently decreased precipitation with
an overall effect of increased aridity on-land (Theron, 1983). Lower temperatures further detract
from past (Miocene) tropical conditions (Deacon, 1985; Daniels et al., 2001).The Pliocene decrease
in forest habitat was further exacerbated by prehistoric pastoralists (1500-2000 B.P) who used fire
to manage the vegetation (Brain & Sillen, 1988; Deacon et al., 1983). Hence the increasingly
limited forest cover has a reduced capacity to maintain high levels of genetic diversity within the P.
capensis Cape Peninsula clade.
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Biogeographically the Cape Peninsula (Clade A) is separated from the Theewaterskloof-Overstrand
region (Clade C) by a phylogeographic barrier of approximately 60km called the Cape Flats
(Wishart & Hughes, 2001). The Cape Flats is assumed to have emerged after the closure of the
‘Cape Strait’, which once united Table Bay and False Bay (Schalke, 1973). Subsequent to the
Pliocene lowering of sea levels around southern Africa and a probable rise in the underlying
basement geology was the deposition of aeolian sands of marine origin (Walker, 1952; Siesser &
Dingle, 1981; Adelana et al., 2010). Thus the Cape Flats is characterised by nutrient-poor and
calcareous alkaline soils supporting the shrub-dominated Cape Flats Dune Strandveld (Mucina &
Rutherford, 2006). Several phylogeographic studies on mountain living invertebrates have
identified the Cape Flats as a barrier to gene flow between the Cape Peninsula and the
Theewaterskloof-Overstrand region. These include mountain living river crabs (Daniels et al.,
2001), mountain living net-winged midges (Wishart & Hughes, 2001, 2003), and mountain living
freshwater isopods (Gouws et al., 2004, 2010). Interestingly the Rondevlei locality falls within the
Cape Flats phylogeographic break. Yet, the Rondevlei specimen clustered with the
Theewaterskloof-Overstrand clade despite being geographically closer to the Cape Peninsula. More
specifically the phylogenetic trees retrieved indicated that it has a closer genetic affinity with
Jonkershoek taxa suggesting that a historical corridor of suitable habitat may have connected these
localities in the past. This can be explained by the Pleniglacial periods between 33 000 and 45 000
B.P during the Pleistocene where mixed Podocarpus forest were present in the central Cape Flats
region (Schalke, 1973; Chase & Meadows, 2007).

The highest levels of genetic variation were observed within the Overberg clade (B). High genetic
variation and a lack of shared haplotypes (Fig. 2.4) suggest that gene flow is limited among
localities at the Overberg. However, within clade B, two specimens from Marloth were nested
within the Grootvadersbosch subgroup suggesting the possibility of a historical connection between
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the two localities. Both these localities occur along the sheltered slopes at the middle and upper
reaches of the west-east trending southern Langeberg mountain range (McDonald et al., 1996).
These areas receive between 600mm and 1200mm of rainfall annually. According to McDonald &
Cowling (1995) the latter lies within the non-seasonal rainfall zone of the CFR where rainfall is
associated with circumpolar westerly fronts and postfrontal conditions related to the advection of
cool moist air above the warm Indian Ocean. Gene flow between Potberg-De Hoop and the former
localities are currently limited by an area colloquially known as the “Rûens”, which is an undulating
landscape straddled by the Potberg-De hoop mountain in the south and the Langeberg Mountains in
the north. The Rûens is characterised by a highly dissected landscape, relatively low rainfall, and
shallow soils supporting Rûens Silcrete Renosterveld (Schloms et al., 1983; Rebelo et al., 2006).
Divergence within clade B is dated between 0.75-0.92Mya in the mid-Pleistocene. The late
Pleistocene period was characterised by lower sea levels (100-160m below current sea levels) and a
drier climate (Deacon, 1983; Cowling & Lombard, 2002).

Clades B and C are separated by the Breede River valley basin. According to Theron (1983) the
elevated coastal topography in the southern Cape facilitated the establishment of larger rivers being
deeply entrenched in steep-sided valleys as a result of marine regressions. The Breede River valley
lies between the Riviersonderend Mountains in the south and the Langeberg Mountains in the north
(Kirchner et al., 1997). The valley displays unique abiotic characteristics relative to the latter
montane regions. It is characterised as semi-arid and receives approximately 270mm of rainfall per
annum. The valley comprises a variety of soil types (sandy, aeolian, acidic, alluvial, clay, and
loam) supporting different variants of fynbos respectively (Mucina & Rutherford, 2006). These
abiotic factors are unsuitable for the establishment of forests.

Clade C (Theewaterskloof-Overstrand) represents an area which forms the boundary between the
winter rainfall zone (WRZ) of the western-most CFR and the year-round rainfall zone (YRZ) in the
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south-east. In addition to high climatic variability, the Theewaterskloof-Overstrand sub region also
forms a large part of the Cape Fold Mountains and hence represents a landscape characterized by
high topographic heterogeneity. As a result clade C displayed three unique haplotypes, and had the
highest haplotypic (h) and nucleotide (πn) diversity. These findings suggest that clade C has had a
long evolutionary history in large, stable populations (Fitzpatrick et al., 2009).

2.4.2 Taxonomic considerations

Due to the geologically recent divergence of P. capensis, the rapidly evolving COI marker proved
to be useful for elucidating population structure (Avise, 2004). Using the same marker, Hebert et al.
(1991) employed a 3.3% sequence divergence to show that the Jamaican velvet worm species,
Plicatoperipatus jamaicensis, comprised two distinct lineages. Similarly, Rockman et al. (2001)
obtained low sequence divergence values ranging from 1.1-11.6% for morphologically distinct
Planipapillus (Reid, 1996) species. Sequence divergence values in the present study represent an
increase from the 6% sequence divergence obtained by Daniels et al. (2009) for the three clades and
could be a result of increased sample size. In accordance with the findings of Daniels et al. (2009),
the present study shows that velvet worm diversity associated with CFR forests were
underestimated. The presence of three putative species, of which two are novel and undescribed,
and associated with isolated forest patches, underpins the urgent need for a review of the group’s
conservation status. Despite the comparably high divergence values retrieved for P. capensis (7.848.93%) we exercise caution before basing our classification on a single molecular marker (Will &
Rubinoff, 2004). The inclusion of the nuclear 18S rDNA marker to create a combined topology was
congruent with the data based on COI alone. We prefer to use the phylogenetic species concept as a
starting hypothesis for species description (Cracraft, 1989). Preliminary gross morphological
analyses have revealed several potential diagnostic characters including ventral coloration and the
number of antennal rings. However, the most promising source of diagnostic morphological
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characters is provided by scanning electron microscopy (SEM) (See Daniels et al., 2009, Oliveira et
al., 2010, 2011). A forthcoming study aims to describe these two novel lineages.
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Chapter 3
3. Two new velvet worm species from the Western Cape province of
South Africa, P. lawrencei sp. nov. and Peripatopsis overbergiensis
sp. nov. (Onychophora: Peripatopsidae)
*This work formed the basis of a peer reviewed paper published in Zootaxa, 3380, 55-68.

3.1 Introduction
Onychophora have a notoriously conservative morphology and certain species are characterised by
high intraspecific variability in diagnostic morphological features. Collectively these factors have
led to an underestimation of species diversity in Australia, New Zealand, and more recently South
Africa and Brazil (Briscoe and Tait, 1995; Reid et al., 1995; Rowell et al., 1995; Tait et al., 1995;
Reid, 1996, 2000a, b; Gleeson et al., 1998; Tait and Norman, 2001; Daniels et al., 2009; Lacorte et
al., 2011; Oliveira et al., 2011). Daniels et al. (2009) using a combination of modern systematic
techniques conducted the first molecular DNA study, in combination with morphological data and
revealed widespread cryptic speciation within the South African genus Peripatopsis Pockock, 1894.
Tentatively the species diversity doubled, from eight to sixteen operational taxonomic units
(Daniels et al., 2009). These results further suggest marked levels of localised endemicity. The
identification of species complexes that comprise multiple novel operational taxonomic units
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(Peripatopsis balfouri (Sedgwick, 1885), P. capensis (Grube, 1866), and P. moseleyi (WoodMason, 1879)) necessitated further examination. Subsequently, a genetic study was initiated to
resolve the taxonomy within each of the three species complexes. Daniels and Ruhberg (2010)
found that P. moseleyi was a complex comprised of five genetically distinct clades. Similarly, a
systematic study on P. capensis sensu lato using the mitochondrial COI and 18S genetic markers,
detected three statistically well-supported monophyletic clades (McDonald & Daniels, 2012). The
clades were allopatric, geographically exclusive and restricted to the Cape Peninsula (Clade A),
Overberg (Clade B), and the Theewaterskloof-Overstrand (Clade C) (Fig. 3.1). Clades were further
characterised by the absence of gene flow and marked sequence divergence at the COI gene. The
latter authors concluded that three putative species were nested within P. capensis, two of which are
novel and undescribed.
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Clade C

Clade A

Clade B

Figure 5: A Bayesian phylogram derived from the analysis of COI mtDNA loci among 21 Peripatopsis capensis sensu lato sample sites across the Western Cape, South
Africa alongside a map indicating the geographical concordance of clades (= species). P. capensis sensu strictu, Clade A (red); P. overbergiensis sp. nov., Clade B (purple);
P. lawrencei sp. nov., Clade C (green).
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The Cape Peninsula, more specifically the Rhodes Memorial area, represents the type locality for P.
capensis. However, since all the Cape Peninsula samples formed a distinct statistically well
supported clade, all samples in this clade are referred to as P. capensis. Based on the latter study
(McDonald & Daniels, 2012) we prefer to employ the phylogenetic species concept as a starting
hypothesis (Carcraft, 1989). Accordingly the general lineage concept equates species with
separately evolving metapopulation (i.e. an inclusive population made up of connected
subpopulations) lineages where multiple lines of evidence support lineage separation (de Queiroz,
2007). In addition, morphological and geographic information will be used to establish
discontinuities.
The present study aims to describe the two novel species nested within P. capensis sensu lato
namely; P. lawrencei sp. nov. and P. overbergi sp. nov. using gross morphological and SEM
observations. Conservation implications are discussed.
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3.2 Materials and methods
3.2.1 Collection and preparation of specimens
Collected specimens were separated into two groups: 1) to be preserved in 100% ethanol for DNA
analysis (McDonald & Daniels, 2012), and 2) preservation in 70% ethanol for SEM analysis
(present study). A total of thirteen males representing each of the three clades identified in
(McDonald & Daniels, in press) were selected for SEM analysis. A further 270 specimens (which
included) samples from the present study, Daniels et al. (2009), and additional samples (P. capensis
sensu lato) from the South African Museum (Iziko) were used for gross morphological analysis.
Samples were hand-collected from forest understory including rotten logs, leaf-litter, moss, and
beneath ravine rocks. Locality coordinates were recorded with a handheld global positioning system
(Garmin-Trek Summit). All samples were refrigerated at 4˚C prior to analysis. Samples were
identified using the dichotomous key provided by Sherbon and Walker (2004).

3.2.2 Gross morphological analyses

All specimens were observed with a Leica ES2 stereomicroscope. Holotypes and paratypes were
measured for length. The following gross morphological characters were observed: number of leg
pairs, claws on the last leg pair, dorsal and ventral body colour, dorsal patterning, antennal
coloration or patterning, and presence of male crural papillae. Most museum specimens were
depigmented and could thus not be accurately sexed. Voucher material has been deposited in the
South African Museum of Natural History, Iziko Museums of Cape Town (SAM). Male and
Females are designated by ‘M’ and ‘F’ respectively.
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3.2.3 Scanning Electron Microscopy (SEM)
In preparation for SEM, specimens were subjected to an ethanol gradient of decreasing strength to
substitute ethanol with water. Subsequently specimens were fixed in 4% formalin overnight.
Hereafter specimens were subjected to an ethanol gradient of increasing strength from water to
100% ethanol. Specimens were dissected into five sections namely; ventral anterior region (legs 16), ventral mid-section (legs 7-12), ventral posterior (legs 13-17(+1)), and a 4mm2 integumentcutting from the dorsal midsection. Dissected parts were dehydrated, critical-point dried, and gold
coated. Mounted specimens were analysed in a Zeiss® Evo MA15 scanning electron microscope.
Morphological characters associated with the dorsal papillae, spinous footpads, feet, antennae, and
the male genital area were investigated.

3.2.4 DNA sequence data

The phylogenetic results from McDonald & Daniels (2012) were used for species diagnosis in the
present study. In addition, DNA sequence accession numbers from Daniels et al. (2009) were
downloaded from GENBANK.
List of abbreviations
SAM ENW – South African Museum, Cape Town – Entomological Collection (Iziko Museums of
Cape Town)
ZMH – Zoological Museum Hamburg, Germany
SEM – scanning electron microscopy
M – male specimens
F – female specimens
n/a – not applicable
ICZN – International Code for Zoological Nomenclature
n – number of specimens
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Table 4: Morphological variation in male Peripatopsis capensis sensu lato
Sample locality

n

Myburgh Ravine
Orangekloof
Skeleton Gorge
Rhodes Memorial
Potberg-De Hoop Nature
Reserve
Marloth Nature Reserve

1
4
1
3
10

Grootvadersbosch
Nature Reserve
Jonkershoek
Berg River Dam
Dappat se gat
Kogelberg Biosphere
Reserve
Fernkloof Nature
Reserve
Caledon
Grootbos Private
Reserve
Napier
Oubos
Total number of
specimens

17

6

Diagnostic Clade

Number of
pregenital leg
pairs

Primary dermal
papillae shape

Dermal papillae
arrangement

Clade A
(Cape Peninsula)

17

Cylindrical/Dome-shaped

Densely spaced

Semicircular/Domeshaped

Widely spaced

Conical/semicircular

Moderately spaced

18 (n=2; 17)
Clade B
(Overberg)

18 (n=1; 17)
18 (n=4; 17)

3
4
6
3
4
3
5
2
6
78

Clade C
(TheewaterskloofOverstrand)

17

Dorsal coloration

Slate black-brown
Slate black
Brown-black
Dark brown/Indigo
Dark brown (n=9,
white head collar)
Dark brown-black/rust
orange/indigo
Dark brown-black/rust
orange
Rust brown-orange
Dark rust-brown
Dark brown-black
Rust brown-orange
Dark brown/Indigoblack
Rust brown
Dark brown-indigo

Crural tubercle shape

n/a

Semicircular
proximally/cylindrical
distally

Distal section of
tubercle not strongly
demarcated

Dark brown-black
Rust brown-orange
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3.3 Taxonomy
Peripatopsis capensis sensu lato
Principal specific characters (modified after Purcell, 1899, Ruhberg, 1985, and Hamer et al., 1997):
Colour and patterning: Dorsal coloration: 1) Dark brown/slate black to olive green/bluish black, 2)
Rust orange. Dark dorsal midline with orange or light lateral band above legs along the entire body.
Creamy white to orange ventral coloration.
Legs: 17+1, seldom 18+1 (Last leg pair strongly reduced lacking claws and pads). Dorsal foot surfaces
with ridges in most cases. 3-4 complete spinous footpads. Distinct crural tubercle present on last
pregenital leg (Table 3.1).
Integument: 7-8 plicae between feet. Generally semicircular primary dermal papillae with 4-7 scale
ranks. Antennae brown/black to dark indigo. 5-8 rows of chemoreceptors at antennal tips. Mouth
surrounded by 13-17 oral lips.
Male genital area: Gonopore cruciform or with “horizontal arms” pointing slightly towards anus.
Anterior genital pads larger than posterior pads.
Behaviour: Does not spiral when initially exposed (Compared to P. balfouri; which curls up spirally,
Hamer et al., 1997)
Habitat: Afromontane forest patches and surrounding fynbos (sometimes within or under pine logs,
e.g. Rhodes Memorial). Collected under decaying wood logs, leaf litter, and stones, generally close to
streams.
Distribution: Southern parts of the Western Cape province including the Cape Peninsula,
Theewaterskloof-Overstrand, and Overberg regions.
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Peripatopsis capensis sensu stricto
(Cape Peninsula or “Clade A”, McDonald & Daniels, 2012)
Bouvier (1907) ascertained that the type material of P. capensis (Grube, 1866) has been lost. (Ruhberg,
1985). Consequently Ruhberg (1985) established a neotype to stabilize the taxon (Article 75, IUCN).
Neotype. Rhodes Memorial, Table Mountain, Cape Peninsula, Western Province, South Africa: 1 M
collected 1975 by S. and M. Kiselowa. See Ruhberg (1985: 94) for full description. Zoological
Museum Hamburg, Germany (ZMH A25/80)
Additional material examined. SAM-ENW-C6438; Myburgh Ravine, Table Mountain, Cape
Peninsula, Western Cape, South Africa, 1 M and 3 F collected 2010 by McDonald and Abels. SAMENW-C6439; Orangekloof, Table Mountain, Cape Peninsula, Western Cape, South Africa, 2 M and 6
F collected 2010 by McDonald and Abels, SAM-ENW-C6440; 3 M and 2 F collected 2010 by
McDonald and Abels. SAM-ENW-C6441; Cecelia Forest, Table Mountain, Cape Peninsula, Western
Cape, South Africa, 2F and 2 (n/a) specimens collected 2006 by Picker, SAM-ENW-C6442; 1 F and 4
(n/a) specimens collected 2006 by Picker, SAM-ENW-C6443; 4 F collected 2010 by McDonald and
Abels. SAM-ENW-C6444; Skeleton Gorge, Table Mountain, Cape Peninsula, Western Cape, South
Africa, 3 (n/a) collected 2010 by McDonald. SAM-ENW-C6445; 1 F collected 2006 by S.K. SAMENW-C6446; Rhodes Memorial, Table Mountain, Cape Peninsula, Western Cape, South Africa, 1 M
and 4 F collected 2010 by McDonald and Abels. SAM-ENW-C6447; Rhodes Memorial, Table
Mountain, Cape Peninsula, Western Cape, South Africa, 1 M and 4 F collected 2010 by McDonald and
Abels. SAM-ENW-X7267; Kirstenbosch, Table Mountain, Cape Peninsula, Western Cape, South
Africa, 1 M collected 1898 by Treleaven, 1 (n/a) collected 1900 by Treleaven. SAM-ENW-X6384;
Platteklip Ravine, Table Mountain, Cape Peninsula, Western Cape, South Africa, 1 M collected by
Purcell 1900, SAM-ENW-X6371; 2 (n/a) collected by Purcell 1900, SAM-ENW-X1061; 1 (n/a)
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collected 1896 by Lightfoot and Purcell, SAM-ENW-7275; 7 juveniles collected 1901 by Purcell,
SAM-ENW-C2010; 1 (n/a) collected 1981 by Car. SAM-ENW-X6386; Newlands, Table Mountain,
Cape Peninsula, Western Cape, South Africa, 1 M and 1 (n/a) collected 1900 by Lightfoot and Purcell,
SAM-ENW-X1064; 1 (n/a) collected 1898 by Purcell, SAM-ENW-X4014; 1 (n/a) collected 1898 by
Treleaven. SAM-ENW-X1060; Mowbray, Cape Town, Western Cape, South Africa, 1 (n/a) collected
1877 by Bright. SAM-ENW-X1063; St. James, Kalk Bay, Cape Peninsula, Western Cape, South
Africa, 4 (n/a) collected 1898 by Purcell, SAM-ENW-X1065; 1 (n/a) collected 1896 by Beard, SAMENW-B738; 1 (n/a) collected 1909 by Godfrey, SAM-ENW-X6383; 3 M ( date and collector not
specified). SAM-ENW-X7279; Bergvliet, Constantia, Cape Peninsula, Western Cape, South Africa, 1
F collected 1901 by Purcell. SAM-ENW-7289; Unknown locality, Cape Peninsula, Western Cape,
South Africa, 3 (n/a) collected 1903 by French.
Diagnosis
COI: Myburgh Ravine: JN798075-JN798076, Orangekloof: JN798079-JN798082, Rhodes Memorial:
JN798083-JN798088, Skeleton Gorge: EU855330, JN798089-JN798091, Cecelia Forest: EU855329EU855331, JN798092-JN798095
P. capensis sensu stricto forms a genetically distinct and well-supported monophyletic grouping (Fig.
3.1). Sequence divergence values between P. capensis senso stricto and (P. lawrencei sp. nov. and P.
overbergiensis sp. nov.) are 8.1% and 8.6% respectively.
18S: Myburgh Ravine: JN798147, Orangekloof: JN798148, Rhodes Memorial: JN798158, Skeleton
Gorge: JN798150, Cecelia Forest: JN798143
The 18S topology was congruent with that of COI where P. capensis sensu stricto forms a genetically
distinct and well-supported monophyletic grouping (McDonald & Daniels, 2012).
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Description
Colour and patterning: Dark brown/slate black/indigo and seldom rust orange pigmentation. Dark
dorsal midline with light lateral band above legs along the entire body (Table 3.1).
Legs: 17+1 leg pairs. Dorsal foot ridges absent. Three complete spinous footpads with the fourth being
completely fragmented (Table 3.1)
Integument: Densely spaced primary dermal papillae with relatively large accessory papillae (fig. 3.2c,
Table 1), cylindrical or dome-shaped primary dermal papillae with 6-9 scale ranks (fig. 3.3c, Table 1).
6-8 rows of chemoreceptors at the antennal tips. Mouth surrounded by 16-17 oral lips.
Male genital area: Gonopore cruciform. Genital pads covered with sensory spines.
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Figure 6: Scanning electron microscopy images illustrating the arrangement of the primary dermal papillae. a, P.
overbergiensis sp. nov., widely spaced primary dermal papillae with 2 intermittent accessory papillae, b, P. lawrencei
sp. nov., moderately spaced primary dermal papillae with 2-3 intermittent accessory papillae, c, P. capensis, densely
spaced primary dermal papillae with 3-5 intermittent accessory papillae.
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Figure 7: Scanning electron microscopy images illustrating morphological variation in the primary dermal papillae.
a, P. overbergiensis sp. nov., semicircular or dome-shaped primary dermal papillae with 6 scale ranks, b, P. lawrencei
sp. nov., conical or semicircular primary dermal papillae with 5 scale ranks, c, P. capensis, semicircular or domeshaped primary dermal papillae with 9 scale ranks.
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Remarks
P. capensis differs from P. lawrencei sp. nov. and P. overbergiensis sp. nov. in the primary dermal
papillae structure as well as the dermal papillae arrangement (fig. 3.2 & 3.3). P. capensis is also
characterised by the absence of ridges on the dorsal surface of the foot. Sequence divergence between
P. capensis and the two novel lineages is marked (8.1% and 8.6% for P. lawrencei sp. nov. and P.
overbergiensis sp. nov. respectively).
Habitat
Afromontane forest patches in the southwestern part of the Western Cape province. Collected under
decaying wood logs, leaf litter, and stones generally close to streams. Specimens were also found
within and beneath rotting pine logs from old pine plantations (e.g. Rhodes Memorial)
Distribution
Restricted to the Cape Peninsula Mountains.
Etymology
See original description.
Peripatopsis lawrencei sp. nov
(Theewaterskloof-Overstrand or “Clade C”, McDonald & Daniels, 2012)
Material examined
Holotype. SAM-ENW-C6468a; Oubos, 34˚04' 34.33"S, 19˚49' 43.76"E, Riviersonderend, Western
Cape Province, South Africa, 1 M collected 20 October 2010 by McDonald and Abels.
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Paratypes. SAM-ENW-C6468b; Oubos, 34˚04' 34.33"S, 19˚49' 43.76"E, Riviersonderend, Western
Cape Province, South Africa, 4 M collected 20 September 2010 by McDonald and Abels.
Additional material examined. SAM-ENW-C6457; Fernkloof Nature Reserve, 34˚23' 37.00"S, 19˚16'
34.00"E, Hermanus, Western Cape Province, South Africa, 1 F collected 2006 by Daniels and van den
Worm, SAM-ENW-C6458a and b; 3 M and 3 F collected 2010 by McDonald and Abels. SAMENW-C6455; Dappat se gat, 34˚13' 25.84"S, 18˚50' 24.16"E, Gordon’s Bay, Western Cape Province,
South Africa, 6 M and 3 F collected 2011 by Van Zyl. SAM-ENW-C6456a and b; Kogelberg
Biosphere Reserve, 34˚19' 58.51"S, 18˚57' 05.34"E, Kleinmond, Western Cape Province, South Africa,
1 M and 3 F collected 2011 by McDonald and Abels. SAM-ENW-C6462; Grootbos Private Reserve,
34˚55' 05.00"S, 19˚41' 37.00"E, Gansbaai, Western Cape Province, South Africa, 1 F and 3 (n/a)
collected 2006 by Daniels, SAM-ENW-C6463a and b; 5 M and 6 F collected 2010 by McDonald and
Abels. SAM-ENW-C6464; Napier, 34˚29' 23.72"S, 19˚43' 20.25"E, Western Cape Province, South
Africa, 5 F collected 2010 by Van Zyl, SAM-ENW-C6465; 2 M and 10 F collected 2006 by Daniels
and Picker. SAM-ENW-C6454; High Noon, 33˚54' 29.23"S 19˚16' 56.05"E, Villiersdorp, Western
Cape Province, South Africa, 9 juveniles collected 2006 by Picker, Cowlin, and Merl. SAM-ENWC6453; 5 (n/a) collected 2006 by Picker and Cowlin. SAM-ENW-C6466, Greyton, 34˚02' 01.52"S
19˚36' 57.32"E, Western Cape Province, South Africa, 3 (n/a) (date and collector not specified). SAMENW-C6448; Jonkershoek Nature Reserve, 33°58' 05.76"S, 18°56' 24.65"E, Stellenbosch, Western
Cape Province, South Africa, 1 M and 3 F collected 2011 by McDonald and Abels. SAM-ENWC6449; 2 M and 2 F collected 2011 by McDonald and Abels. SAM-ENW-X7290; unspecified locality,
Stellenbosch, Western Cape Province, South Africa, 1 (n/a) collected 1905 by Brown. SAM-ENWC6488; Rondevlei, 34˚03' 37.50"S 18˚29' 59.76"E, Cape Flats, Western Cape Province, South Africa, 1
(n/a) collected by Picker (date not specified). SAM-ENW-C6467; Oubos, 34˚04' 34.33"S, 19˚49'
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43.76"E, Riviersonderend, Western Cape Province, South Africa, 5 juveniles collected 2010 by
McDonald and Abels. SAM-ENW-C6461; Klein Swartberg, 34°12' 43.00"S, 19°30' 23.00"E, Caledon,
Western Cape Province, South Africa, 1 F collected 2011 by McDonald and Abels; SAM-ENWC6460; 3 M and 4 F collected 2011 by Diedericks and Broeckhoven, SAM-ENW-X6390; 15 (n/a)
collected by Watermeyer and Purcell (date not specified). SAM-ENW-C6450, C6451, and C6452;
Berg River Dam, 33˚54' 25.14"S, 19˚03' 04.48"E, Franschoek, Western Cape Province, South Africa, 4
M and 2 F collected 2010 by Van Zyl. SAM-ENW-X6388; Houw Hoek, Western Cape Province, South
Africa, 5 (n/a) collected 1900 by Purcell. Sir Lowry’s Pass, Western Cape Province, South Africa,
SAM-ENW-X4024; 1 (n/a) collected 1899 by Purcell.
Diagnosis:
COI: High Noon, Villiersdorp: EU855288-EU855291, Grootbos Private Nature Reserve: EU855344EU85548, Greyton: EU855340-EU855342, Fernkloof Nature Reserve: EU855336, JN798123JN798126, Dappat se gat: JN798096-JN798100, Caledon: JN798101, Jonkershoek: JN798102JN79805, Kogelberg: JN798106-JN79807, Oubos: JN798108-JN798111, Rondevlei: JN798112,
Napier: JN798113-JN798118
P. lawrencei sp. nov. forms a genetically distinct and well-supported monophyletic grouping (Fig. 3.1).
Sequence divergence values between P. lawrencei sp. nov. and (P. capensis and P. overbergiensis sp.
nov.) are 8.1% and 7.8% respectively.

18S: High Noon, Villiersdorp: JN798146, Greyton: JN798153, Fernkloof Nature Reserve: JN798145,
Dappat se gat: JN798151, Caledon: JN798142, Jonkershoek: JN798161, Kogelberg: JN798162,
Oubos: JN798157, Rondevlei: JN798159, Napier: JN798160, Grootbos Private Nature Reserve:
JN798154
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The 18S topology is congruent with that for COI where P. lawrencei sp. nov. again forms a genetically
distinct and well-supported monophyletic grouping (McDonald & Daniels, 2012).
Description
Measurements: Holotype (M): Length: 20mm, Paratypes (M adults, n=4): 12-19mm
Colour and patterning: Dark brown/slate black/indigo to rust orange pigmentation. Dark dorsal midline

with light lateral band above legs along the entire body (Table 1).
Legs: 17+1 leg pairs. Dorsal foot surface with ridges (fig. 3.4a). Three complete spinous footpads with
the fourth being completely to partially fragmented. Crural tubercle semicircular proximally and
cylindrical distally (Table 1).
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Figure 8: Scanning electron microscopy images illustrating the dorsal foot surface with ridges in: a, P. lawrencei sp.
nov. and b, P. overbergiensis sp. nov.
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Figure 9: SEM images illustrating morphological variation in the genital area. a, P. overbergiensis sp. nov., genital
area with posterior genital (pg) pads smaller (with fewer sensory spines) than anterior genital (ag) pads, b, genital
area with posterior genital (pg) pads smaller (with fewer sensory spines) than anterior genital (ag) pads, c, genital
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area with the posterior genital (pg) pads similar in size (and with same amount of sensory spines) as anterior genital
(ag) pads.

Integument: Moderately spaced primary dermal papillae with 2-3 intermittent accessory papillae (fig.
3.2b, Table 1), conical or semicircular dermal papillae with 4-7 scale ranks (fig. 3.3b, Table 1). 5-7
rows of chemoreceptors at antennal tips. Mouth surrounded by 15-16 oral lips.
Male genital area: Gonopore cruciform with “horizontal arms” pointing slightly towards anus.
Posterior genital pads smaller and with fewer sensory spines than anterior pads (fig. 3.5b).
Remarks
P. lawrencei sp. nov. differs from P. capensis in the structure of the male genital pads (compare Figs.
5b & 5c) as well as the number of scale ranks on the primary dermal papillae (figs. 4b &4c).
Furthermore P. lawrencei sp. nov. is superficially similar to P. overbergiensis sp. nov. with slight
differences in the dermal papillae arrangement and structure. However, sequence divergence values for
the two species are 7.8%, indicating considerable genetic variation. Characters associated with the
antennae (e.g. number of antennal rings) were generally unreliable due to preservation artefacts and
were hence omitted from the analysis.
Habitat
Afromontane forest patches in the southwestern part of the Western Cape province. Collected under
decaying wood logs, leaf litter, and stones generally close to streams.
Distribution
Theewaterskloof-Overstrand region: P. lawrencei sp. nov. collected from areas at and surrounding the
Hottentots-Holland mountains including the Riviersonderend Mountains and Rondevlei being isolated
on the Cape Flats.
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Etymology
Named after the late Dr. Reginald Frederick Lawrence, a respected South African invertebrate
systematist with a long-standing interest in velvet worms.
Peripatopsis overbergiensis sp. nov.
(Overberg or “Clade B”, in McDonald & Daniels, 2012)
Material examined
Holotype. SAM-ENW-C6480a; Grootvadersbosch Nature Reserve, 33˚58' 55.00"S, 20˚49' 23.00"E,
Langeberg, Western Cape Province, South Africa, 1 M collected 5 October 2010 by McDonald and
Abels.
Paratypes. SAM-ENW-C6480b; Grootvadersbosch Nature Reserve, 33˚58' 55.00"S, 20˚49' 23.00"E,
Langeberg, Western Cape Province, South Africa, 2 M and 1 F collected 5 October 2010 by McDonald
and Abels.
Additional material examined. SAM-ENW-C6482, C6483, C6484, C6485, C6486, and C6487;
Grootvadersbosch Nature Reserve, 33˚58' 55.00"S, 20˚49' 23.00"E, Langeberg, Western Cape
Province, South Africa, 17 M and 41 F collected 2006 by Daniels, Fortuin, and Gordon, SAM-ENWC6330; 11 (n/a) collected by Prins (date not specified). SAM-ENW-C6475, C6476, C6477, C6478,
C6479; Duiwelsbos, 33˚59' 51.84"S, 20˚27' 27.68"E, Marloth Nature Reserve, Swellendam, Western
Cape Province, South Africa, 6 M, 3 F, and 9 sectioned specimens collected 2006 by Daniels, Fortuin,
and Gordon; SAM-ENW-C6472, C6473, C6474; 1 M, 7 F and 3 juveniles collected 2010 by
McDonald and Abels. SAM-ENW-X6391; Unspecified locality, Swellendam, Western Cape Province,
South Africa, 2 M and 1 (n/a) collected 1900 by Fry, SAM-ENW-X6389; 8 (n/a) collected 1900 by
Purcell. SAM-ENW-B6386; Tradouws Pass, Swellendam, Western Cape Province, South Africa, 1
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(n/a) (date and collector not specified), SAM-ENW-B6837; 1 (n/a) collected (date not specified) by
Barnard. SAM-ENW-C6471; De Hoop Nature Reserve, 34˚17' 35.00"S, 20˚29' 19.00"E, Potberg,
Western Cape Province, South Africa, 3 M, 1 F, and 3 (n/a) collected 2006 by Daniels and Fortuin;
SAM-ENW-C6469 and C6470; 6 M and 4 F collected 2010 by Daniels, McDonald, Engelbrecht, and
Gordon.
Diagnosis
18+1, seldom (n=6) 17+1 leg pairs.
COI: Potberg-De Hoop Nature Reserve: EU855316-EU855320, JN798137-798141, Grootvadersbos
Nature Reserve: EU855311-EU855315, JN798127-JN798129, Marloth Nature Reserve: EU855284EU855287, JN798130-JN79813033
P. overbergiensis sp. nov. forms a genetically distinct and well-supported monophyletic grouping (Fig.
1). Sequence divergence values between P. overbergiensis sp. nov. and (P. capensis and P. lawrencei
sp. nov.) are 8.6% and 7.8% respectively.

18S: Potberg-De Hoop Nature Reserve: JN798144, Grootvadersbos Nature Reserve: JN798155,
Marloth Nature Reserve: JN798156
The 18S topology is congruent with that for COI where P. overbergiensis sp. nov. again forms a
genetically distinct and well-supported monophyletic grouping (McDonald & Daniels, 2012)
Description
Measurements: Holotype (M): length: 26mm, Paratypes: (M, n= 2) 14-23mm, (F, n= 1) 32mm
Colour and patterning: Dorsal coloration: two colour morphs present; 1) Dark brown/slate black to
olive green/bluish black, 2) Rust orange. Dark dorsal midline with orange or light lateral band above
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legs along the entire body. Creamy white or orange ventral coloration. De Hoop specimens (n=17) with
distinct white antennal base (Table 1).
Legs: 18+1, seldom 17+1 leg pairs. Dorsal foot surface with ridges (Fig. 3.4b). Four complete or
partially fragmented (last footpad) spinous footpads. Distal section of the crural tubercle is not strongly
demarcated (Table 1).
Integument: Primary dermal papillae widely spaced with two intermittent accessory papillae (Fig. 3.2a,
Table 1), semicircular or dome-shaped primary dermal papillae with 5-6 scale ranks (Fig. 3.3a, Table
1). 6-8 rows of chemoreceptors at antennal tips. Mouth surrounded by 13-16 oral lips.
Male genital area: Gonopore cruciform with “horizontal arms” pointing slightly towards anus.
Posterior genital pads smaller with fewer sensory spines than anterior pads (Fig. 3.5a).
Remarks
P. overbergiensis is genetically distinct and forms a well-supported monophyletic grouping (Fig. 3.1).
This species is distinct from P. capensis and P. lawrencei sp. nov in terms of the number of pregenital
legs. Specimens having 17 pregenital leg pairs are associated with dark (dirty cream) ventral coloration.
Some specimens (De Hoop locality only) are characterised by a white antennal base. P. overbergiensis
sp. nov. is further characterised by four complete spinous footpads (Fig. 3.4a). Characters associated
with the antennae (e.g. number of antennal rings) were generally unreliable due to preservation
artefacts and were hence omitted from the analysis.
Habitat
Afromontane forest patches in the southeastern part of the Western Cape province. Collected under
decaying wood logs, leaf litter, and stones generally close to streams.
Distribution
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Overberg region: P. overbergiensis sp. nov has been collected from the Marloth and Grootvadersbosch
nature reserves which form part of the Swellendam district and is located on the lower reaches of the
Langeberg Mountain ranges. Specimens have also been collected from De Hoop nature reserve at the
Potberg Mountain.
Etymology
Named after the Overberg biogeographic region.
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3.4 Discussion
The analysis of DNA sequence data, scanning electron microscopy, and gross morphology provide
compelling evidence for the presence of three distinct species nested within P. capensis sensu lato. The
P. capensis species-complex is unified by a few superficial characters that have underestimated
diversity within the group (Daniels et al., 2009). Traditional gross morphological characteristics such
as dorsal coloration and number of leg pairs were of limited utility in species diagnosis (Daniels &
Ruhberg, 2010). However, number of leg pairs proved to be a partially useful diagnostic character for
P. overbergiensis sp. nov. suggesting that certain characters should be evaluated on a case by case
scenario. The use of scanning electron microscopy to explore fine scale morphological characters
yielded more success (Read, 1984; Daniels et al., 2009; Oliveira et al., 2011). However, the presence
of only subtle diagnostic characters underscores the recent divergence within the P. capensis speciescomplex (3.14 Mya) (McDonald & Daniels, 2012). As a result, the designation of the two new species
is largely based on DNA sequence data and geographical information (Fig. 3.1). DNA-based species
descriptions are slowly gaining acceptance and have been successful in a variety of cryptic taxa (e.g.
skipper butterflies) including Onychophora (e.g. Peripatoides novaezealandiae (Hutton, 1876),
Epiperipatus spp., and Peripatopsis moseleyi) (Hebert et al., 2003; Cook et al., 2010; Trewick, 1998;
Oliveira et al., 2011; Ruhberg & Daniels, 2013).
In accordance with de Queiroz’s (2007) proposition of a unified species concept we have identified P.
lawrencei sp. nov. and P. overbergiensis sp. nov. as “separately evolving lineages”. For the COI gene,
three distinct, well-supported monophyletic clades were characterized by long internal branches
(McDonald & Daniels, 2012). Furthermore sequence divergence values ranged between 7.8%-8.6%
among the three taxa. Previous studies on the Onychophora have employed considerably lower values
in delineating new species (e.g. 3.3%, Plicatoperipatus jamaicensis (Clark, 1913); and 1.1-11.6%,
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Planipapillus spp.) (Hebert et al., 1991; Rockman et al., 2001). Despite having a slower rate of
evolution the 18S rDNA marker displayed a similar tree topology providing further evidence for
separately evolving lineages (Zhang & Hewitt, 2003). The DNA sequence data is further corroborated
by the geographic distribution where P. capensis, P. lawrencei sp. nov. and P. overbergiensis sp. nov.
are restricted to the Cape Peninsula, Theewaterskloof-Overstrand, and Overberg regions respectively
and further characterised by the absence of geneflow (McDonald & Daniels, 2012). This provides a
strong case for geographic isolation as additional operational criteria (de Queiroz, 2007; Cook et al.,
2010).

3.4.1 Conservation implications
The description of two new species within the P. capensis species complex has important implications
for endemicity within the group. P. capensis and P. overbergiensis sp. nov. are now restricted to the
Cape Peninsula and the Overberg regions respectively. Similarly, P. lawrencei sp. nov. has a narrow
distribution and is limited to the Theewaterskloof-Overstrand region. Peripatopsis species are largely
restricted to the forested, mountainous regions of the Western Cape (Hamer et al., 1997). Indigenous
forests are currently threatened by encroachment from alien invasive flora, the establishment of new
timber plantations, and fire events (Hamer et al., 1997; Alston & Richardson, 2006; Daniels, 2011).
Decision-makers need to consider indigenous forest when developing fire management strategies for
the surrounding fynbos vegetation. In the absence of adequate fire management, fynbos could develop
high fuel loads resulting in very intense fires that damage the forest margin (Van Wilgen et al., 1990).
The latter authors suggest average fire frequencies that would allow tree species to establish and grow
large enough to survive fires of moderate intensity allowing forest patches to expand.
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A population genetic study undertaken by Daniels (2011) on Opistopatus roseus in the Ngele forest
(KwaZulu-Natal) revealed that saproxylic habitats provided by indigenous forest potentially harbour
high levels of genetically distinct individuals. Similar small-scale population studies could reveal
valuable information on the intrapopulation diversity within Peripatopsis. Similar studies for other low
dispersing invertebrate taxa have also revealed high levels of genetic diversity associated with
Afromontane regions (e.g. montane isopods) (Gouws et al., 2010). These areas should be prioritized
for conservation. Since all three clades in the present study occur in high lying areas that are under
nature conservation protection, all three species are currently well protected.
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Chapter 4
4. The phylogenetics, biogeography, and conservation of the genus
Peripatopsis
4.1 Introduction
Despite commitments by global leaders in 2002 to limit biodiversity loss through the Convention on
Biological Diversity, several indicators have demonstrated that by 2010 biodiversity loss was in a
continued state of decline and that there was no significant reduction or reversal in losses (Butchart et
al., 2010). Of the 5-9 million animal species globally, circa 11 000 to 58 000 species are being lost
annually (Dirzo et al., 2014). According to Cardoso et al. (2011) invertebrate groups comprise the vast
majority of the latter global loss with 40% of the group threatened with extinction (Dirzo et al., 2014).
Yet, according to the IUCN Red List of threatened species <0.3% of invertebrates are known to have
been evaluated leaving large gaps in our current knowledge (Baillie et al., 2004). Mirroring the global
conservation scenario invertebrates are severely under-represented in studies of southern African
diversity and present unique taxonomic challenges given their high diversity and endemicity (Slotow &
Hamer, 2000; McGeoch et al., 2011). It follows that the conservation status of most South African
invertebrate groups are poorly studied with the exception of butterflies, dragonflies, trapdoor and
baboon spiders, terrestrial molluscs, one genus of millipede, and Onychophora (McGeoch et al., 2011;
Dippenaar-Schoeman, 2002; Henning & Henning, 1989; Samways, 2006; Scholtz & Chown, 1995;
Daniels & Ruhberg, 2010; Daniels et al., 2013; Daniels et al., 2009; Daniels, 2011; McDonald et al.,
2012; Myburgh & Daniels, 2015; Ruhberg & Daniels, 2013).
Onychophora, more commonly known as ‘velvet worms’, are habitat specialists comprising an ancient
relictual invertebrate lineage that has fascinated evolutionary biologists (Murienne et al., 2014). The
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organisms have limited vagility, exhibit a low desiccation tolerance, and are usually restricted to
saproxylic environments within forests including decaying wood logs and leaf litter (Clusella-Trullas &
Chown, 2008; Manton & Ramsay, 1937; Newlands & Ruhberg, 1978). Furthermore, in South Africa
the group displays a close affinity with relictual Afromontane forest habitats (Daniels et al., 2009;
Brinck, 1957; Hamer et al., 1997; Enrody-Younga & Peck, 1983). Afromontane forest represents the
smallest biome in South Africa and comprise <0.3% of the country’s land area (Mucina & Rutherford,
2006). The biome is highly fragmented and most of the patches occupy less than 1km² generally
occurring below 1000m, in areas where rainfall exceeds 600 mm (Rutherford & Westfall, 1986;
Mucina & Rutherford, 2006). The current distribution of forest patches in Southern Africa is
hypothesized to have arisen due to the synergy of several factors leading to climatic deterioration since
the mid Miocene (~10 Mya), before which coastal margins and adjacent inland areas harboured
extensive sub-tropical vegetation under warmer and moister conditions (Cowling et al. 2009; Coetzee
1983; Linder, 2003). Factors leading to the contraction of closed/forest habitat included aridity
associated with the development of the Benguela upwelling system on the west coast of southern
Africa (Siesser, 1980), geotectonic uplift across the sub-continent from the Miocene to Plio/Pleistocene
(King, 1978), and marine regressions and transgressions (Hendey, 1983). Furthermore the uneven uplift
of the Great Escarpment in the Pliocene (Partridge & Maud, 2000) led to the raising of eastern margins
higher than western margins. As a result western Cape Floristic Region (CFR) aridity was strengthened
due to greater interception of rainfall from the warm Agulhas current on the east coast. The latter
resulted in the division of the southern African coastal margin into a western “seasonal rainfall zone”
and an eastern “all year rainfall zone” (Cowling & Lombard, 2002). According to Linder (2003) the
west-east axis may have a dominant influence on plant distribution patterns where the western CFR has
twice as many species as the eastern CFR and double the endemism, suggesting climate variation as a
driver in the west. A further feature of the interplay between western CFR species diversity and
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climatic conditions was the development of fire-prone/pyrophytic fynbos habitat during the late
Miocene (Linder, 2005; Bytebier et al., 2011) which established fire pathways and restricted forest
habitat to high lying areas and sheltered ravines. Hence these factors have led to the development of
forest patches as palaeorefugia which continue to play a critical role in the survival and evolution of
ancient invertebrate biota like Onychophora during climatic perturbations (Stuckenberg, 1962; Deacon,
1983; Keppel et al., 2012). Presently the biome faces several threats including encroachment from alien
invasive flora, habitat destruction, the establishment of new timber plantations, and to a lesser extent
fire events and climate change (Eeley et al., 1999; Daniels, 2011; Alston & Richardson, 2006; Hamer
et al., 1997).
Two velvet worm genera occur in South Africa, Peripatopsis and Opisthopatus (Hamer et al., 1997).
The genus Peripatopsis (Pockock, 1894) has a broad distribution across the latter mesic regions in the
Western Cape, Eastern Cape, and KwaZulu-Natal provinces of South Africa. Historically Peripatopsis
was characterised by eight species, with several species thought to be widely distributed, while the
taxonomy was based on several highly variable morphological features (Hamer et al., 1997). The most
recent conservation assessment of South African velvet worm genera was undertaken by Hamer et al.
(1997) and submitted to the IUCN. According to the latter author three Peripatopsis species required
Red List status (IUCN, 1994). The point endemic P. alba (Lawrence, 1931), known only from the
Wynberg cave system in the Western Cape, was categorised as ‘vulnerable’. P. clavigera (Purcell,
1899) was categorised as ‘vulnerable’ considering that the forest habitat in which they occur was
largely protected, while P. leonina (Purcell, 1899) was categorised as ‘critically endangered’ (Hamer et
al., 1997) due to the species ‘not being reliably discovered for over 90 years’, despite exhaustive
searches. The latter species may have gone extinct following an absence of recollections in the last 100
years, further stressing the need for effective conservation of this ancient faunal group. The genus
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Peripatopsis was recently subjected to considerable modern systematic scrutiny using DNA sequence
data and scanning electron microscopy in an attempt to delineate species boundaries (Daniels et al.,
2009; Daniels & Ruhberg, 2010, McDonald & Daniels, 2012, McDonald et al., 2012; Daniels et al.,
2012, Ruhberg & Daniels, 2013). Daniels et al. (2009) identified three main species complexes that
required further taxonomic scrutiny (P. balfouri Sedgewicki, 1885; P. capensis Grube, 1866; and P.
moseleyi Wood-Mason, 1879). Peripatopsis capensis was shown to comprise three evolutionary
distinct units (McDonald & Daniels, 2012), two of which were described as new species (McDonald et
al., 2012). Within the P. balfouri complex three distinct lineages represented novel species, while P.
stelliporata was synonymised with P. balfouri (Daniels et al., 2013). Similarly, five novel lineages
were identified within P. moseleyi, leading Ruhberg & Daniels (2013) to describe four new species.
Consequently species diversity within Peripatopsis increased from nine (Hamer et al., 1997) to sixteen
described species. A large number of the novel described species are characterised by narrow endemic
distribution ranges, rendering them sensitive to potential extinction in the wild. In light of the increase
in species diversity among Peripatopsis observed as a result of these recent studies a reappraisal of the
group’s conservation status is required. The assessment of conservation status and category of threat
requires continued revision as new information becomes available. According to Samways (2002)
IUCN assessments generally need to be undertaken at a ten year minimum interval. Considering that
the last formal conservation assessment of Peripatopsis was undertaken by Hamer et al. (1997) prior to
the results from the subsequent systematic studies, a new assessment is now warranted.
Conservation assessments have traditionally focused on species richness as a metric to assign
conservation priorities and hence protect biodiversity (Hidasi-Neto et al., 2013). While species richness
measures the number of species in an area it is unable to quantify the ‘feature’ diversity contributed by
a species or set of taxa. Features represent possible future uses and benefits (or option value) and
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includes functional diversity and evolutionary potential (Faith, 2013; Winter et al., 2013). According to
Faith (1992) taxonomically distinct species are likely to contribute more to the diversity of a given
subset of species through its contribution of different features. The emergence of phylogenetic diversity
(PD) indexes as an additional tool to inform conservation priority setting has added the loss of
‘evolutionary information’ to conservation considerations (Winter et al., 2013). Phylogenetic diversity
is measured as the sum of all the branch lengths which represent a species or set of taxa on a
phylogenetic tree (Faith, 1992). Hence the measure calculates the total contribution of evolutionary
history by a species or set by adding its branch lengths across the minimum spanning path of a tree
from root to tips (Faith et al., 2004; Laity et al., 2015). Whilst some studies found species richness to
be a good surrogate for phylogenetic diversity (Rodrigues et al., 2005, Polasky et al., 2001), other
studies found the two metrics to be decoupled (Forest et al., 2007) providing a strong motivation to
employ both measures. Another measure which has emerged as a useful tool for assigning conservation
priority is evolutionary distinctiveness (ED). ED scores for each species is calculated by dividing the
total phylogenetic diversity of a clade amongst its members (Isaac et al., 2007). Species with few close
relatives will retrieve high ED values suggesting ‘relicts’, while species with low ED scores are
suggestive of recent radiations or ‘cradles of diversity’ (Isaac et al., 2007).
The first objective of this study is to gain a better understanding of how palaeoclimatic events shaped
the distribution and evolutionary relationships within the Peripatopsis genus. Secondly, we will
determine how phylogenetic diversity (PD), species richness (SR) and evolutionary distinctiveness
(ED) is distributed within the genus. Finally, we conduct an assessment of the conservation status of
the genus Peripatopsis based on the IUCN Red listing framework. We predict that species’ threat status
has changed since the last assessment considering the findings of recent taxonomic endeavours which
have led to the near doubling of taxonomic diversity.
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4.2 Materials and Methods
4.2.1 Samples and data
The genus Peripatopsis contains 16 species and is concentrated in Afromontane regions of the Western
Cape, Eastern Cape, and KwaZulu-Natal in South Africa (Fig. 1). Sampled localities fell within four
geomorphic provinces. These were the Cape Fold Mountains, Southern Coastal Platform, East London
Coastal Hinterland, Southern Coastal Hinterland (Partridge et al., 2010). The Cape Fold Mountains is
further divided into 2 sub-provinces namely Atlantic and Syntax Zone. According to Nel (2007)
representative spatial units are needed to help set conservation targets and goals. Geomorphic provinces
are based on criteria including geomorphic history, geological structure, climate, location, and altitude.
The latter attributes form the basis of Stuckenberg’s (1962) zoogeographical delineation of the montane
palaeogenic element in the South African invertebrate fauna. In Stuckenberg (1962) the distribution
pattern of Peripatopsis is broadly classified into the Cape Fold Ranges and the Eastern Highlands,
which is of limited value for identifying priority conservation areas. Hence for the purposes of this
study Partridge et al.'s (2010) geomorphic provinces will be used to classify and delineate conservation
priorities within Peripatopsis.
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Tulbagh sp. nov.

Figure 10: Map of South Africa detailing the localities where the 15 Peripatopsis species and one putative species
were sampled.
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Table 5: Sample localities and GENBANK accession numbers of Peripatopsis species collected throughout the
Western and Eastern Cape and KwaZulu-Natal in South Africa. (n/a – not uploaded to GENBANK)
Species

Locality

Genbank accession #

Reference study

Peripatopsis moseleyi

Pirie Forest

COI

18S

COI

18S

HM210108

HM210137

Daniels & Ruhberg (2010)

Daniels & Ruhberg (2010)

Peripatopsis storchi

Katberg

HM210122

HM210138

Daniels & Ruhberg (2010)

Daniels & Ruhberg (2010)

Peripatopsis janni

Amathole

HM210118

HM210135

Daniels & Ruhberg (2010)

Daniels & Ruhberg (2010)

Peripatopsis birgeri

Karkloof Falls

EU855276

HM210143

Daniels et al. (2009)

Daniels & Ruhberg (2010)

Peripatopsis birgeri

Mount Currie

HM210103

HM210145

Daniels & Ruhberg (2010)

Daniels & Ruhberg (2010)

Peripatopsis hamerae

HM210133

HM210146

Daniels & Ruhberg (2010)

Daniels & Ruhberg (2010)

Peripatopsis moseleyi

Groot
Bruintjieshoogte
Seymour

n/a

HM210140

Daniels & Ruhberg (2010)

Daniels & Ruhberg (2010)

Peripatopsis moseleyi

Amathole

n/a

HM210136

Daniels & Ruhberg (2010)

Daniels & Ruhberg (2010)

Peripatopsis janni

Hogsback

n/a

HM210134

Daniels & Ruhberg (2010)

Daniels & Ruhberg (2010)

Peripatopsis moseleyi

Hogsback

n/a

HM210141

Daniels & Ruhberg (2010)

Daniels & Ruhberg (2010)

Peripatopsis moseleyi

Keiskammahoek

n/a

HM210142

Daniels & Ruhberg (2010)

Daniels & Ruhberg (2010)

Peripatopsis birgeri

Swartkop Forest

n/a

HM210144

Daniels & Ruhberg (2010)

Daniels & Ruhberg (2010)

Peripatopsis moseleyi

Quacu

n/a

HM210139

Daniels & Ruhberg (2010)

Daniels & Ruhberg (2010)

Peripatopsis moseleyi

Stutterheim

n/a

n/a

Daniels & Ruhberg (2010)

Daniels & Ruhberg (2010)

Peripatopsis balfouri

Kirstenbosch

EU855343

KC766069

Daniels et al. (2009)

Daniels et al. (2013)

Peripatopsis bolandi

Simonsberg

KC766103

KC766073

Daniels et al. (2013)

Daniels et al. (2013)

Peripatopsis balfouri

Simonsberg

KC766100

KC766070

Daniels et al. (2013)

Daniels et al. (2013)

Peripatopsis bolandi

Kogelberg

KC766115

KC766087

Daniels et al. (2013)

Daniels et al. (2013)

Peripatopsis bolandi

Heldeberg

KC766110

KC766072

Daniels et al. (2013)

Daniels et al. (2013)

Peripatopsis balfouri

Booi se skerm

KC766120

KC766074

Daniels et al. (2013)

Daniels et al. (2013)

Peripatopsis balfouri

Newlands

KC766107

KC766075

Daniels et al. (2013)

Daniels et al. (2013)

Peripatopsis balfouri

Slangolie

KC766113

KC766076

Daniels et al. (2013)

Daniels et al. (2013)

Peripatopsis balfouri

St James

KC766123

KC766077

Daniels et al. (2013)

Daniels et al. (2013)

Peripatopsis purpureus

Du Toit

KC766127

KC766078

Daniels et al. (2013)

Daniels et al. (2013)

Peripatopsis alba

Wynberg Caves

KC766128

KC766079

Daniels et al. (2013)

Daniels et al. (2013)

Peripatopsis balfouri

Orangekloof

KC766129

KC766080

Daniels et al. (2013)

Daniels et al. (2013)

Peripatopsis balfouri

Du Toit

KC766132

KC766081

Daniels et al. (2013)

Daniels et al. (2013)

Peripatopsis cederbergiensis

Boschkloof

EU855280

KC766082

Daniels et al. (2009)

Daniels et al. (2013)

Peripatopsis cederbergiensis

Helskloof

EU855296

KC766083

Daniels et al. (2009)

Daniels et al. (2013)

Peripatopsis bolandi

Landroskop

EU855306

KC766088

Daniels et al. (2009)

Daniels et al. (2013)

Peripatopsis bolandi

Jonkershoek 1

EU855324

KC766085

Daniels et al. (2009)

Daniels et al. (2013)

Peripatopsis bolandi

Fernkloof

EU855333

KC766086

Daniels et al. (2009)

Daniels et al. (2013)

Peripatopsis balfouri

Kogelberg

EU855339

KC766071

Daniels et al. (2009)

Daniels et al. (2013)

Peripatopsis bolandi

Landroskop

EU855349

KC766084

Daniels et al. (2009)

Daniels et al. (2013)

Peripatopsis purpureus

Bainskloof

EU855357

KC766090

Daniels et al. (2009)

Daniels et al. (2013)

Peripatopsis purpureus

Mitchell's Pass

EU855358

KC766091

Daniels et al. (2009)

Daniels et al. (2013)

Peripatopsis sedgwicki

Port Elizabeth

EU855367

n/a

Daniels et al. (2009)

n/a
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Peripatopsis sedgwicki

Diepwalle

EU855253

n/a

Daniels et al. (2009)

n/a

Peripatopsis sedgwicki

Lady's Slipper

EU855366

n/a

Daniels et al. (2009)

n/a

Peripatopsis lawrencei

Fernkloof

JN798126

JN798145

McDonald & Daniels (2012)

McDonald & Daniels (2012)

Peripatopsis lawrencei

Dappat se Gat

JN798100

JN798151

McDonald & Daniels (2012)

McDonald & Daniels (2012)

Peripatopsis capensis

Skeleton Gorge

JN798091

JN798150

McDonald & Daniels (2012)

McDonald & Daniels (2012)

Peripatopsis capensis

Cecelia Forest

JN798095

JN798143

McDonald & Daniels (2012)

McDonald & Daniels (2012)

Peripatopsis lawrencei

Oubos

JN798110

JN798157

McDonald & Daniels (2012)

McDonald & Daniels (2012)

Peripatopsis lawrencei

High Noon

EU855288

JN798146

Daniels et al. (2009)

McDonald & Daniels (2012)

Peripatopsis lawrencei

Greyton

EU855340

JN798153

Daniels et al. (2009)

McDonald & Daniels (2012)

Peripatopsis overbergiensis

Grootvadersbosch

JN798129

JN798155

McDonald & Daniels (2012)

McDonald & Daniels (2012)

Peripatopsis overbergiensis

Marloth

JN798136

JN798156

McDonald & Daniels (2012)

McDonald & Daniels (2012)

Peripatopsis overbergiensis

Potberg De Hoop

JN798141

JN798144

McDonald & Daniels (2012)

McDonald & Daniels (2012)

Peripatopsis clavigera

Garden of eden

EU855375

KC766092

Daniels et al. (2009)

Daniels et al. (2013)

Peripatopsis clavigera

Diepwalle

EU855254

KC766093

Daniels et al. (2009)

Daniels et al. (2013)

Peripatopsis clavigera

Homtini

EU855267

KC766094

Daniels et al. (2009)

Daniels et al. (2013)

Peripatopsis clavigera

Wilderness

EU855292

KC766095

Daniels et al. (2009)

Daniels et al. (2013)

Peripatopsis sp.

Tulbagh

n/a

n/a

n/a

n/a
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Specimens used in this study were hand-collected during the period 2008-2012 (Table 1). We sampled
multiple populations for all known species of the genus Peripatopsis with the exception of P. leonina,
which is considered extinct following numerous collection attempts (Daniels et al., 2013). We included
one putative Peripatopsis species from the Tulbagh region. One specimen from each locality was
included for phylogenetic analysis.

4.2.2 Phylogenetic analyses
Nucleotide sequence data for cytochrome oxidase one subunit (COI) region of the mitochondrial DNA
and 18S rRNA nuclear DNA gene locus were obtained for all species within the genus Peripatopsis.
COI sequences were obtained from GENBANK following prior taxonomic work on the genus (Daniels
& Ruhberg, 2010; Daniels et al., 2013, 2009; McDonald & Daniels, 2012) while for the 18S locus new
sequences were generated since the earlier studies used a different primer pair combination. The new
primer pairs 5F and 7R were obtained from Giribet et al. (1996). Sequence alignment was performed in
CLUSTAL X (Thompson et al., 1997). A phylogeny for the combined COI and 18S haplotypes was
estimated using a maximum parsimony (MP), maximum likelihood (ML), and Bayesian inference. A
single representative sample per locality and taxon was used. MP was determined using MEGA v.7
(Kumar et al., 2016). For the latter analysis trees were generated with Tree-Bisection-Regrafting (TBR)
algorithm using 100 random additions of sequences and gaps were treated as characters. Nodal support
for the MP analysis was obtained from a bootstrap test of 1000 replicates of datasets (Felsenstein,
1985). RAxML Blackbox (Stamatakis et al., 2008) was used to conduct an ML analysis on the
combined dataset. Akaike information criteria (AIC) (Akaike, 1973) were used to determine the best-fit
maximum likelihood score. For the ML analyses, heuristic searches with TBR branch swapping and
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100 random additions of taxa were performed. For the MP and ML analyses bootstrap values >75%
were treated as strongly supported. MRBAYES 3.0b4 (Ronquist & Huelsenbeck, 2003) was used to
investigate optimal tree space using Bayesian inferences for the combined dataset. JModelTest2
(Darriba et al., 2012) was used to determine the best-fit substitution model for each gene locus for the
Bayesian analysis. For each analysis, ten Markov Chain Monte Carlo (MCMC) simulations were run,
starting from a random tree for five million generations, sampling from every 1000 th tree. A 50%
majority rule consensus tree was generated from the trees retained. After burnin, trees were discarded.
Posterior probabilities (pP) for each node were estimated by the percentage of time the node was
recovered. Posterior probability values < 0.95 were regarded as poorly resolved. The genus
Peripatopsis was found to be sister to the Chilean genus Metaperipatus (Allwood et al., 2010). Hence
two Metaperipatus species, M. inae and M. blainsvilli were included as outgroups.

4.2.3 Divergence time estimation

Divergence times within the genus Peripatopsis were inferred using both the COI and 18S rDNA
partitions for the 56 taxa dataset. Divergence time estimation was performed using a Bayesian
framework which employs a probabilistic model to define rates of sequence evolution of lineages over
time. The latter uses the Markov Chain Monte Carlo (MCMC) method to derive clade ages as executed
in the programme BEAST version 1.8.2 (Drummond et al., 2012). A lognormal uncorrelated relaxed
clock model was employed. For the COI and 18S rDNA loci a mean mutation rate of 2% per Myr was
assumed with a 95% interval of 1.4-2.6% per Myr, covering a wide range of published panarthropod
rates (Knowlton & Weigt, 1998; Schubart et al., 1998; Projecto-Garcia et al., 2009). Despite the large
credibility intervals retrieved by the latter approach, Daniels et al. (2016) states that the latter approach
is necessary considering the large uncertainty of molecular clock calibration and represents a
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conservative workaround to the dubious practice of biogeographic-based calibration. We applied the
Yule process to the partitions as a tree prior because it is a simple model of speciation that is generally
more appropriate when considering sequences from different species (Drummond & Bouckaert, 2015).
Furthermore the GTR+Γ substitution model was employed. Two chains of 100 million generations
were run on the dataset, with sampling being carried out every 10 000 generations. Stationary and
effective sampling size (ESS) of parameters were investigated in Tracer 1.6 (Rambaut et al., 2014); the
initial 25% of samples were discarded as burnin, and sufficient ESS values > 300 were obtained for all
parameters.

4.2.4 Ancestral area reconstruction

To determine a hypothesis of the geographical ancestral origins of the genus Peripatopsis, ancestral
character state reconstruction for biogeographic areas based on South African geomorphic provinces
(Partridge et al., 2010) was carried out in Mesquite v3.04 (Maddison & Maddison, 2015). The present
area of occurrence was coded for each taxon and corresponded to the following five geomorphic
provinces: Atlantic Cape Fold Mountains, Syntax Zone Cape Fold Mountains, Southern Coastal
Platform, East London Coastal Hinterland, Southern Coastal Hinterland (Partridge et al., 2010). A
likelihood reconstruction method was used to trace character history across the ultrametric BEAST tree
in Mesquite. We used a Markov k-state 1 parameter model where the single parameter is the rate of
change (Lewis, 2001). Character states were considered unequivocal when proportional likelihoods
were ≥0.95.

4.2.5 Phylogenetic diversity, Evolutionary Distinctiveness, and Species Richness
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Methods for estimating phylogenetic diversity have been divided in to two categories (Krajewski,
1994) whereby distance-based methods can be distinguished from node-based methods. Node-based
methods are sensitive to phylogenetic branching order within a monophyletic group and the diversity
contribution of a species is weighted by the inverse number of the nodes between that species and the
root of the tree (Vane-Wright et al., 1991). In contrast distance-based methods utilise phylogenetic
trees with scaled branch-lengths, where the diversity of a subset of species is the length of the minimal
spanning subtree that includes those species (Faith, 1992). We used the locality data for Peripatopsis in
South Africa and the group’s Bayesian phylogeny to perform a spatial analysis in BIODIVERSE
(Laffan et al., 2010). Species richness and phylogenetic diversity were calculated and displayed in
ArcGIS 10.3. A one-way Analysis of Variance (Anova) was conducted for Faith’s PD and an
independent samples t-test was conducted for species richness values under the null hypothesis that
mean PD/SR values of the five geomorphic provinces are equal. To assess the levels of taxonomic
distinctness within Peripatopsis we measured Evolutionary Distinctness (ED) using the Tuatara v. 1.01
package for MESQUITE (Maddison & Mooers, 2007). The assessment was conducted using the
ultrametric Beast tree. The measure was proposed by Isaac et al. (2007) and measures the length of the
species’ terminal branch plus its species-weighted shares of ancestral branches. A one-way Analysis of
Variance (Anova) was conducted for the ED values under the null hypothesis that mean ED values of
the five geomorphic provinces are equal.

4.2.6 Extent of occurrence, Area of occupancy, Extent of suitable habitat

Locality data were plotted onto a map using ArcGIS 10.3. Extent of occurrence (EOO) is defined as the
area contained within the shortest continuous imaginary boundary which can be drawn to encompass
all the known, inferred or projected sites of present occurrence of a taxon (IUCN, 2012). EOO was
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measured with a minimum convex polygon using the IUCN EOO calculator tool in ArcGIS 10.3
(IUNC spatial data resources). The minimum convex polygon (MCP) is the smallest polygon in which
no internal angle exceeds 180° and which contains all the sites of occurrence. Hence the calculation is
not possible for species with <3 localities.
Area of occupancy is defined as the area within its EOO which is occupied by a taxon. According to
the IUCN (2012) the measure reflects the fact that a taxon will not usually occur throughout the area of
its EOO, which may contain unsuitable or unoccupied habitats. Area of occurrence was calculated
using a 4km² grid as recommended by the IUCN (2014) in ArcGIS 10.3. Extent of suitable habitat was
calculated using the EOO minimum convex polygons for each species. Forest areas falling within the
EOO were clipped and calculated using the South African National Vegetation Map (BGIS, 2012).

4.3 Results
4.3.1 Combined DNA sequence analyses (COI+18S rDNA)

The combined data yielded a total of approximately 1.2kb. The substitution model selected for the ML
analyses using the AIC criteria (Akaike, 1973) was GTR+I+G (-lnL = 8118.86; AIC = 16477.71). The
base frequency for the combined gene sequence was A = 23.15%, C = 20.05, G = 23.05, T = 33.75.
The rate matrix was R(a)[A-C] = 0.53, R(b)[A-G] = 21.53, R(c)[A-T] = 8.84, R(d)[C-G] = 5.13,
R(e)[C-T] = 7.59, R(f)[G-T] = 1, while the proportion of invariable sites (I) = 0.62, with a gamma
shape distribution α=0.69. The substitution model for the COI locus using the AIC criteria was
TPM3uf+I+G (-lnL = 6026.98; AIC = 12287.96). The base frequency for the gene fragment was A =
0.35%, C = 0.4%, G = 0.09%, T = 0.52%. The rate matrix was R(a)[A-C] = 4.59, R(b)[A-G] = 31.42,
R(c)[A-T] = R(f)[G-T] = 1, R(d)[C-G] = 4.59, R(e)[C-T] = 31.42, while the proportion of invariable
sites (I) = 0.46, with a gamma shape distribution α = 0.4. The substitution for the 18S rDNA locus
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using the AIC criteria was TIM2+I+G (-InL = 1647.98; AIC = 3531.96). The base frequency for the
gene fragment was A = 0.2%, C = 0.28%, G = 0.30%, T = 0.23%. The rate matrix was R(a)[A-C] =
0.41, R(b)[A-G] = 0.56, R(c)[A-T] = 0.41, R(d)[C-G] = R(f)[G-T] = 1, R(e)[C-T] = 1.59, and the
proportion of invariable sites (I) = 0.64, with a gamma shape distribution α = 0.43. The determination
of evolutionary history using MP yielded two most parsimonious trees with a tree length of 1269 steps.
The CI and RI for parsimony informative sites were 0.35 and 0.68 respectively. The three analytical
methods (MP, ML, and BI) generated congruent tree topologies and supported the same clades in most
cases. Hence the combined BI tree is shown and discussed (Fig. 2). The monophyly of Peripatopsis
was well supported (1.00 pP/100%/100%). The two P. clavigera specimens from the Garden of Eden
and Homtini localities formed a basal clade (0.97 pP/97%/99%) that was sister to a large clade
comprising the remainder of the Peripatopsis genus.
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Figure 11: Bayesian inference topology for the combined DNA analyses amongst Peripatopsis species. The values
above each node represent the posterior probability (pP) value derived from the Bayesian inference analyses and
bootstrap values (%) for maximum likelihood (ML), while the values below each node represent those for maximum
parsimony (MP). NS indicated nodes that were not statistically well supported (<75% and <0.95 pP).
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The latter clade was unresolved and included a P. clavigera specimen from the Wilderness sister to an
unresolved clade including P. cederbergiensis (Boschkloof and Helskloof, 1.00 pP/100%/100%), a P.
clavigera specimen from Diepwalle, and the putative species from the Secret Falls locality in Tulbagh;
also sister to the weakly supported major clade including the remainder of the Peripatopsis species (P.
alba, P.balfouri, P. purpureus, P. bolandi, P. sedgwicki, P. capensis, P. overbergiensis, P. lawrencei,
P. hamerae, P. moseleyi, P. janni, P. birgiri, and P. storchi). The latter included a well supported clade
(1.00 pP/75%/NS) comprising the troglobitic P. alba retrieved as equidistant relative to P. balfouri
(1.00 pP/89%/81%) and a weakly supported clade comprising P. bolandi (NS/75%/NS) and P.
purpureus (1.00 pP/97%/94%). The second clade (1.00 pP/96%/96%) within the aforementioned major
clade included a basal P. sedgwicki clade retrieved with good statistical support (0.92 pP/91/82) sister
to a weakly supported clade comprising a further two clades representing Western Cape and Eastern
Cape/KwaZulu-Natal species respectively. The Western Cape clade was retrieved with strong statistical
support (1.00 pP/97%/99%) and included deeply divergent clades representing P. capensis (1.00
pP/100%/100%), P. overbergiensis (1.00 pP/100%/100%), and P. lawrencei (1.00 pP/93%/98%). The
Eastern Cape/KwaZulu-Natal clade retrieved good support (NS/82%/84%) but internal clades were
unresolved. With respect to the latter a P. moseleyi clade (1.00 pP/100%/100%) comprising a specimen
from the Amatole Mountains together with a specimen from Pirie Forest was equidistant to and fell
outside of a second P. moseleyi clade (0.93 pP/75%/92%) (Hogsback, Keiskammahoek, Seymour,
Quacu, Stutterheim). The clade comprising P. birgiri specimens (Karkloof Falls, Swartkop Forest,
Mount Curry) was not well supported.
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4.3.2 Biogeographic analysis

The reconstruction of ancestral areas for the Peripatopsis genus suggests that the group originated in
the Syntaxis Cape Fold Mountains geomorphic province during the early Miocene (Fig. 3).
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Figure 12: Ultrametric tree showing lineage diversification for the genus Peripatopsis. Likelihood optimisation
probabilities for the ancestral areas indicated by pie charts at the major nodes. Highest likelihood for nodes 1-11
highlighted in the divergence time table. Terminal taxa are colour coded according to the area in which they occur.
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The latter proportional likelihood was low (0.44) and the result should be considered equivocal. During
this period the common ancestor diverged into two lineages occupying the Syntaxis Cape Fold and
Southern Coastal Platform provinces. The Southern Coastal Platform lineage hence diverged into the
ancestors of the contemporary clades comprising (P. cederbergiensis, P. clavigera, and the putative
species from Tulbagh) and (P. capensis, P. lawrencei, P. overbergiensis, P. sedgwicki, P. moseleyi, P.
storchi, P. birgiri, P. janni, and P. hamerae – hereafter called major south eastern clade). Near the
boundary between the early-mid Miocene P. cederbergiensis diverged together with the Syntaxis Cape
Fold lineage, which gave rise to the P. alba ancestor. During the mid-Miocene the putative Tulbagh
species diverged from the P. clavigera complex, followed by the divergence of the main Syntaxis Cape
Fold clade into the ancestor of P. balfouri and the ancestor of P. purpureus and P. bolandi both being
restricted to the Syntaxis Cape Fold. Subsequently the latter ancestor diverged into the contemporary
species clades.

This period also saw the divergence of the major south eastern clade into two lineages, one with
contemporary species clades east of the ancestral area (Southern Coastal Platform) and the other with
contemporary species clades within Southern Coastal Platform and west of the Southern Coastal
Platform (Syntaxis Cape Fold and Atlantic Cape Fold). Towards the end of the mid-Miocene the
ancestor of P. clavigera diverged followed by divergence of the clade east of the ancestral Southern
Coastal Platform into the P. sedgwicki ancestor and the eastern clades. Several contemporary lineages
emerged in the late Miocene. These included P. balfouri, P. purpureus, P. bolandi, P. capensis, P.
lawrencei, P. overbergiensis, P. sedgwicki, P. moseleyi, P. storchi, P. birgiri, P. jannie, and P.
hamerae. From the early Pliocene-Pleistocene there was an increase of diversification events across all
taxa.
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4.3.3 Phylogenetic Diversity, Evolutionary Distinctiveness, and Species Richness
To determine phylogenetic diversity (PD) we performed a spatial analysis on the Bayesian
phylogenetic tree using locality data. A high level of phylogenetic diversity was retrieved for the Cape
Peninsula region of the Atlantic and the Syntaxis sub-provinces of the Cape Fold Mountains in the
Western Cape and to a lesser extent at the boundary between the East London Coastal Hinterland and
the Southeastern Coastal Hinterland in the Eastern Cape (Fig. 4). Low to intermediate levels of
phylogenetic diversity were recovered for localities falling between the Cape Fold Mountains and the
Eastern Cape centres. Phylogenetic diversity was low in the north Atlantic sub-province of the Cape
Fold Mountains which included the basal species P. cederbergiensis and the putative Peripatopsis
species from Tulbagh. A one-way between subjects Anova was carried out to compare the average PD,
ED, and SR for each geomorphic province. There was not a significant difference for average PD at the
p<0.05 level [F (4, 47) = 1.937, p = 0.119] (Table. 2). Similarly there was no significant difference
between means for ED at the p<0.05 level [F (4, 49) = 0.969, p = 0.43] (Table. 2), as well as for SR at
the

p<0.05

level

[M

=

3.6,

SD

=

0.547

conditions;

t

(4)

=

2.77,

p

=

0.05].
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Figure 13: Distribution of phylogenetic diversity for Peripatopsis within the geomorphic provinces represented within its range
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Table 6: Results for the ANOVAs for phylogenetic diversity and evolutionary distinctiveness for the five
geomorphic provinces represented in the Peripatopsis distribution. When F<F crit (in bold), do not reject null
that means are equal.

Phylogenetic Diversity
Source of Variation
Between Groups
Within Groups

SS
42.45517
257.5256

Total

299.9808

Evolutionary distinctiveness
Source of Variation
Between Groups
Within Groups

SS
45.26132
572.152

Total

617.4133

df
4
47

MS
10.61379
5.479268

F
1.937082

P-value
0.119855

F crit
2.56954

MS
11.31533
11.67657

F
0.969063

P-value
0.432974

F crit
2.561124

51

df
4
49
53
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4.3.4 Extent of occurrence, area of occupancy, and extent of suitable habitat
A total of 70 occurrence records were used to calculate extent of occurrence, area of occupancy, and
the extent of suitable habitat. Extent of occurrence for each species was calculated using the
minimum convex polygon method. Applying the IUCN criteria to the extent of occurrence measure
for Peripatopsis across South Africa resulted in 1 Extinct (EX), 1 Critically Endangered (CR), 8
Endangered (E), 1 Vulnerable (V), and 6 Data Deficient (DD) species (Table 3). Area of occupancy
was calculated using a 4km² fishnet grid. Applying IUCN criteria to the latter measure resulted in
10 Endangered, 6 Critically Endangered and 1 Extinct species (Table 3). The area of occupancy
takes into account that a taxon will not usually occur throughout its extent of occurrence, which
may contain unsuitable or unoccupied habitats (IUCN, 2012). Hence the threat categories were
reconciled according to which measure yielded the highest category to reflect the most appropriate
status and included 1 Extinct, 7 Critically Endangered, 8 Endangered, and 1 Vulnerable. Forest
areas for each species were calculated using the South African Vegetation Map. The extent of
suitable habitat ranged from a minimum of 0.25km² to a maximum of 228.53km² for Peripatopsis
species.
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Table 7: IUCN Red List category for 16 Peripatopsis species using extent of occurrence, area of occupancy, and
extent of suitable habitat
Species

AOO (Km²)

P. capensis

EOO
(Km²)
14.02

24.00

Forest
(Km²)
1.87

P. balfouri

2458.20

44.00

P.bolandi

860.00

P. purpureus

habitat

size

IUCN criteria

Category

B1ab(iii)

CR

2.89

B1ab(iii)+B2ab(iii)

EN

24.00

0.25

B1ab(iii)+B2ab(iii)

EN

202.70

12.00

0.53

B1ab(iii)+B2ab(iii)

EN

P. lawrencei

5381.13

52.00

8.07

B1ab(iii)+B2ab(iii)

VU

P. overbergiensis

537.10

12.00

2.60

B1ab(iii)+B2ab(iii)

EN

P. clavigera

303.11

24.00

167.11

B1ab(iii)+B2ab(iii)

EN

P. sedgwicki

596.46

20.00

228.53

B1ab(iii)+B2ab(iii)

EN

P. moseleyi

1397.67

28.00

155.13

B1ab(iii)+B2ab(iii)

EN

P. birgiri

1342.62

12.00

36.84

B1ab(iii)+B2ab(iii)

EN

P. cederbergiensis

-

8.00

-

B2ab(iii)

CR

P. hamerae

-

4.00

-

B2ab(iii)

CR

P. storchi

-

4.00

-

B2ab(iii)

CR

P. alba

-

4.00

-

B2ab(iii)

CR

P. janni

-

8.00

-

B2ab(iii)

CR

P. sp. Tulbagh

-

4.00

-

B2ab(iii)

CR

P. leonina

-

-

-

-

EX
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4.4 Discussion
4.4.1 Divergence time and biogeography

The ancestor of the Peripatopsis genus originated in the region which currently spans that Syntaxis
Cape Fold and Southern Coastal Platform geomorphic provinces (Fig. 3), while cladogenesis within
the group started in the early Miocene and coincided with progressive climatic and geotectonic
amelioration in southern Africa (Linder, 2003; Cowling, et al. 2009; Coetzee, 1983; Axelrod &
Raven, 1978; Tyson, 1986; King, 1978). Despite using a different dating technique (fossil
calibration) Daniels et al. (2009) similarly retrieved cladogenesis within the group during this
period. A significant expansion in the East Antarctic ice sheet was brought about by a period of
Earth low orbital eccentricity between 13.87 and 13.84 Ma (Holbourn et al., 2005). Antarctic
glaciation increasingly locked marine water at the south polar ice cap resulting in marine
regressions and falling sea levels (Hendey, 1983; Tyson & Partridge, 2000). A reduction in the
surface area of ocean waters at the coast would have reduced onshore precipitation with a
concomitant increase in aridity. Furthermore the strengthening of the anti-cyclonic system led to the
development of southerly and south-easterly trade winds which initiated the Benguela upwelling
system (12-3 Ma) on the west coast of southern Africa, a further driver of aridity from the south
west (Deacon, 1983; Linder, 2003). By the early to mid-Miocene (~16 Ma) the troglobitic P. alba
had assumed its caverniculous evolutionary trajectory in the moist and humid cave systems of the
Cape Peninsula mountains (Sharratt et al., 2000), a time of divergence (~10 Ma) roughly congruent
with Daniels et al. (2013). The divergence of the clade comprising P. cederbergiensis, P. clavigera,
and the putative species from Tulbagh during the early to mid-Miocene strengthens the hypothesis
for the distribution of widespread forest habitat across the southern Africa and specifically a link
between the southern Cape and the Cederberg region for the latter period (Daniels et al. 2009;
Daniels et al. 2013). Evidence for the latter is further supported by the phylogenetic relationship
between sister taxa of the freshwater fish genus Pseudobarbus which indicates a link between river
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systems of the southern Afrotemperate forests and the Olifants river system on the west coast
(adjacent to the Cederberg region) (Swartz et al., 2009). According to Hendey (1983) the picture of
the early Pliocene (~5 Ma) emerges as one of relatively low temperatures and rainfall with forests
confined to well-watered mountain slopes. The late Miocene-early Pliocene (~15-8 Ma) saw the
diversification of Peripatopsis into the ancestral lineages of contemporary species (Daniels et al.,
2009) including P. balfouri sensu latu, P. capensis sensu latu, P. sedgwicki sensu latu, and P.
moseleyi sensu latu. The latter diversification episode further coincides with a period of geotectonic
uplift which lasted approximately two million years and amounted to uplift of 600-900m in eastern
South Africa (Cowling et al., 2009) and less intense uplift of 150-300m in the west (Partridge &
Maud, 2000). According to Cowling et al. (2009) the erosion cycle which followed uplift had a
profound impact on the Cape scenery leading to the fragmentation of the Cape Fold Mountains into
several mountain blocks separated by low-lying valleys, sheltered ravines, and deeply incised
gorges. From the Pliocene to Pleistocene (~5-0.1 Ma) Peripatopsis had undergone a final phase of
diversification reflecting speciation in allopatry due to more pronounced xeric climatic conditions
and increasingly isolated forest habitat (Daniels et al. 2009).

4.4.2 Systematics

The genus Peripatopsis forms a well-supported monophyletic grouping. While twelve described
species within the genus are monophyletic and consistent with previous molecular systematic
studies (McDonald et al., 2012; Daniels et al., 2013; Ruhberg & Daniels, 2013) three species, P.
moseleyi, P. birgiri and P. clavigera, are non-monophyletic and/or not well supported. According to
Ruhberg & Daniels (2013) P. moseleyi is monophyletic for the combined COI and 18S rDNA loci,
while for the topology of COI alone Daniels & Ruhberg (2010) retrieved a similar phylogenetic tree
structure as the present study, whereby the specimens from Amathole Mountains and Pirie Forest
do not form part of the main monophyletic grouping (see Daniels & Ruhberg (2010) fig. 2). Based
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on morphology and scanning electron microscopy Ruhberg & Daniels (2013) classified the latter
specimens as P. moseleyi. The use of different segments of the 18S rDNA gene could explain the
discordant phylo-groupings. The use of additional markers (e.g. 12 rRNA) and a bigger sample size
could further elucidate taxonomic status of P. moseleyi and could facilitate the approximation
towards a species tree (Baum, 1992). Crandall (1998) posits an explanation for the non-monophyly
of mtDNA haplotypes within a species as the problem of gene trees reflecting species (or
population) trees. According to Crandall (1998) the results of theoretical population genetic work
have indicated that for a certain period after the divergence of two or more populations, there is a
high probability that populations may show non-monophyletic relationships for a specific gene.
Hence the gene genealogy may not accurately reflect the population divergence. Similarly, the
monophyly of P. birgiri (Ruhberg & Daniels, 2013) was not supported in the present study and was
a reflection of the COI phylogeny in (Daniels & Ruhberg 2010) again suggesting that the choice of
markers may play a role. A reappraisal of the chosen species concept may be beneficial as Mount
Currie specimens and the clade comprising Amatole Mountain and Pirie Forest specimens could be
deemed “separately evolving lineages” as per the criteria employed by McDonald et al. (2012) in
the description of P. lawrencei and P. overbergiensis. Failing the latter, the designation of
evolutionary significant units (ESU’s) should be considered to aid conservation decision-making
(Moritz, 1994). P. lawrencei, P. overbergiensis, and P. capensis formed well supported
monophyletic clades which underpins the stable phylogeny of the species. Myburgh & Daniels
(2015) undertook a fine-scale phylogenetic study to elucidate the relationships between the three
main P. overbergiensis localities (Grootvadersbos, Marloth, and Potberg De Hoop). The latter
authors found insufficient genetic differentiation to consider P. overbergensis a species complex
comprising multiple lineages. P. capensis and P. lawrencei could also benefit from intra-specific
taxonomic scrutiny, particularly the latter which has a wide, fragmented distribution across the
heterogeneous central Cape Fold Mountains (Mcdonald & Daniels 2012). The three P. sedgwicki
specimens formed a statistically well supported monophyletic grouping. The deep divergence
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between the Diepwalle and Port Elizabeth/Lady Slipper specimens, the geographic separation
between the localities in the Southern Cape and Eastern Cape respectively, and limited sampling
raises the possibility that P. sedgwicki is a species complex comprising at least two genealogically
distinct lineages. Daniels et al. (2009) included a bigger sample size employing three gene markers
(COI, 12S rRNA, and 18S rDNA) and found that P. sedwicki was a ‘narrow-distribution’ species
complex comprising two clades divided into the aforementioned geographic regions. P. bolandi, P.
purpureus, and P. balfouri formed moderate to well supported monophyletic groups, although a
high level of phylogenetic structuring was revealed by the tree topology. Deep divergences and long
terminal nodes demonstrate that P. bolandi and P. purpureus are subjected to the mechanism of
allopatric speciation to a great degree. Daniels et al. (2013) reached a similar conclusion using a
bigger sample size. The taxonomy of the latter species in addition to P. balfouri which displays a
lower level of phylogenetic structure among its Cape Peninsula localities but shares a clade with
geographically distant and isolated Simonsberg and Kogelberg localities, will benefit from finescale molecular studies and population genetic studies to ascertain the level of geneflow among
localities. P. cederbergiensis (Boschkloof and Helskloof localities) formed a well supported clade
and was sister to the Diepwalle (P. clavigera) specimen and the specimen representing a tentative
new species from Secret Falls in Tulbagh. The recent discovery of the specimen at the latter locality
suggests that several sampling gaps exist between the aforementioned mountainous regions
(Daniels pers comm). P. clavigera specimens were non-monophyletic and not resolved. The
polyphyletic nature of P. clavigera on the topology suggests that the taxon may harbor multiple
species or evolutionary significant units.

4.4.3 Diversity patterns and conservation

The recommendation for IUCN threat status of species within Peripatopsis has changed
dramatically in light of recent taxonomic endeavors on the group. Where the previous assessment
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assigned an IUCN threat status to three species out of seven (Hamer, 2003a, 2003b, 2003c), the
present study recommends a threat status for all sixteen described species within the genus namely
7 critically endangered, 8 endangered, and 1 vulnerable (Table 2). Phylogenetic diversity is
concentrated on the Cape Fold Mountains in the Western Cape with a smaller centre of PD in the
Amatole forests in the Eastern Cape at the interface of the East London Coastal Hinterland and the
Southeastern Coastal Hinterland geologic provinces (Fig. 3).

Phylogenetic diversity is not uniformly distributed for Peripatopsis species across South Africa.
Phylogenetic diversity is highest in the southwestern regions of the Cape Fold Mountains of the
Western Cape implying a rich evolutionary history for this region (Fig. 3). Species diversification in
this region occurred primarily during the Pliocene/Pleistocene epochs due to climatic ameliorations
in the Western Cape. The latter coincided with the development of the pyrophytic Cape fynbos
along fire pathways and led to high levels of allopatric speciation for lineages in the region
(Bytebier et al., 2011; Linder 2003). Areas with lower phylogenetic diversity including the
Overberg region, Southern Cape, Amatole Mistbelt, and KwaZulu-Natal Mistbelt correspond with
areas of stable ancient forest refugia (Lawes et al., 2007). A similar pattern was found for tropical
flora in Australia where areas with a higher than expected phylogenetic diversity corresponded to
extant rainforest that was unstable during glacial periods, while lower than expected phylogenetic
diversity was correlated with rain forest refugia that have remained stable throughout the last glacial
cycle (Costion et al., 2015). Conversely, the smaller hotspot of phylogenetic diversity in the
Amatole forests may represent an exception to the latter pattern where a high level of phylogenetic
diversification was observed for the P. moseleyi sensu latu species complex (Daniels & Ruhberg,
2010). A study on brevicipitid frogs from the Eastern Afromontane Biodiversity Region by Loader
et al. (2014) found that persistent forests accumulate more diversity than regions with intermittent
or less stable forests. The low levels of phylogenetic diversity retrieved for the basal species P.
clavigera, P. cederbergiensis, and the putative species from Secret Falls in Tulbagh can be
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explained by longer branch lengths and a lack of closely related sister taxa compared to species on
the rest of the topology. Tolley et al. (2011) considers the latter a hallmark of palaeoendemism
where long branch lengths reflect a distinct evolutionary history. Species richness mirrors hotspots
of phylogenetic diversity across the Peripatopsis distribution, but provides a lower resolution than
the latter measure. The major hotspot of phylogenetic diversity on the Cape Fold Mountains is
reflected to a lesser extent by the species richness measure in the eastern part of its extent, while the
smaller hotspot in the Amatole Forests is also less pronounced. Over a large series of samples
Barker (2002) found phylogenetic diversity to be correlated with species richness in an
approximately linear fashion. However despite the linear correlation phylogenetic diversity values
can vary substantially between communities of similar richness and therefore provides a useful
complement to richness in differentiating biodiversity value (Barker, 2002). We consider our
findings for the spatial geographic analysis of Peripatopsis diversity a working hypothesis as we
found no significant differences for phylogenetic diversity (PD), evolutionary distinctiveness (ED),
and species richness (SR) for the group. A larger sample size is likely to reveal significant
differences.

Molecular taxonomic scrutiny on Peripatopsis has led to tentatively higher IUCN threat status
across the group. Former species complexes with wide distributions including P. capensis sensu
latu, P. balfouri sensu latu, and P. moseleyi sensu latu were shown to comprise multiple cryptic
lineages (Daniels et al., 2009; McDonald & Daniels, 2012; Daniels & Ruhberg, 2010), leading to
the description of several new species (McDonald et al., 2012; Daniels et al., 2013; Ruhberg &
Daniels, 2013). These species are now characterised by significantly narrower distributions
rendering them vulnerable to extinction in varying degrees. For example, P. capensis previously
occupied a distribution ranging from the Cape Peninsula in the Western Cape to the Overberg
region in the Southern Cape (Hamer et al., 1997). The latter species is now limited to the
biogeographically isolated Cape Peninsula with an extent of occurrence of 14km² and a threat
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category of critically endangered if IUCN criteria is employed (Table. 2) (McDonald & Daniels,
2012; IUCN, 2000). Similarly, P. moseleyi was distributed from the Eastern Cape to KwaZuluNatal (Hamer et al., 1997). Following molecular studies and closer morphological scrutiny the latter
species was found to be limited to the Eastern Cape and hence categorised as endangered. Samways
(2002) notes the trend whereby species which decline in geographic range result in a raise in the
Red List category. The taxonomic progress leading up to the IUCN recommendations suggested by
the present study follows a similar trajectory to studies carried out on South African Odonata
(dragonflies) albeit at a smaller scale (McGeoch, 2002). The number of scientifically described
Odonata species in South Africa has increased progressively over the past 95 years and enabled
thorough conservation assessments and new national records (Samways, 2002). However, the
threats facing Peripatopsis may be underestimated considering that species within the group are
habitat specialists which are largely confined to Afromontane forests across its distribution. An
assessment of the extent of suitable habitat within the group has revealed that species occupy
significantly smaller habitat pockets within the extent of occurrence and area of occupancy (Table
2). For example, P. balfouri has an extent of occurrence of 2458.2km² while the extent of suitable
forest habitat within the latter area is 2.89km². Similarly, P. lawrencei has an area of occupancy of
52km² and an area of suitable habitat covering 8.07km². In addition to their fragmentary occurrence,
forest habitats face several threats which could impact the habitat specialists they harbour. Pryke &
Samways (2008) documented the impact of the invasive Argentine ant which uses waterways on the
Cape Peninsula to invade forests and hence impact forest invertebrate diversity. According to
Berliner (2005) forest are under threat from a number of land-use pressures including coastal
development, mining, agriculture, and over-harvesting for subsistence or illegal commercial use.
The Ngele mistbelt forest in KwaZulu-Natal harbouring the critically endangered Opistopatus
roseus faces several threats which are characteristic of conservation threats facing Peripatopsis in
general. Daniels (2011) cites anthropogenic activities including the logging of indigenous trees,
construction of a national highway, commercial timber plantations, and the introduction of alien
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plant species which result in the fragmentation of habitat and potential range contraction for the
latter species. Habitat and range contraction is likely to be more pronounced due to
anthropogenically induced climate change which has reached its highest levels in the last 1400
years (IPCC, 2014). According to Eeley et al. (1999) forest ecosystems are spatially and temporally
dynamic and respond relatively rapidly to climatic change.

Considering the high levels of phylogenetic diversity and species richness obtained for the
Peripatopsis species on the Cape Fold Mountains, this region should be prioritized for conservation
efforts. The smaller centre of phylogenetic diversity in the Eastern Cape should be the second
priority for conservation. Winter et al. (2013) argues that phylogenetic diversity can be used as a
proxy for distinct functional traits and that the loss of evolutionary distinct species could result in an
irreversible loss of functions for entire ecosystems. Several species geographic ranges have been
reduced with a concomitant elevation in the Red List category. P. capensis and P. alba is of
particular concern with both having a status of critically endangered. The latter species are
restricted to the Cape Peninsula which is surrounded by the Cape Town urban area and is
increasingly being subjected to human activities including hiking, caving, mountain biking, and
religious rituals (Pers obs.). The cave-dwelling P. alba is a point endemic known only from the
Wynberg cave system. According to Sharratt et al. (2000) human visitation is currently a major
threat to the Table Mountain cave fauna and can disrupt the environmental conditions that are
essential for the maintenance of troglobite populations. Currently species in the genus occur within
areas under nature conservation protection or privately owned properties. However, indigenous
forests are currently threatened by alien invasive flora, encroachment form timber plantations, and
fire events. It is recommended that the latter factors be considered in future conservation plans.
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Chapter 5
5. Conclusions

The present study shows that traditional taxonomy using gross morphological assessment has
underestimated diversity within the genus Peripatopsis and specifically the Peripatopsis capensis
species complex. Molecular analysis using DNA markers is an advanced approach which reveals
higher levels of diversity than morphological methods. The former also enables the testing of
biogeographical hypothesis and the application of phylogenetic diversity indexes to strengthen
conservation assessments. Yet, differentiating characters based on gross morphological analysis still
has an important role to play in species delineation.
The application of molecular techniques and scanning electron microscopy to the Peripatopsis
capensis species complex reveals the presence of two novel species with a high sequence
divergence, differentiating morphological characters, and geographical exclusivity. High levels of
sequence divergence in comparison with findings for other genera (e.g. Australian and New
Zealand taxa) support species recognition within the framework of the phylogenetic species
concept. The latter was closely supported by geographical information which suggested barriers to
genetic dispersal. The use of scanning electron microscopy provides limited differentiating
morphological characters largely associated with dermal papillae, male genital pads, and pre-genital
legs while traditional gross morphological characters like dorsal colour and number of leg pairs
have low discriminatory power. The latter findings are in accordance with other species complexes
in the genus namely P. balfouri and P. moseleyi where three and four novel species were described
respectively. Further studies should focus on the identification of additional characters with
taxonomic value. While the taxonomy of the genus will benefit from closer taxonomic scrutiny of
minor complexes including P. clavigera and P. sedgwicki, it would also be worthwhile to examine
population level genetic structure throughout the genus. For example, the high level of genetic
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structure in the geographically widespread P. lawrencei which occurs on the heterogeneous Central
Cape Fold Mountains warrants further study.
The present study adds to a growing body of literature which shows that species diversification
within the South African montane faunal element was driven by Miocene/Pliocene climatic
amelioration. The P. capensis species complex serves as a model for how the genus tracked
expansion and contraction cycles of forest habitat across South Africa. Future studies should
explore patterns for the whole genus to map the development of the genus through space and time.
The latter endeavour should draw on the present study as a starting hypothesis which further
suggests that the genus originated in the southern cape of South Africa with a series of colonization
and recolonization routes along Afromontane belts in the region.
From the present study biogeographic histories has emerged as a significant driver of diversity
patterns within Peripatopsis. Consequently different phylogenetic diversity indexes enable a
nuanced assessment and strengthens biogeographic hypothesis. The employment in this study of the
phylogenetic diversity index developed by Faith (1992) highlighted the Cape Peninsula and the
Central Cape Fold mountains as regions with a rich evolutionary history and potentially high
evolutionary potential. We consider the latter a working hypothesis as no significant differences
were found for PD, ED, and SR for the geomorphologic provinces harbouring Peripatopsis. Further
work should include sampling gaps and a larger sample size.
In contrast with earlier work on the conservation of the genus which assigned IUCN redlist
categories to three species, the present study assigns a redlist status to all species including those
newly described. The description of eight new species within the genus has led to range
contractions and hence elevations of redlist status across the group. Two species, namely P.
capensis and P. alba, require urgent conservation attention due to the threat of urban encroachment.
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