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ABSTRACT

The Maputaland-Pondoland-Albany (MPA) hotspot, as is the case of all such global biodiversity
hotspots, has primarily been recognised based on its high floristic endemism and delimited intuitively.
Boundaries of global biodiversity hotspots have seldom been empirically tested in terms of species
distribution patterns and only a few have been examined for patterns of animal endemism. This thesis
presents the results of a zoogeographical study of all five major vertebrate groups and selected
invertebrate groups in south-eastern Africa, refining the delimitation of the MPA hotspot and
identifying areas and centres of endemism within and around it. It also provides zoogeographical
regionalisation schemata for the whole of south-eastern Africa. The study employed methods of, (a)
preliminary qualitative identification of “Endemic Vertebrate Distributions”, (b) phenetic clustering of
operational geographical units based on species incidence matrices, using the Jaccard’s coefficient of
similarity and the Unweighted Pair-Group Method using Arithmetic means (UPGMA) clustering
algorithm, (c) Parsimony Analysis of Endemicity, and (d) ArcGIS-based mapping of various

measures of endemism (e.g. narrow endemism and weighted endemism).

The results reveal that the MPA hotspot, though defined so due to its exceptional floristic endemism,
is a hotspot for the endemism of animals too, especially for the herpetofauna and invertebrate groups
like the velvet worms, land snails and many others. But the current boundary of the hotspot is
arbitrarily defined and not exactly matching the patterns of animal endemism (and, likely, neither
those in plants). Hence, a greater Maputaland-Pondoland-Albany (GMPA) region of animal
endemism is proposed as a broad priority region of conservation concern, while centres of endemism
within the GMPA are identified and patterns of quantitative measures of endemism are mapped. The
study also proposes a zoogeographical regionalisation placing the GMPA and Highveld regions at the
province rank in the global zoogeographical hierarchy, within the south east African dominion, also
describing zoogeographical districts and assemblages nested within each. Results from the vertebrate
and invertebrate analyses reveals the possibility of a common zoogeographical regionalisation for
south-eastern Africa. The study emphasises the importance of quantitative biogeographical
methodologies in conservation biogeography, in addition to their uses in the theoretical/descriptive

biogeography.
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Whatever living beings there are,

fearful or fearless,

long, large, medium, or small - minute or massive,

Seen or unseen

remote or living nearby,

born or seeking birth:

May all beings be blissful and happy in themselves!

excerpt from Karaniya Metta Sutta

(translated from Pali)
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CHAPTER 1

General Introduction

Biogeography, the study of spatial distribution patterns of biological diversity, both past and present,
fundamentally seeks to understand which species live where, why and why not elsewhere? (see
Quammen, 1996; Humphries & Parenti, 1999; Huggett, 2004; Cox & Moore, 2005; Lomolino et al.,
2006). The discipline crosses paths with evolutionary biology, ecology, geography and systematics
(Fosberg, 1976; Huggett, 2004). It is growing from the seminal work of regionalising the Earth based
on bird and mammal distributions by Sclater (1858) and Wallace (1876), and that of evolutionary
thinkers in 18" and 19" centuries (Fosberg, 1976; Huggett, 2004; Lomolino et al., 2006). Fosberg
(1976) distinguished three major fields within the discipline: (a) faunistic and floristic biogeography
(chorology) - describing the spatial patterns of plant and animal distributions, (b) ecological
biogeography, and (c) historical biogeography. The last two, first distinguished from each other by de
Candolle (1820) explain the reasons for patterns observed in (a). In a modern perspective, the
difference between ecological and historical biogeography can mainly be attributed to the spatial and
temporal scales of analysis, where historical biogeography deals with much larger areas over much
longer periods of time (Myers & Giller, 1988; Huggett, 2004).

In dealing with the first, descriptive, aspect, biogeographers have been using increasingly advanced
methods to identify (a) biogeographical regions (i.e. regions characterised by distinct assemblages of
species, as adapted from Wallace, 1894; also see Cox, 2001; Kreft & Jetz, 2010) and (b) areas of
endemism (AOEs, i.e. areas characterised by the congruent distribution of at least two endemic
species; Nelson & Platnick, 1981; Rosen, 1988; Platnick, 1991; also see Linder, 2001; Crother &
Murray, 2011). Subsequently, they attempted to explain their results using key biogeographical
processes such as dispersal, vicariance, speciation/radiation, relictual/refugial survival, and extinction
(Huggett, 2004; McDowall, 2004; Lomolino et al., 2006). Among them, perhaps the most disputed
aspect was assessing the relative importance of vicariance and dispersal in explaining present-day
disjunct distributions (see Stace, 1989; Zink et al., 2000). Nevertheless, concepts such as
biogeographic regions and AOEs are fundamental, pertaining to the descriptive biogeography of any
particular area (Kreft & Jetz, 2010).
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Regionalisation: from intuitive to numerical

Biogeographic regionalisation is the process of classifying geographic units according to their species
assemblages, and, by derivation, the outcome of this process, presented in the form of maps (Cox,
2001; Lomolino et al., 2006; Mackey et al., 2008; Proches, 2008; Kreft & Jetz, 2010). It is
methodologically similar to systematic biology, akin to taxonomists classifying organisms based on
their morphological and/or molecular characters (Kreft & Jetz, 2010). Regionalisations are key to the
theoretical understanding of ecological and historical biogeography — besides applications in
evolutionary biology, systematics and conservation (Proches, 2008; Morrone, 2009; Kreft & Jetz,
2010). The initial global studies on the distribution of biota marked the very beginnings of
biogeography. Based on their expertise in taxonomy and faunas/floras, the early biogeographers
delimited initial global regions purely on intuitive grounds (Sclater, 1858; Wallace, 1876 for animals,
and Engler, 1879-1882; Good, 1974; and Takhtajan, 1978, 1986 for plants). The ability of the human
eye and mind to identify patterns from large amounts of factual and visual data (“perception or
intuitive discernment”; White, 1993) has been the commonly used tool in the geographical
regionalisations of early times. From their initial intuitive attempts biogeographers also realised that
only a hierarchical system of biogeographic units can make sense of the distribution of life on Earth
(see McLaughlin, 1992). With an increasing number of intuitive regionalisations and differences
between them, a need arose for objective and repeatable methods in their identification. This in turn
influenced the development of quantitative biogeography (Crovello, 1981; Birks, 1987), using
numerical methods of analyses (ordination and hierarchical clustering; Kent, 2006) to classify areas
according to their biotic assemblages. Hence, subsequent global/continental regionalisations involved
numerical analyses on the incidence of biota in operational geographic units (OGUs; Crovello, 1981)
within their study areas (e.g. Williams et al., 1999; de Klerk et al., 2002; Linder et al., 2005, 2012;
Proches, 2005, 2006; Heikinheimo et al., 2007; Kreft & Jets, 2010; Proches & Ramdhani, 2012; and
Holt et al., 2013). These regionalisations vastly increased the understanding of global patterns of
biological diversity, also showing the possibility of a single global “bio”-geographical regionalisation
involving both the plants and animals (Proches & Ramdhani, 2012). Furthermore, Holt et al. (2013)
recently linked the phylogenetic relationships among species to the data on their distributions in a
global regionalisation analysis thus providing insights into historical relationships among the resulting

regions, and also identifying evolutionarily unique regions of the world.

While the global picture is now coming together, much work is needed in biogeographic
regionalisations at the regional/local scales. This raises problems with the availability and quality of
data, fine-scale species distribution databases being incomplete and/or biased due to lack of uniform

sampling throughout the study areas (e.g. Reddy & Davalos, 2003; Botts et al., 2011 for Africa).
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Nevertheless, the use of atlas data and museum-based informatics are currently contributing
immensely to better-quality distribution data (Graham et al., 2004; Meier & Dikow, 2004; Robertson
et al., 2010), and many such are nhow made available electronically [e.g. The Virtual Museum, for
southern Africa (ADU, 2013); Atlas of breeding birds in Britain and Ireland (BTO, 2013); The EBCC
atlas of European breeding birds (Hagemeijer and Blair, 1997); Breeding bird atlases in the U.S. &
Canada (USGS & NBII, 2013)]. The field of biogeographical regionalisation is thus placing much
emphasis on regional/local scales and reaching deeper levels of biogeographic hierarchy (i.e.
“biogeographic assemblages”; also see Ebach et al., 2008), and the process is facilitated by new
developments in the field of Geographic Information Systems and enhanced computer power for the
analysis of large datasets.

Endemism in theoretical and conservation biogeography

Endemism, the restriction of the natural range of a taxon to a well-defined geographical area for
historical, ecological or physiological reasons (Major, 1988; Anderson, 1994; Gaston, 1994; Cowling
& Samways, 1995; Crisp et al., 2001; Laffan & Crisp, 2003) is central to both historical biogeography
(Morrone & Crisci, 1995) and conservation biogeography (Whittaker et al., 2005; Ladle & Whittaker,
2011). According to the classical biogeographical perspective, an endemic taxon is restricted to a
particular geographical area, irrespective of whether the area is large or small (Major, 1988;
Anderson, 1994; Huggett, 2004). More often nowadays, endemism is interpreted as a form of rarity —
namely range-restricted rarity (Gaston, 1994; Cowling, 2001). However, the geographic context of
endemism still needs to be defined wherever referred to, providing clear taxonomic and geographical

references (Anderson, 1994).

While species are widely accepted as operational taxonomic units, OGUs vary across analyses in
guantitative biogeography (Crovello, 1981). The current trend is to establish equal-area OGUs by
placing a grid overlay on a map of the study area (e.g. Williams et al., 1999; de Klerk et al., 2002; and
Linder et al., 2005, 2012 for Africa; and Proches, 2005, 2006; Kreft & Jetz, 2010; and Holt et al.,
2013 at global scale). Such units are free of predetermined biogeographical meaning and require a
minimum of assumptions (Ramdhani et al., 2008; Proches & Ramdhani, 2012). However, for
historical biogeography, ideal OGUs should be natural geographic units that harbour exclusive
assemblages of species, analogous to a combination of unique characters defining a species in
taxonomy. In this context, AOEs are useful OGUs in historical biogeography, especially in cladistic-
based approaches (Humphries & Parenti, 1999; Huggett, 2004; Lomolino et al., 2006).
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Centres of endemism (not to be confused with AOEs describe before); areas where (narrow) endemic
species concentrate, usually having more endemics in comparison to the surrounding areas and often
termed as ‘hotspots’ (Myers, 1988, 1990; Williams et al., 1996; Linder, 1998; Myers et al., 2000;
Linder, 2001; Crisp et al., 2001; Laffan & Crisp, 2003; Jetz et al., 2004), are of particular interest for
conservation biogeographers. Geographic mapping to identify peaks for different measures of
endemism calculated for each OGU also provide insights into where conservation attempts should be
focused (Cowling & Samways, 1995; e.g. Crisp et al., 2001; Laffan & Crisp, 2003; Huang et al.,
2008). These include direct measures, such as the absolute number of endemics, the number of
endemic species as a percentage of the species richness (Cowling & Samways, 1995), the number of
narrow endemics (Linder, 2001), various calculations evaluating endemism as a continuous variable:
range-restricted rarity (i.e. the proportion of taxa with a range size lower than the average among all
taxa in the area concerned; Cowling, 2001), weighted endemism (i.e. the sum of the inverse range
sizes of all taxa within area concerned (Williams et al., 1994; Crisp et al., 2001), and others.

Conservation biogeography, endemism and global conservation priorities

Biodiversity on Earth is now facing a crisis unprecedented in 65 million years, as the natural but
irreversible process of extinction has markedly been accelerated by anthropogenic impacts (Pimm et
al., 1995; Vitousek et al., 1997; Mittermeier et al., 1998). Mass extinctions of this magnitude have
only previously occurred five times in Earth’s history, all due to natural causes (Raup & Sepkoski,
1982). A number of 737 animal and 121 plant species have been documented as extinct, and a lot
more have presumably gone extinct before even being described, while 31% of the extant animal and
plant species assessed are found to be threatened with extinction (IUCN, 2012). Given the fact that the
global distribution of biodiversity is uneven (Gaston, 2000), it has been suggested to set global
conservation priorities to conserve what is possible within minimum time, without trying to save
everything (Reid & Miller, 1989; McNeely et al., 1990; Margules & Pressey, 2000). In order to curtail
the extinction crisis, it is essential to target the areas with the highest need for, and maximum payoff
from, conservation efforts globally (Myers et al., 2000; Mittermeier et al., 2004). Such a priority-
setting approach developed on a scientific basis (e.g. systematic conservation planning; Margules &
Pressey, 2000) can also create more public acceptance for conservation decision making (Johnson,
1995). Biogeographical principles have increasingly been used by conservationists, making
biogeography one of the key disciplines relevant to conservation biology, and hence giving birth to a
new field of study, that of conservation biogeography (Vane-Wright et al., 1991; Eldredge, 1992;
Forey et al., 1994; Humphries & Parenti, 1999; Margules & Pressey, 2000; Seymour et al., 2001;
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Araujo et al., 2005; Whittaker et al., 2005; Lomolino et al., 2006; Brooks et al., 2006; Ladle &
Whittaker, 2011).

Conservation implications of endemism

Systematic conservation planning involves assessing (a) the representativeness of the protected area
network (extent to which the network includes all the natural features of the region; Austin &
Margules, 1986; Rojas, 1992; Margules et al., 2002), that can be achieved through the
complementarity of biotic assemblages across protected areas in the network (e.g. Global 200
Ecoregions approach; Olson & Dinerstein, 1998), and (b) irreplaceability of protected areas (the
extent to which the representativeness of the network is lost if the particular site is lost; Pressey et al.,
1994), that can be achieved through the inclusion of protected areas with narrowly endemic and
vulnerable biota that cannot be found elsewhere (e.g. Biodiversity Hotspots; Myers et al., 2000;
Mittermeier et al., 2004; and the Endemic Bird Areas; Stattersfield et al., 1998). Endemics are more
vulnerable to extinction (Pimm et al., 1995). Therefore, endemism hotspots (areas with high
congruence of endemic taxa, with a particular emphasis on narrow endemism) are identified as
priorities in conservation planning, where a small investment can yield the maximum profit in terms
of species conservation (Myers, 1988, 1990; Myers et al., 2000; Mittermeier et al., 2004; Stattersfield
et al., 1998). Biogeographers’ involvement is thus critical, as they can provide accurate delimitation
and historical explanations relevant for preserving the functioning of such centres of endemism
(Lomolino et al., 2006).

Global conservation prioritisation and the Biodiversity Hotspots

Several attempts have been made to set geographic conservation priorities globally, towards the
allocation of the limited available conservation funding (Johnson, 1995; Wilson et al., 2006). Some
notable approaches included the Biodiversity Hotspots (Myers, 1988, 1990; Mittermeier et al., 1998;
Myers et al., 2000; Mittermeier et al., 2004), where species- and especially endemic-rich ecosystems
under imminent threat are selected; Endemic Bird Areas (Birdlife International — Bibby et al., 1992;
Stattersfield et al., 1998); Global 200 Ecoregions (Olson & Dinerstein, 1998) identified on the basis
of representativeness; Tropical Wilderness Areas (McCloskey & Spalding, 1989; Mittermeier et al.,
1998), aimed at maintaining evolutionary process; and Megadiversity Nations (Mittermeier et al.,

1997) — countries that are unusually rich in biodiversity.
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Despite the numerous limitations of the biodiversity hotspots approach (see Ginsberg, 1999; Brummitt
& Lughadha, 2003; Ovadia, 2003; Orme et al., 2005; Ceballos and Ehrlich, 2006; Grenyer et al.,
2006), it can hardly be denied that it has made a significant impact on global conservation.
Conservation International and the MacArthur foundation adopted Myers’ hotspots as the guiding
approach for their conservation investment, making them receive the largest financial investment for
any single conservation strategy (Myers, 2003; Myers and Mittermeier, 2003). Biodiversity hotspots
have been designated using a biological criterion of floristic endemism, i.e. the area must contain at
least 0.5% of the world’s vascular plant species (1 500 species) as endemics, in addition to a threat
criterion where 70% or more of the primary vegetation of the area must have been lost due to human
impact (Myers, et al., 2000; Mittermeier et al., 2004). This means that animal endemism per se has
not been critical for hotspot selection. Nevertheless, vertebrates are being assumed to follow a similar
pattern of endemism to higher plants (Myers et al., 2000).

South-east African context

Regionalisation

Zoogeographical interest on south-eastern Africa dates back to Poynton (1960, 1961), who initially
identified a broad transition zone of amphibian zoogeography in this area, between the Afrotropical
fauna of East Africa and the southern temperate fauna of the Cape. Poynton (1961) further elaborated
on the transitional nature of the area’s biota by adding preliminary observations on plants, other
vertebrates, as well as some invertebrate taxa into his discussion, and also emphasising the
biogeographical importance of the area for further studies. Nevertheless, the subtropical coastal belt of
south-eastern Africa, the adjacent escarpment and the Highveld region further inland have not
received particular attention in subsequent biogeographical studies (all of which were of continental
or southern African regional focus). The region harbours a heterogeneous mosaic of habitats including
matrices and patches of subtropical (Albany) thicket, savanna, grassland, (Afromontane) forest, and
the Indian ocean coastal belt biomes (the last one, itself a patchwork, Mucina and Rutherford, 2006).
Similar to the scenario in global biogeography, African biotic regions were initially identified by
visual sorting and matching of geographical ranges of taxa, based on perception or intuitive
discernment (Poynton, 1964, 1999; White, 1983, 1993; van Wyk & Smith, 2001), and later involved
multivariate cluster analyses: Linder (1998) and Linder et al. (2005) for plants, and Crowe & Crowe
(1982), Guillet & Crowe (1985, 1986), Crowe (1990), Turpie & Crowe (1994), Seymour et al. (2001),
de Klerk et al. (2002) and Alexander et al. (2004) for vertebrates. A simultaneous analysis of
combined taxa was not attempted until recently (Linder et al., 2012), and when done it used 1°

squares, too coarse to pick sub-regional patterns and areas of narrow endemism. No attempt has yet
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been made to produce a numerical regionalisation of the area for invertebrates, except for the intuitive
approaches by Endrédy-Younga (1978) and Herbert & Kilburn (2004).

Endemism

The floristic diversity and endemism is not evenly spread over southern Africa, but concentrated
mainly along and below the Great Escarpment, as demonstrated by the intuitively-defined centres of
floristic endemism (Cowling & Hilton-Taylor, 1994; van Wyk & Smith, 2001). Although similar
diversity and endemism patterns are indicated in animals in some of the biogeographical studies
mentioned above, the faunistic endemism in the area has not received enough attention, and

areas/centres of endemism are not well-established.

Biodiversity Hotspots

Three of the 34 global biodiversity hotspots: the Cape Floristic Region, the Succulent Karoo and the
Maputaland-Pondoland-Albany (MPA) are either within South Africa or extending marginally into
neighbouring countries. The MPA hotspot is a region stretching along the east coast of southern
Africa, below the south-eastern section of the Great Escarpment. It is an important centre of plant
endemism, being home to 1,900 endemic species (Steenkamp et al., 2004). The boundaries of MPA
hotspot follow van Wyk & Smith’s (2001) Maputaland-Pondoland region and the Albany centre of
plant endemism, while the Maputaland-Pondoland region corresponds broadly to the delimitation of
the White’s (1993) Tongaland-Pondoland Regional Mosaic. None of these is based on rigorous

analyses of species distribution ranges.

Outline of the thesis

Boundaries of many biodiversity hotspots including the MPA have not been empirically tested in
terms of species distribution patterns and only a few hotspots have been examined for their patterns of
animal endemism. While refining the delimitation of the MPA hotspot through a zoogeographical
analysis, this thesis attempts to contribute to the understanding of the regional zoogeography and
identify local conservation priorities within and around the hotspot, adopting an objective and

analytical approach based on animal endemism.
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Even though the main focus of this thesis is on the MPA hotspot, faunal regionalisation and patterns
of endemism are addressed for south-eastern Africa as a whole. South-eastern Africa is delimited here
by artificial latitude-longitude boundaries, but the choice of these boundaries is influenced by natural
biogeographical barriers. The eastern section of the Cape Floristic Region is also included into the
study area in order to account for the Knysna transition zone, as many south-east African taxa extend
their ranges in this direction. An analysis on an area larger than the MPA hotspot is of particular
importance to understand its biogeographical links and natural boundaries.

Considering all these points, the aim of the thesis is to produce a detailed comparative picture of
animal endemism and regional species assemblage patterns in south-eastern Africa, with emphasis on
the Maputaland-Pondoland-Albany biodiversity hotspot. Specific objectives are to (1) analytically
evaluate the boundaries of the hotspot, (2) illustrate patterns of endemism within the area, (3) describe
the area in terms of hierarchical biogeographical regionalisation, (4) assess to what extent qualitative
methods, applicable in other hotspots with poorer species distribution data, can be confirmed
guantitatively, (5) compare vertebrate and invertebrate patterns, and (6) compare regionalisation

results when employing different methods and different types of OGUs.

Chapter 2 of the thesis starts by documenting vertebrate diversity and endemism within the MPA
hotspot as currently defined, reviewing the latest available literature. It subsequently uses several
qualitative rules to set the geographic template for numerical analyses, discussed in the next three
chapters. Here Endemic Vertebrate Distributions (EVDs) are delimited through a qualitative method
involving overlapping species range maps. EVDs are then used to discuss the adequacy of the current
boundary of the MPA hotspot for animal distributions, proposing a greater MPA (GMPA) region of
endemism. EVDs are also used in proposing a set of zoogeographical units, which become OGUs in
Chapter 3 for a numerical analyses (phenetic approach: hierarchical cluster analysis) on species
incidence data of endemic terrestrial and freshwater vertebrates. The earlier qualitative delimitation of
the GMPA region is here quantitatively evaluated. This chapter also proposes a preliminary
zoogeographical regionalisation for south-eastern Africa. Repeating the same procedures, Chapter 4
analyses a distribution database of selected invertebrate groups, seeking confirmation that the GMPA
is a region of animal endemism (for both the vertebrates and invertebrates). Similar to the above, this
chapter produces a first ever numerical regionalisation for invertebrates in south-eastern Africa,
involving lineages that show a high degree of endemism within the area. This chapter, for the first
time in the thesis uses a parsimony approach (Parsimony Analysis of Endemicity) to numerically
establish invertebrate AOEs. Since predefined OGUs are used in the first three chapters of the thesis,

there is a need to confirm results of above analyses with one using equal-area OGUs, while keeping in
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mind the data incompleteness problems these incur. Therefore, in Chapter 5, the distribution of
herpetofaunal species is analysed, this being a group with both high endemism in south-east Africa
and comparatively good data in the form of online atlases, using quasi-equal-size units (half-degree-
squares) as OGUs. The chapter presents robust analyses using both the phenetic and parsimony
approaches, to illustrate the herpetogeographic regionalisation and the areas of endemism

respectively.

Thus, in the relevant respective chapters, the thesis provides relevant faunal regionalisations at finer
geographic resolution, and reaching deeper levels of the biogeographic hierarchy than any previous
studies. Animal endemism remains the key feature in all the chapters of this thesis, and hence the
patterns observed for several quantitative measures of endemism are used throughout in establishing
centres of endemism that are of conservation importance for the taxa relevant in each chapter. Chapter
6 concludes the thesis with a synopsis of findings especially emphasising (a) patterns of animal
endemism in and around the MPA hotspot, leading to the delimitation of the GMPA region of animal
endemism and (b) zoogeographical regionalisation of south-eastern Africa. This chapter also
comparatively discusses the biogeographical methods used, as well as future prospects for

biogeographical and conservation research in the area.
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