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Abstract

What are the roles of alternative modes of speciation in the generation of biological diversity? This
guestion is fundamental to the debate surrounding the origins of extraordinarily diverse regions and
clades. Diversification in the Cape flora of South Africa has been intensively studied owing to its
remarkable diversity, for which significant roles for both ecological and non-ecological speciation
have been invoked as drivers. However, much of this research has focused on the mesic fynbos
vegetation, with far less attention paid to its neighboring biodiversity hotspot, the arid Succulent
Karoo (SK), which has hosted the spectacular radiation of the ecologically dominant ruschioid

Aizoaceae, a succulent group which exhibits extreme morphological diversity and convergence.

This thesis focused on ruschioid Aizoaceae in the Knersvlakte, a small region of the SK which holds a
diverse and endemic-rich flora specially adapted to the ecologically unusual quartz fields — whose
patchy distribution in the landscape suggests that diversification may have been facilitated by
divergence of populations isolated on these ‘environmental islands’ in a similar fashion to serpentine
systems such as those in California — and continues from previous work on the Knersvlakte-endemic
ruschioid genus Argyroderma which supported an adaptive radiation in allopatry hypothesis. A
population genomic approach was used to investigate the scale of seed dispersal (which is thought
to be very limited due to the group’s highly specialized ballistic dispersal mechanism) as well as
correlates of population divergence in two ruschioid quartz-field specialists with very different
growth forms (the shrubby Ruschia burtoniae versus the dwarf Conophytum calculus) and which co-
occurred at four sites distributed throughout the Knersvlakte. This, in combination with ecological
and experimental transplant data to test the adaptive underpinning of edaphically-driven
community structure, ecological isolation and niche divergence in these and other quartz field
species, made it possible to tease apart the roles of local adaptation and limited dispersal in driving

gene flow and speciation in the system.



Quartz fields were found to be a highly insular habitat with strong internal edaphic community
structure, suggesting that they represent an environmental island system. In addition, intrinsic
dispersal ability was very poor in the specialist shrub, which showed complete genetic isolation
between the four populations separated by just 17-42 km. This species showed strong local
adaptation between the populations as well as some evidence that this inhibited gene flow, though
it is more likely that dispersal limitation allowed for fundamental niche divergence. In contrast, the
dwarf showed surprisingly good dispersal ability and consequent weak genetic structure, which
accounted for the lack of edaphic local adaptation between the populations. The study showed that,
contrary to expectation, not all ruschioid Aizoaceae are poor dispersers, and also suggested that the
likelihood of ecological speciation in response to edaphic heterogeneity is contingent on dispersal
ability. Strongly limited dispersal may thus have contributed to the group’s diversification either
through non-adaptive radiation or edaphically driven adaptive radiation, but other factors are more
likely to have driven diversification in sections of ruschioid Aizoaceae that possess mechanisms of
long-distance dispersal. Future work might focus on inferring the scale of dispersal (e.g. based on
morphological traits) and whether it predicts diversification rates. Finally, the lack of morphological
variation in R. burtoniae belies its strong ecological and genetic divergence; in light of this,

systematists are encouraged to investigate cryptic speciation in the group.
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Chapter 1 — Introduction: Current
understanding of the drivers of the
extraordinary floristic diversity of the
Succulent Karoo, with emphasis on the
Knersvlakte quartz fields

Speciation

What is speciation and how should we study it? This is the title of a classic article by John Wiens
(Wiens 2004b) which argues that the focus on intrinsic reproductive isolation mechanisms promoted
by the widely adopted Biological Species Concept (BSC; Coyne & Orr 2004) has diverted the study of
speciation away from its real underlying causes because intrinsic isolation typically only evolves after
speciation has actually occurred. The debate surrounding species concepts is central to Wiens’s
argument, which advocates for the Evolutionary Species Concept (ESC) in defining species as the
largest lineage integrated by gene flow (Simpson 1951; Wiley 1978). De Queiroz (2007) outlined a
‘Unified’ Species Concept (USC) which highlights the distinction between the conceptualisation of
species and the practical challenge of delimiting them, noting that many species concepts — including
the BSC — are in fact practical in nature because they implicitly accept the ESC while simply
proposing alternative methods to identify and delimit species. The recognition of this fact is crucial
to the study of speciation because it shifts the focus away from finding the causes of any particular
intrinsic property of species (e.g. evolved pre- or post-zygotic isolating mechanisms) and towards an
examination of the factors which promote population divergence and incipient speciation (e.g. the
cessation of gene flow or adaptation to different environments). This provides the basis of a
research program which addresses the most important current questions about speciation (Wiens

2004b; The Marie Curie SPECIATION Network 2012).



One question that is fundamental to the debate surrounding the origins of extraordinarily diverse
regions and clades is: What are the roles of alternative modes of speciation in generating biological
diversity? A mode of speciation is a hypothesis about the microevolutionary processes that cause
lineages to split and maintain their divergence, and two such hypotheses are particularly prominent.
‘Ecological speciation’, as defined by Rundle & Nosil (2005), is caused by adaptive divergence of
populations in response to different environments (i.e. local adaptation) and is independent of
geographic context. In contrast, ‘non-ecological speciation’ sensu Rundle & Nosil (2005) and Rundell
& Price (2009) requires allopatry but is independent of divergent selection, and includes ‘mutation-
order’ speciation under uniform selection as well as speciation resulting from polyploidy or genetic
drift (Sobel et al. 2010). In recent times, ecological speciation has become the dominant hypothesis
in the literature, at the expense of non-ecological speciation (Rundle & Nosil 2005; Schluter 2009;

Nosil 2012).

There is, however, reason to question the status quo. Recent proponents of ecological speciation
have generally adopted the BSC when concluding that non-ecological speciation (especially by
genetic drift) is rare or unlikely (Turelli et al. 2001; Coyne & Orr 2004; Rundle & Nosil 2005; Sobel et
al. 2010). But adopting the USC, in viewing speciation as a gradual process that may include but is
not exclusively associated with intrinsic reproductive isolation, could lead to a different
understanding of the issue. Rather than viewing speciation as binary it is more appropriate to
account for a degree of uncertainty, and this includes acknowledging that speciation might be
‘incomplete’ (with respect to intrinsic isolation) when investigating its underlying causes (Nosil et al.
2009), as well as acknowledging the reality of cryptic speciation, a particularly thorny issue for plant
taxonomists (Bickford et al. 2007). The latter encourages the taxonomic community to shift away
from using morphology to delimit species, because genetic and ecological divergence — which may
reflect true evolutionary divergence — are not necessarily reflected in morphological traits (Bickford
et al. 2007). Finally, this approach promotes a shift in perspective: rather than focusing on

geographic context by, for example, distinguishing allopatric and sympatric speciation, it emphasises



gene flow, the underlying process of interest which is affected by many factors apart from

geography (Templeton 1981; The Marie Curie SPECIATION Network 2012).

In another shift away from traditional thinking, it has been convincingly argued that the terminology
of the ecological/non-ecological speciation debate presents a false dichotomy because speciation
invariably involves ecology (Wiens 2004a; Sobel et al. 2010). In particular, although allopatry is
generally crucial to non-ecological speciation, it is often intimately tied to ecological forces (Wiens
2004b) and usually relates to niche conservatism, the common tendency of species to remain within
their native environment rather than adapting to new ones (Donoghue 2008; Petitpierre et al. 2012).
For any species, if environmental change results in a discontinuous distribution of its fundamental
niche, the degree of subsequent range fragmentation (i.e. vicariance) will be influenced by its ability
to adapt to new intervening environments (i.e. niche conservatism; Wiens et al. 1985). Given that
niche conservatism is extremely common in nature (Donoghue 2008) and that range fragmentation
usually reduces the spatial scale of gene flow, this means that the geographic pattern of
environmental change over evolutionary time has a profound effect on the likelihood of speciation
(Kozak & Wiens 2006). This applies to all modes of speciation because of the fundamental role of

gene flow limitation in population divergence (Slatkin 1985).

The role of gene flow is not limited to non-ecological speciation because although ecological
speciation is thought to be possible even in the presence of gene flow, it is nevertheless dependent
on the strength of divergent selection being sufficient to prevent ‘gene swamping’, the ecological
and evolutionary homogenising effect of gene flow (Lenormand 2002; Nosil 2008). Importantly,
though, the relationship between selection and gene flow is reciprocal: strong environmental
differences can enforce local adaptation which in turn restricts gene flow through immigrant
inviability, a process called isolation by adaptation (IBA), and this results in a pattern of isolation by
environment (IBE) in which there is a positive correlation between environmental and genetic

divergence for both neutral and adaptive regions of the genome (Nosil et al. 2008). Conversely,



strong uniform selection can promote gene flow and prevent divergence even when gene flow is
intrinsically very limited by countering genetic drift and favouring the establishment of infrequently
dispersed vectors carrying advantageous alleles (Morjan & Rieseberg 2004). Finally, the relationship
between gene flow and local adaptation is thought to be non-linear: for instance, extremely
restricted gene flow may prevent local adaptation through the loss of genetic variation due to
inbreeding depression; as such, local adaptation is perhaps most likely under an intermediate level

of gene flow (Garant et al. 2007).

Isolation by adaptation is often cited as the primary mechanism of ecological speciation because it
can profoundly affect phenotypic and genetic divergence (Shafer & Wolf 2013); however, factors
apart from environmental variation that might promote divergence and local adaptation are not
always investigated or acknowledged as contributing factors in speciation (Rdsdnen & Hendry 2008).
As Wiens (2004b, p. 917) put it, for any taxon the ‘ecological and evolutionary factors that cause
allopatry and that determine how long geographic isolation will last’, such as its ecological setting
and intrinsic dispersal ability, are crucial in determining the likelihood of any mode of speciation. In
conclusion, studying incipient speciation requires a holistic approach which addresses the ecology of
allopatry in addition to how the spatial scale of gene flow is affected by local adaptation and intrinsic
factors like dispersal limitation, and which acknowledges the interdependence of these factors and
attempts to tease them apart by investigating each independently. Studies that focus on specialised
species occupying naturally fragmented habitats, or ‘environmental islands’ (Ackerly 2003), are
particularly well suited to this approach. Perhaps the best-studied systems of this kind are the
serpentine floras of the world, particularly those in California, which typically comprise a number of
radiations occupying edaphically unusual, patchily distributed geologies. The great potential of these
systems for promoting ecological allopatry and both neutral and adaptive radiation has long been
acknowledged (Kruckeberg 1986; Harrison et al. 2006; Kay et al. 2011), and genetic tools are now
being used to tease apart the mechanisms of speciation that act within them (Turner et al. 2010;

Anacker et al. 2011). The purpose of the remainder of this chapter is to introduce the Succulent



Karoo (SK) of South Africa as a highly diverse floristic region and to address the potential role that
serpentine-like systems comprising environmental islands may have played in the evolution of its

diversity.

The Succulent Karoo

The SK is an arid region that forms a major part of the Greater Cape Floristic Region (GCFR; sensu
Born et al. 2007) and hosts the world’s most diverse arid flora with over 5000 species, of which
roughly 40% are endemic (Hilton-Taylor 1996), making it a global biodiversity hotspot (Myers et al.
2000). This diversity rivals that of the neighbouring Cape Floristic Region (CFR) which is primarily
comprised of the Fynbos biome, a mesic shrubland that dominates the mountains of the Cape and
hosts over 9000 species with ca. 70% endemicity (Manning & Goldblatt 2012). Interest in the
evolutionary factors responsible for the diversity of the GCFR has a long history (summarised by Ellis
et al. 2014) and remains a focus of current research (e.g. Britton et al. 2014; Linder 2005; Schnitzler
et al. 2011; Verboom et al. 2015). However, much of this research has focused on the CFR rather
than the SK (but see Verboom et al. 2004; Ellis et al. 2006) and has also almost exclusively adopted a
correlative approach, with phylogenetic methods employed to investigate associations between past
trait or environmental changes and shifts in diversification rate (e.g. Schnitzler et al. 2011), or to use
differences between sister taxa to infer the factors that caused their divergence (e.g. Van der Niet &
Johnson 2009). In contrast, studies which investigate the drivers of population divergence (e.g. Ellis
& Weis 2006; Ellis et al. 2007; Prunier & Holsinger 2010; Prunier et al. 2017) have been rare, despite
the fact that they can be used to address causative hypotheses of speciation as a contemporary
process (Ellis et al. 2014). Given the SK’s global significance and the relative paucity of speciation
research on its flora, there is a clear need for a greater understanding of the processes that gave rise
to its extraordinary diversity. Furthermore, there are multiple reasons to suspect that different

drivers of diversification acted in the SK and the CFR.
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Diversification in the Succulent Karoo versus the Fynbos
Topography and geology. For the most part the SK lacks the great topographic heterogeneity of the

CFR, which in that region has been linked to diversification through the promotion of strong
environmental gradients and population isolation (Linder 2003; Linder 2005; Verboom et al. 2015),
and evidence of cryptic speciation suggests that the importance of the latter in promoting non-
ecological speciation may be under-appreciated (Britton et al. 2014). Rather, the much more easily
eroded, predominantly shale substrates of the SK have produced a relatively flat to gently undulating
topography (Figure 1; Bradshaw & Cowling 2014), whose ability to promote population isolation and
consequent diversification remains an open question. In addition, the different underlying geologies
of the two regions have resulted in very different patterns of edaphic variation (Bradshaw & Cowling
2014). The CFR is dominated by extremely low-nutrient soils, adaptation to which prevents lineages
from occupying richer soils (Verboom et al. 2017) and may therefore promote non-ecological
speciation by limiting dispersal. However, the origin of these soils does vary in the lowlands where,
for example, specialised granite and limestone fynbos floras exist, and this large-scale edaphic
heterogeneity may have promoted ecological speciation (Verboom et al. 2015). In contrast, the SK is
dominated by relatively nutrient-rich shale-derived soils which are often heterogeneous at fine
scales, often presenting very sharp edaphic boundaries with concurrent species turnover (e.g.
Schmiedel et al. 2015), which suggests that edaphic variation may have promoted ecological

speciation in the SK flora.

Age and climatic history. The two regions have very different environmental and consequently
diversification histories. The SK is a recently emerged environment, having likely arisen as a result of
global cooling and aridification in the Neogene (Dupont et al. 2005; Linder 2008; Verboom et al.
2009; Hoffmann et al. 2015), which contrasts with the long-term climatic stability of the CFR
(Hoffmann et al. 2015) and the dominant, relatively ancient quartzitic substrates which host most of
its diversity in the form of fynbos vegetation (Goldblatt 1978; Cowling et al. 2009). This is reflected in

the phylogenetic histories of the floras: SK-endemic clades are consistently younger than their CFR-
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endemic sister clades, and their estimated divergence times almost always postdate the
hypothesised emergence of the SK, characterised by aridification in the Middle Miocene (13-17 Ma)
and the development of strong seasonality ca. 6.5-8 Ma (Verboom et al. 2009; Hoffmann et al.
2015). Hence in the CFR long-term climatic and edaphic stability, the buffering effect of elevational
heterogeneity, and consequent low extinction rates are thought to have provided the background
for species accumulation at generally unexceptional speciation rates (Verboom et al. 2014); in
contrast, the novelty of the SK suggests that its diversity arose primarily from rapid in situ
diversification. Linder (2008) found support for this hypothesis, showing that estimated speciation
rates were generally higher in clades with most species in Namaqualand (a major region of the SK)

compared to majority-CFR clades.

Floristic composition. Despite their geographic proximity and some degree of floristic affiliation to
one another (Born et al. 2007), there are numerous clear compositional differences between the SK
and CFR floras (described in Bergh et al. 2014). For instance, the fynbos is characterised by families
typical of temperate regions such as Restionaceae, Proteaceae and Ericaceae, while prominent
families in the SK are Aizoaceae, Poaceae and Crassulaceae (Goldblatt 1978). Asteraceae is the most
diverse family in both regions (Born et al. 2007) but exhibits notable regional phylogenetic signal,
with the tribe Gnaphalieae being almost exclusive to the fynbos while its relatives within the
Asteroideae (e.g. tribes Heliantheae and Astereae) are predominantly confined to the SK (Panero &
Funk 2008; Verboom et al. 2014). This pattern suggests that strong environmental filtering has
influenced the assembly of these floras. Indeed, fynbos has strong links to geographically distant but
edaphically and climatically similar areas, particularly the Australasian flora (Crisp et al. 2009;
Verboom et al. 2014), whereas most of the SK’s flora has a high degree of compositional overlap
with subtropical thicket and renosterveld vegetation types (Bergh et al. 2014), both of which fall
within the CFR but consist mostly of radiations of African origin, as does the SK (Verboom et al.
2014). These differences suggest that the SK and fynbos floras may have responded in different ways
to various (and perhaps independent) drivers of diversification.

12



Plant traits. One of the notable features of the SK flora is the preponderance of leaf succulence in a
number of its ecologically dominant and most diverse families, many of which, particularly Aizoaceae
and Crassulaceae, host a high proportion of dwarf species, a trait that is thought to promote
diversification in general (Boucher et al. 2017). Cowling et al. (1998) suggested that the GCFR’s
Mediterranean climate, with unusually reliable winter rainfall and dry summers, promoted
diversification by selecting for small plants with short life cycles and consequent high speciation
rates. These authors also noted that periodic droughts in the SK, which induce high mortality
especially in dwarves (Musil et al. 2005; Musil et al. 2009), should result in high generation turnover,
which they proposed to be analogous to how periodic fires in the fynbos power diversification
(Cowling 1987). Others have pointed to a role of plant size because small plants generally have high
population densities, which should facilitate local adaptation and allow for fine-scale niche
partitioning, thus promoting both adaptive speciation and high local species richness (Ellis & Weis
2006; Ellis et al. 2006; Ellis et al. 2007). Finally, dwarves’ small stature might suggest limited dispersal
ability (Thomson et al. 2011) and thus higher rates of diversification, but apart from the indirect

estimates of dispersal in Argyroderma there are no data to test this assumption.

The evolution of succulence has also been suggested to explain the discrepancy in diversification
rates between the SK and the CFR. Arakaki et al. (2011) pointed to a role of historical climate change
coupled with advantageous ‘pre-adaptations’ of the local flora, showing that there was a worldwide
burst of radiation in multiple succulent lineages in the late Miocene-Pliocene which was broadly
coincident with a similar radiation of C4 lineages (Edwards et al. 2010). This postdates the well-
known mid-Miocene cooling period which is thought to have resulted in global aridification, but
coincides with a period between 8 and 14 Mya during which atmospheric CO2 levels appear to have
dropped precipitously (Tripati et al. 2009; Zhang et al. 2013). Arakaki et al. (2011) suggested that this
resulted in ecological release and subsequent diversification of succulent lineages because, like C4
plants, their high photosynthetic water-use efficiency made them pre-adapted to arid, low-CO2
conditions. In the parlance of Donoghue & Sanderson (2015) this represents a ‘confluence’: the key

13



innovation of crassulacean acid metabolism evolved in response to reduced CO2 levels against a
backdrop of continued aridification, which culminated in widespread ecological release and thus

extraordinary opportunities for rapid diversification.

However, relatively little is known about how the above factors which distinguish the SK from the
CFR influenced adaptive and/or non-adaptive radiation. Adaptive radiation in response to the
emergence of the SK has often been invoked to explain its floristic diversity, but as the case of
research into the Aizoaceae demonstrates, much of our current understanding is still based upon

speculation.

Aizoaceae: a case study

The rapid radiation hypothesis has some support from phylogenetic evidence from the Aizoaceae,
which indicates a dramatic burst of radiation in the ‘core’ Ruschioideae clade beginning 2-8 Mya and
producing over 1500 species and 100 genera (Klak et al. 2004; Valente et al. 2014). Klak et al. (2004)
linked the extremely rapid radiation of the core Ruschioideae to a set of traits [wide-band tracheids,
hygrochastic capsules (ballistically water-dispersed; Parolin 2006) and flattened leaves] facilitating
their survival in the harsh SK climate, which they identified as key innovations allowing for adaptive
radiation. One of the earliest authors to suggest a role for adaptive radiation in the group was
Ihlenfeldt (1994), who explained the impressive morphological diversity of the Aizoaceae as the
result of an unusually flexible growth architecture and proposed that this allowed the group to
diversify into a wide array of niches. Valente et al. (2014) also addressed the hyperdiversity of this
group in a spatial analysis, finding that across the GCFR there is a positive correlation between
topographic heterogeneity and generic richness in the core Ruschioideae, but not in the species-
poor Mesembryanthemoideae (ca. 100 species in 11 genera) and early-diverging Ruschioideae (22
species in 10 genera). An important difference between these groups relates to the structure of their
seed capsules. Though all have hygrochastic capsules which limit primary dispersal to < 2 m (Parolin

2001; Parolin 2006), with secondary dispersal also being strongly limited due to the coupling of

14



dispersal and germination in response to rainfall events (Milton 1995), those of the core
Ruschioideae have a number of highly specialised and effective seed retention structures (Parolin
2001). Both lhlenfeldt (1994) and Klak et al. (2004) hypothesised that this trait led to accelerated
diversification by causing a reduction in the spatial scale of gene flow. However, very little is known
about gene flow in any of these groups, and moreover, gene flow limitation may promote but is not
crucial to ecological speciation, whereas it is generally crucial to non-ecological speciation (Rundell &

Price 2009).

Although the results of Valente et al. (2014) also suggest an interaction between complex seed
retention structures and topographic heterogeneity in promoting the group’s radiation, these
authors called into question the primacy of this confluence. They noted the high representation of
core Ruschioideae in the species- and endemic-rich quartz fields of the SK, which are among its more
topographically heterogeneous elements, but emphasised that this lies in stark contrast to the
species-poor early-diverging Ruschioideae whose distribution centre is in the south-western Cape, a
large region which possesses much greater topographic heterogeneity than the SK. They concluded
that topographic heterogeneity alone cannot explain the diversity of the core Ruschioideae, instead
hypothesising a role for increased UV radiation exposure caused by the quartz’s high reflectance
leading to higher mutation rates, a process that is thought to promote diversification (Davies et al.
2004). However, mutation rates in Aizoaceae have yet to be quantified, and other regions of the SK
host diverse, high-endemism communities but lack high-albedo substrates, such as the Richtersveld
(Hilton-Taylor 1996). They also did not elaborate on whether high mutation rates might facilitate
ecological or non-ecological speciation. However, they did draw attention to the particularly diverse

flora of the SK’s quartz fields, which is the subject of this thesis.

The Knersvlakte
The one exception to the dearth of population-level speciation research in the SK flora is a series of

studies that truly sheds light on the nature of the core Ruschioideae radiation and was conducted in

the Knersvlakte (Ellis & Weis 2006; Ellis et al. 2006; Ellis et al. 2007), a small region covering roughly
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70 km north to south and 40 km west to east which was identified by Born et al. (2007) as one of the
four highest centres of endemism in the entire GCFR, which is owed largely to its specialised quartz
field flora. Of the 67 obligate quartz field taxa, a remarkable 94% are endemic and 56% belong to
(mostly ruschioid) Aizoaceae (Schmiedel 2002). Apart from its diversity, the flora is of very recent
origin: while most Succulent Karoo endemic lineages originated less than 10 Mya (Verboom et al.
2009), the quartz fields are thought to have emerged in the Pliocene between 5.3 and 2.6 Mya in
response to regional erosional processes stimulated by continental uplift (Cowling et al. 2009). Such
explosive radiations are typically interpreted as signatures of adaptive radiation (lhlenfeldt 1994) but
non-adaptive radiation following rapid range expansion can equally produce such a pattern (Rundell
& Price 2009). The emergence of the quartz fields could have sparked such an event, particularly
given that the initial distribution of the quartz would have been more island-like than it is at present
(Ellis et al. 2006), providing greater opportunity for geographic isolation. Regardless, this is a system
in which rapid in situ diversification clearly took place, though the drivers of this diversification

remain uncertain.

Ellis and co-workers shed light on this problem by focusing on the Knersvlakte-enemic genus
Argyroderma and exploring the links between patterns of genetic structure and divergence in
morphology, flowering phenology and edaphic niche to understand the recent diversification of the
group. The eleven species in the genus separate into three distinct genetic clades: the dwarf,
unbranched A. delaetii group; the dwarf, typically branched A. framesii group; and the sole non-
dwarf A. fissum (Hartmann 1977; Ellis et al. 2006). The dwarf species are all strongly associated with
the Knersvlakte’s most prominent geographic feature, the quartz gravel plains; in contrast, A. fissum
occurs both on and off the quartz (Hartmann 1977; Schmiedel 2002). The studies showed that the
largely allopatric A. framesii group taxa are genetically distinct, with genetic structure being
associated with both spatial isolation and edaphic specialisation and divergence. Ellis et al. (2006)
thus proposed a model for this group of diversification driven by adaptive divergence in allopatry
and facilitated by limited long-distance gene flow. In contrast the A. delaetii group exhibited weak
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genetic structure between taxa which correlated with divergence in flowering time and edaphic
niche, leading Ellis et al. (2006) to suggest that incomplete adaptive differentiation occurred in
allopatry in response to different edaphic environments, which in turn led to phenological

differentiation.

Ellis et al. (2006) suggested that the process of diversification in the A. delaetii group is gradually
being reversed as the taxa come back into contact, citing the prevailing hypothesis of the
geomorphological evolution of the Knersvlakte quartz fields (KQF) as supporting evidence. The
hypothesis states that although the distribution of the KQF is fragmented and in part island-like, as
the quartzite beneath overlying rocks has gradually been exposed due to erosion the quartz ‘islands’
have continued to grow in size and so the potential for population isolation in quartz specialists has
decreased with time. This could explain the complex, reticulate divergence patterns observed in the
A. delaetii group, assuming a later origin of this group relative to the A. framesii group, which would
have allowed the latter to evolve stronger reproductive isolation. The question remains, however, as

to whether other groups in the KQF have similar histories to those of the Argyroderma dwarves.

Conclusions

The Ellis studies created the foundation for further population-level speciation research with the
KQF as a focal system, and this thesis aims to continue this research by investigating ecologically
driven allopatry, local adaptation, and gene flow in other KQF taxa. In particular the focus is to assess
the generality of the ecological speciation in allopatry model proposed by Ellis et al. (2006). This
thesis adopts the research program advocated by Wiens (2004) by focusing on the biology of
allopatry, in other words viewing allopatry as not only a geographical phenomenon but also a
biological one. In this sense the central question is: To what extent are quartz patches an insular (i.e.
non-permeable) habitat, and how does the insularity and patchiness of the quartz fields interact
with divergent selection to affect the probability of speciation in quartz specialists? The question is

addressed using measures of niche divergence, local adaptation and gene flow between populations
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within various species and species complexes which differ in growth form and life-history strategy,

focusing on four sites distributed throughout the region.

Because of its fundamental role in all modes of speciation, gene flow and its mechanisms are the
focus of Chapter 2. Using next-generation sequencing and population genomic analysis, unexpected
patterns of spatial genetic structure were revealed in two quartz field specialists, which were shown
to correspond well with certain aspects of capsule morphology relating to the potential for dispersal,
with important implications for dispersal in these and other species of ruschioid Aizoaceae. Chapter
3 then focuses on the insularity and island-like nature of the quartz fields as well as within-species
niche divergence and local adaptation to assess the potential for these factors to promote
diversification. The results fortified the environmental island hypothesis of the Knersvlakte quartz
fields and suggested a strong but complex relationship between realised and fundamental niche
divergence in two of the four taxa studied. Finally, Chapter 4 presents a synthetic analysis aimed at
teasing apart the roles of dispersal and pollen transfer limitation versus niche divergence and local
adaptation in driving neutral and adaptive genetic divergence. Mechanisms limiting the likelihood of
long-distance seed dispersal, which can be predicted based on plant traits, were hypothesised to be
the primary drivers of genetic divergence in the system, with poor dispersers being far more likely to
undergo both neutral and adaptive divergence in allopatry. These results have important
implications not only for our understanding of diversification processes in the Knersvlakte, SK and

ruschioid Aizoaceae, but also for Cape taxonomy and the conservation of evolutionary potential.
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