The copyright of this thesis vests in the author. No
quotation from it or information derived from it is to be
published without full acknowledgement of the source.
The thesis is to be used for private study or non-
commercial research purposes only.

Published by the University of Cape Town (UCT) in terms
of the non-exclusive license granted to UCT by the author.



Tracking thicket

through space and time
Insights into the evolutionary history of the Albany
Subtropical Thicket from comparative

phylogeography and distribution modelling

Alastair John Potts

September 2011

Thesis Presented for the Degree of
DOCTOR OF PHILOSOPHY
in the
Department of Botany;,
UNIVERSITY OF CAPE TOWN

Supervisors:
T. A. Hedderson and R. M. Cowling






To my parents,
for guiding me along the path,
teaching me the trees along the way,
and letting me explore further.
Also to Reda,
for walking with me,
and making my steps feel lighter.
To my daughters,

I wish you endless curiosity.






Declarations: I, Alastair John Potts, hereby:

1. grant the University of Cape Town free license to reproduce the above thesis in

whole or in part, for the purpose of research;
2. declare that:

a) the above thesis is my own unaided work, both in conception and execution,
and that apart from the normal guidance of my supervisor, I have received

no assistance apart from that stated below;

b) neither the substance nor any part of the above thesis has been submitted
in the past, or is being, or is to be submitted for a degree at this University

or at any other University, except as stated below;

[ am now presenting the thesis for examination for the Degree of PhD.

Alastair Potts, September 2011.






Acknowledgements

To Professor Richard Cowling (Nelson Mandela Metropolitan University), for setting
my imagination free to ‘see’ the forever shifting vegetation, climate and landscape
through time and space. To Professor Terry Hedderson, for showing me how to find
my own research path and guiding me back from many dead-ends. To Jan Vlok, for
sharing the near limitless knowledge of plant species and their distribution that resides

in his head; this project would not have been possible without his key insights.

To my parents, who shared their love of the bushveld and taught me about the
trees; there are very few children who could use scientific tree names to curse their
classmates in Latin. Thank you also for giving me the freedom and the opportunity

to follow my interests.

To Reda, my wife, for your patience, understanding, caring, sharing and prodding.
Thanks for putting up with my vacant stares and sometimes unfathomable questions

when problems were hassling me.

Thank you to Guido Grimm (Swedish Museum of Natural History) for many
entertaining discussions on ITS and phylogeny reconstruction, as well as valuable
edits of Chapter 3] Thank you to Ernesto Ismail for helping me typeset this thesis
in BTEX2<. I am grateful to Guy Midgley, Kathryn Lannas and two anonymous
reviewers for valuable comments on Chapter [2land Alexis Stamatakis for his comments
on Chapter 3]

I am incredibly grateful to the various foundations and funding bodies that
have supported me throughout my years of study, particularly the Darwin Initiative,
the National Research Foundation, the University of Cape Town, and the Dorothy

Cameron Trust.

To the many people that collected samples for this project; phylogeography
involves sampling widely through an enormous landscape which is impossible for one
person to traverse in search of specific species. The time generously spent collecting

samples by volunteers gives a far richer insight into phylogeographic patterns than

Vil



can be done by any one researcher alone. I am indebted to the following people for
providing samples (in alphabetical order): Rauri Alcock, Nigel Barker, Warren Bass,
Tarik Bodasing, An van Cauter, Corli Coetsee, Tony Dold, Gary and Wendy Holburn,
Sam Jack, Colleen Mannheimer, Muthama Muasya, Carla Stava, David Styles, Syd
Ramdhani, Karin van der Walt, Julia Wakeling, and Ben Wigley.

viil



Abstract

Albany Subtropical Thicket (AST) is a species-rich biome restricted to the coastal
lowlands of the southern Cape region of South Africa. Its Quaternary history is
poorly understood, but climatic changes associated with Pleistocene glacial cycles may
have profoundly affected the distributions, gene flows, and demographies of species.
The glacial refugia hypothesis predicts that AST retracted into fragmented refugia
during glacial cycles. The evolutionarily discrete drainage basin (EDDB) hypothesis
suggests that the prevailing topography played an important population-structuring
role. I evaluate these two hypotheses by combining community and species distribution
models with multigene comparative phylogeography of three AST species Pappea
capensis, Nymania capensis, and Schotia afra. Distribution models support the glacial
refugia hypothesis, with highly reduced and fragmented distributions postdicted for
the Last Glacial Maximum. These models, projected onto two climate scenarios
for 2050, give a positive outlook for the future of AST, with no dramatic shifts or
reduction in appropriate climate. Chloroplast and nuclear genomes were used for
phylogeographic analyses. Intra-individual site polymorphisms (2ISPs) in nuclear
DNA have traditionally hindered phylogeny reconstruction. I outline an approach that
incorporates the variation present in 2ISPs that improves phylogenetic reconstruction
across a range of methods. Phylogeographic structure in N. capensis and P. capensis
corresponds to primary drainage basins, which supports the EDDB hypothesis. In
contrast, S. afra comprises a single meta-population, spanning drainage basins with
limited structuring. These contrasting patterns may relate to reproductive ecology.
Nymania capensis and P. capensis are bird- and wind-dispersed, respectively, whilst
S. afra has large pods that are eaten by large mammals including mega-herbivores
(e.g. elephants). Long distance wind-dispersal is likely hampered by vegetation and
watersheds, and dispersal by birds limited by territoriality and short gut-retention
times. However, migrating mega-herbivores with poor digestion and large intestinal
tracts retaining seeds for long periods may broadly disperse seeds, leading to lack of

phylogeographic structure. These patterns also support the use of drainage basins as
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a surrogate for biodiversity conservation efforts in an AST mega-conservancy network.
The interaction between topography, palaeoclimatic history and seed dispersal ecology
seems to have predictable influences on population structuring of AST flora. Thus,
this thesis offers new insights into the evolutionary history and ecology of the Albany
Subtropical Thicket.
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1. General Introduction

Species have limited distributions. Discovering where species do and do not occur,
coupled with the questions of why and why not, has been a cornerstone to investigating
evolution and speciation since the explorations of Charles Darwin (Darwin| |1859),
Alfred Wallace (Wallace| |1880) and Sir Joseph Hooker (Hooker| 1867a,b). The
study of the distribution of species and the causes of their distributional breaks is
termed biogeography. This field of research has provided invaluable insights into the
distributional histories of both species and environments across the earth (Brown
& Lomolino| (1998)). However, the level of detail that biogeography can provide
has traditionally been hindered by its smallest unit of measure: the species. The
distribution of a single or multiple co-occurring species does not provide a picture
of their independent, and often, divergent evolutionary histories. Biogeography
investigates the patterns and causal factors only after speciation has occurred, and

thus is unable to detect recent evolutionary events or fine-scale environmental barriers.

Individuals within a species rarely form a single population with equal connec-
tivity between all individuals. They can be isolated simply by distance, or in more
complex scenarios by extrinsic environmental features that influence their dispersal.
With the recent advent of the molecular era, the species as the smallest biogeographical
unit was refined and often replaced by the individual, or rather an individual’s genome.
Tracking genetic units has provided a previously unattainable degree of resolution in
exploring the distributional history and population dynamics of individual species (e.g.
Avise2000)). The investigation of the distribution of genetic lineages within a species
across aquatic and terrestrial landscapes has been termed phylogeography (Avise et al.
1987). This burgeoning discipline has opened a window into the evolutionary history
of species and continues to provide answers to the questions of where and why, but at

a far more detailed level.

Inferring the history of distributional shifts of a species traditionally relied on
tracking the species through time by mapping and dating preserved remains, such as

fossils or pollen. Unfortunately, this information is usually highly fragmented in space
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1. General Introduction

and time due to the serendipitous nature of deposition, and appropriate fossils may be
sparse to non-existent for many taxa. In addition, climates or landscapes conducive
to the formation and preservation of such depositional archives have not occurred in
all regions of the world, particularly in southern Africa (Chase & Meadows| [2007).
Nevertheless, another very recent avenue for exploring the distributional history of
a species has arisen in the form of species distribution models (SDM), coupled with
its historical extension, palacodistribution modelling. Species distribution modelling
involves two steps: 1) predicting an environmental envelope from known localities and
the environmental conditions at those localities, and 2) extrapolating this envelope
onto a spatially interpolated environmental surface for an area. These envelope models
can be projected onto environmental surfaces that represent different time periods.
Initially, palaeoclimatic surfaces were reconstructed using proxies such as palynology
(e.g. Kershaw & Nix|1988). More recently, global climate models provide hypotheses of
past and future climate surfaces (e.g. Richards et al.[2007, Waltari et al.|2007). Thus,
SDM offers an alternative avenue by which the shifts in species distributions in time
may be investigated, especially in regions where palaeoarchives are rare. Furthermore,
these methods can be applied, with additional caveats, to larger community-level units
such as biomes or vegetation units. Community distribution models (CDM) have
provided valuable hypotheses of the past and future distributional shifts of vegetation
communities (Carnaval & Moritz 2008, |[Midgley et al.[2002, VanDerWal et al.|20094)).
Both SDM and CDM are based on a wide range of assumptions (reviewed in [Svenning
et al|[2011)) and these are discussed in detail in Chapter [2| (‘Modelling Approach’,
Pg. [46). Nonetheless, CDM offers an alternative to SDM when extensive locality
information is deficient for most species within a community. The lack of sufficient
locality information is a global problem that also extends to most plant species within

South Africa’s biomes.

The Albany Subtropical Thicket (AST) biome is found along the southern coastal
lowlands of South Africa. It has historically been a poorly understood and documented
vegetation unit (reviewed in |Vlok et al.[2003)) and has only been elevated to the status
of biome relatively recently (Low & Rebelo/1996)). In hindsight, its biome status seems
obvious given its unique mix of growth forms, climate and ecology. Structurally, the
AST vegetation is a closed shrubland of evergreen, sclerophyllous or succulent trees,
shrubs and vines, without a conspicuous grass layer. This, coupled with an absence of

clear strata, distinctive climatic conditions and the absence of fire, prompted Low &
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Rebelo| (1996) to elevate this vegetation’s status to a biome. The AST is characterised
by slow-growing trees and shrubs ([Pierce & Cowling|1984)) that are resistant to drought
(e.g. Holmes & Cowling| |1993] [Ting & Hanscom||1977). It also has a surprisingly
high living biomass for a semi-arid region (Mills & Cowling 2006], Mills et al. |2005)
with very low fluctuations in biomass in response to drought cycles (Hoare & Frost
2004). Characteristically, it has a deep surface litter which is eroded when thicket
is transformed by intensive pastoralism (Mills & Fey |2004, Mills et al. 2005). The
ecology of the AST is unique: it is not a fire-driven nor a drought-driven system
(Vlok et al|2003)) - these are the predominant drivers in neighbouring biomes (Mucina
& Rutherford| [2006). Historically, the dominant disturbance was provided by large
herbivores, specifically African Savannah Elephants and Black Rhinoceros (Kerley
et al|1995).

The phytosociological and ecological aspects of the AST vegetation have been
relatively well explored (Vlok et al.[2003), given that its origin and affinities have been
misunderstood and neglected until fairly recently. Based on fossil and phylogenetic
data, |Cowling et al.|(2005) conclude that the AST is an ancient formation, extending
back at least to the Eocene (33.9 - 55.8 Ma), which was once widespread during the
Palaeogene (23.0 - 65.5 Ma). |Cowling et al.| (2005) suggest that the Pleistocene glacial
periods, with their lower global temperatures, would have been trying times for thicket
based on observations of frost intolerance in many AST species, especially succulents.
Thus, they hypothesise that the AST retracted into frost-free refugia during these
periods. Beyond this, the history of this vegetation during the Quaternary remains

unexplored.

In this thesis, I to explore the Quaternary history of the Albany Subtropical
Thicket. 1 will use a combination of species distribution modelling, community
distribution modelling and the phylogeography of three dominant and widespread
plant species found in the Albany Subtropical Thicket. Below I provide brief overviews
of the current state of plant phylogeography and phylogeography in southern Africa.
I also describe the coastal lowlands and the AST in terms of an ideal model study

system. Finally, I give the prospectus of my thesis.
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1. General Introduction

1.1. The current state of plant phylogeography

The study of plant phylogeography has considerably lagged behind that of animals
(Avise 1998, 2000, [Beheregaray|[2008)), largely due to the role of mitochondrial DNA
(mtDNA) as a driving force behind the discipline. The overall reliance on mtDNA
for phylogeographic studies in animals stems from the following desirable properties
(Avise 2000): i) it tends to evolve faster than nuclear DNA (nDNA), ii) it has
a stable gene order and polymorphisms are usually nucleotide substitutions, and
iii) it is inherited asexually through the maternal lineage without recombination
(but see Barr et al|2005). In contrast, both plant mtDNA and chloroplast DNA
(cpDNA) exhibit significantly lower rates of nucleotide substitution which results in
far less phylogeographic resolution. Plant mtDNA is further hampered by extensive
intramolecular recombination (Palmer||1992)), which is not observed in animal mtDNA.
Furthermore, hybridisation and polyploidisation are far more prevalent in plants
than in animals (Mallet| 2007, Moyle et al| 2004, Muller| 1925). Thus, although
the mode of inheritance of cpDNA is generally uniparental, there is high potential
for chloroplast movements across species boundaries (e.g. Alvarez & Wendel 20006,
Belahbib et al.2001, King & Ferris| 2000, Rieseberg et al.[ 2003, |Vriesendorp & Bakker
2005). Such horizontal transfer blurs the relationship between gene history and true
organismal history (Rieseberg & Soltis|[1991)). Thus, a significant cause of the lag
in plant phylogeography are the difficulties involved with obtaining sufficient genetic
variation (Newton et al.|[1999, Schaal et al.|1998) and the additional complexity that
is introduced by species boundaries that are far more permeable to genetic exchange
than those observed in animals. In a recent review, Beheregaray| (2008) demonstrates
that the distribution of plant phylogeography studies is also severely biased in terms
of continents and hemispheres. He reveals that studies on species from North America
and Europe comprise 66% of all phylogeographic studies on terrestrial plants, whereas
Africa, Australia and South America comprise only 4%, 5% and 4%, respectively.
Furthermore, 88% of studies of terrestrial plants are set exclusively in the northern
hemisphere, whilst only 8% are from the southern hemisphere (the remainder span
both hemispheres). Plant phylogeography has provided valuable insights into the
historical forces that have affected species, such as the locations of refugia and the
corridors and direction of migration in response to the effects of Pleistocene glacial
cycles, primarily in the northern hemisphere (Brunsfeld et al. 2001, Hewitt| 2000,
Taberlet et al|[1998), but also in other parts of the world (e.g. Australia’s arid
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1.1. The current state of plant phylogeography

zone biota, Byrne [2007, Byrne et al[2008). In South Africa, phylogeography offers
excellent potential for providing a deeper understanding of the history of the many
unique and biodiversity-rich vegetation communities (Cowling et al.|2005), which
include three biodiversity hotspots: the Succulent Karoo, the Cape Floristic Region
and the Maputaland-Pondoland-Albany region (Myers et al.| 2000, Steenkamp et al.
2004). However, at present there are only a handful of phylogeographic studies of
plants that offer tantalising glimpses into the recent vegetation history of the region.
For example, coastal species of Streptocarpus (a forest floor herb) have far higher
genetic diversity than a highland species, suggesting that coastal populations were
far bigger during the Pleistocene glacial periods than highland populations (Hughes
et al|[2005). Two other studies of common and widespread South African plants
find surprisingly little genetic structuring across large distances, complex landscapes
and the recent Pleistocene climate cycles: Elytropappus rhinocerotis (Bergh et al.
2007)), a shrub that is widely distributed in the winter-rainfall region, and the genus
Schotia (Ramdhani et al.|2010) which are tree species restricted to the southern African
summer and annual rainfall regions. In contrast, Prunier and Holsinger (Prunier &
Holsinger| 2010) detected limited gene flow between most populations within species
of white proteas (Protea section Ezsertae) and suggest that geographical isolation in
the complex Cape Floristic Region landscape was responsible for the diversification
observed in this group. Therefore, phylogeography is an underutilised field of research

in investigations of South African vegetation history.

Nuclear DNA has not been widely used for phylogeography analysis in animals
or plants due to its complex intrinsic properties. This biparentally inherited genome
is subject to recombination, longer coalescent times, and heterozygosity. These can be
significant problems as recombination can mislead the reconstruction of phylogenetic
relationships (Buckler et al.||1997), longer coalescent times decrease the degree of
phylogeographic resolution as genetic patterns require a longer evolutionary period to
emerge (Avise|1998|, /Avise & Wollenberg|1997)), and determining the correct haplotypes
for heterozygous individuals can be expensive as cloning is often required. There is an
added problem of polyploidy in the nuclear genome, which is more prominent in plants
than in animals (Levin|1983| Mallet| 2007, Moyle et al.[2004, Muller|1925). This process
multiplies the number of chromosomes and genomic content within lineages, which
is often followed by massive silencing and elimination of duplicated genes (Adams
& Wendel| 2005, |Otto| [2003). This can lead to dramatic re-arrangements that can
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1. General Introduction

mislead attempts to reconstruct phylogenetic relationships (Wendel [2000). However,
the evolution of polyploidy may also increase the likelihood of reproductive barriers
which can, given enough time, lead to the development of spatial structure (e.g Fidesen
et al.[2007, [Popp et al|2008, Thompson & Whitton 2006, Trewick et al.|[2002).

Despite these problems, nDNA offers a critical contrast to the generally uni-
parentally inherited organelles (mtDNA and c¢cpDNA) that may give a biased rep-
resentation of a species genetic coherence (e.g. population fragmentation detected
by ¢cpDNA may be caused by extremely localised seed dispersal, whereas in reality
extensive gene flow may occur between populations via pollen) or evolutionary history
as the smaller effective population size of uniparentally-inherited markers render them
more susceptible to stochastic processes (e.g. |[Edwards & Beerli|2000). Thus, the
biparentally-inherited nDNA may be more representative of a species history and
less prone to the vagaries of a species natural history or the stochastic nature of
the coalescent (Avise 2000} [2004). The most widespread nDNA region used in plant
systematics or phylogeography is the non-coding internal transcribed spacer (ITS)
region of the 185-5.85-258 nuclear ribosomal cistron (Alvarez & Wendel 2003, Baldwin
et al.||1995] Feliner & Rosselld|2007). The ITS region (ITS-1, 5.8S, and ITS-2) offers
a valuable source of information for plant phylogeography (Chiang & Schaal 1999,
Feliner et al| 2004, Rossello et al.| 2007) due to its often higher rate of mutation
compared with, for example, the chloroplast genome (Schaal et al./[1998). However,
it has often proved difficult to extract a clear signal from ITS for phylogeography
and lower level phylogenies due to the presence of multiple ITS variants within
an individual (Feliner & Rosselld 2007, King & Roalson| [2008)). The ribosomal
cistrons that include I'TS form a multi-gene family arranged in tandem arrays. These
arrays are confined to one or more chromosomal loci (termed nucleolus organiser
region(s), reviewed in [Volkov et al||1999). Thus, there are hundreds to thousands
of copies of ITS within any given individual. Although these copies are homogenised
through a process of concerted evolution, numerous unique variants of I'TS usually
remain within an individual. Thus, a number of processes including incomplete
concerted evolution, recombination (crossing-over), interbreeding/hybridisation, and
autopolyploidisation can etch conflicting phylogenetic signals onto ribosomal DNA
such as ITS (Bailey et al.2003)). The result of these processes is the presence of intra-
individual site polymorphisms (2ISPs, pronounced ‘twisps’) within ITS sequences.

Currently, the presence of 2ISPs severely hampers phylogenetic reconstructions as
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1.2. The current state of southern African phylogeography

the majority of the currently available algorithms and software treat potentially
informative polymorphisms as ambiguous characters or missing data. However, intra-
individual site polymorphisms can offer additional phylogenetic or phylogeographic
information (e.g. Fama et al.[2000, |[Feliner et al.[2004, |Grimm et al.[2007). Therefore,
Chapter [3] is devoted to exploring an informative treatment of 2ISPs and comparing
this with the standard treatment.

Plant phylogeography is an exciting but understudied field, especially in southern
Africa. It has revealed the historic responses of lineages to dramatic environmental
changes elsewhere in the world, and has been most useful when the histories of multiple
species are studied (e.g. |Garrick et al.|[2004, 2007, 2008, Sunnucks et al.[[2006). Here
I use comparative phylogeography of three plant species and molecular data (cpDNA
and nDNA) to explore the history of the Albany Subtropical Thicket.

1.2. The current state of southern African phylogeography

Phylogeography in Africa has lagged behind in comparison to the northern hemisphere
(Beheregaray|2008)). Furthermore, there is a great disparity in the African taxa studied
using these techniques. The Greater Cape Floristic Region (G-CFR, [Born et al.2007)
encompasses two biodiversity hotspots the Cape Floristic Province and Succulent
Karoo. Although this area is a small proportion of the southern African region (Figure
[L.1]A), the number of articles investigating the phylogeography of taxa restricted to
the G-CFR outnumbers that from taxa restricted to southern Africa (Figure [L.1]B).
Furthermore, articles based on taxa restricted to southern Africa (including the G-
CFR) also marginally outnumbers those from the rest of Africa. There are two factors
likely to be driving this: 1) much of the phylogeographic research in southern Africa
has been spear-headed by researchers from South Africa, where funding is available for
such research, and 2) the logistical difficulties surrounding sampling and obtaining the
relevant permits to obtain samples of a target taxon increase dramatically with each
new country that the distribution spans. The Greater Cape Floristic Region offers an
ideal study system that is geographically small, and with few geopolitical boundaries
as it largely encompassed within two provinces of a single county, South Africa. The
AST offers a similarly ideal study system as it is geographically restricted (~47,000
km?; |Vlok et al|2003) with few geopolitical boundaries as it spans only the Western

and Eastern Cape Provinces of South Africa.
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Figure 1.1. The regional and taxonomic coverage of 113 articles on of phylogeog-
raphy of African terrestrial taxa published between 1987 and 2011.
Articles were compiled by searching for ‘phylogeography’ or ‘phylogeographic’
in IST Web of Knowledge and Google Scholar and filtering the title, abstract
and keywords using all of the country names in Africa. Each article was checked
manually to ensure that African terrestrial taxa were the focus of the study.
(A) Articles are divided into three nested terrestrial regions: the Greater Cape
Floristic Region (G-CFR, highlighted with an arrow), Southern Africa, and
Africa. An article was classified within whichever region contained all the
samples of the taxon or taxa of interest. (B) The number of studies restricted
to each region. The number of articles on terrestrial taxa by taxonomic group
is shown (C) for all articles, (D) and those restricted to the G-CFR.

A study of the literature reveals that mammals have by far received the most
attention of phylogeographers in Africa (Figure .C). Unsurprisingly, this has been
driven by a focus on the charismatic large mammals on the continent, many of which
have been the target of numerous rounds of phylogeographic study (e.g. elephants,
black rhinos, lions and cheetahs). The ordering of major groups remain unchanged
when ranked by taxonomic group and focuses on only those articles that study species
within the G-CFR, with one interesting exception (Figure D): mammals drop to
fiftth place on the list. This is likely because there are few large mammals that are

solely restricted to this region, whereas there are numerous endemics from the other
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1.3. The coastal lowlands and the Albany Subtropical Thicket as a study system

taxonomic groups. It is indicative of the difficulties surrounding plant phylogeography
that the number of articles on plants still lags behind those on invertebrates and

reptiles despite the renowned floral diversity of the region.

1.3. The coastal lowlands and the Albany Subtropical
Thicket as a study system

The topography of South Africa is characterized by a narrow coastal plain of low relief,
which is separated from an unusually high interior plateau by the Great Escarpment
(Figure .A). The escarpment has formed through a series of uplift events, likely
related to periods of reorganisation and spreading of mid-oceanic ridges (Moore et al.
2009), the last of which occurred approximately five million years ago (Ma) during the
late Miocene (Partridge & Maud||1987). By the end of the Pliocene (~2.6 Ma), the
coastal lowland landscape very closely resembled the topographically and edaphically
heterogeneous ones of today (Cowling et al.|2009). The coastal plain is interrupted in
the south-west by the Cape Folded Belt which also displays a wide range of topographic
relief. The orogeny of the Cape Folded Belt may be ancient (280 — 215 Ma), but it
has shared periods of uplift with the Great Escarpment (Partridge & Maud|2000)).
The close proximity of the Great Escarpment to the coast resulted in an extended
series of parallel, relatively short and deeply incised drainage basins along the coast of
South Africa; the AST spans eight of these drainage basins. On the basis of a floristic
assessment of the AST, Vlok et al.| (2003)) suggested that these drainage basins are
discrete biogeographical units. In this thesis, this proposal is termed the ‘evolutionarily
discrete drainage basin hypothesis’ (EDDB). Based on this hypothesis, drainage basins
have been treated as unique entities in large-scale conservation planning that aims to
ensure the persistence of evolutionary processes for the AST biota (Rouget et al.
2006). This hypothesis is supported by phylogeographic research on freshwater redfins
(Swartz et al|[2009)) and terrestrial cicadas (Price et al.2010), but there is limited data

on whether it applies to terrestrial plants.

There are two dominant rainfall regimes across South Africa (Carr et al.| 2006,
Schulze et al.|[1997)): a winter-rainfall zone (WRZ) in the west and a summer-rainfall
zone (SRZ) in the east. Between these two regimes lies the annual-rainfall zone (ARZ)
that receives both summer and winter rainfall (Figure .B). The present-day WRZ

19



1. General Introduction
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Figure 1.2. The (A) topography and (B) major rainfall regimes of southern
Africa, and (C) the three inland subtypes of the Albany Subtropical
Thicket. The major rainfall regimes follow Carr et al.| (2006) where the winter-
rainfall zone (WRZ), annual-rainfall zone (ARZ) and summer-rainfall zone
receive >66% winter rain, 66% to 33% winter rain, and <33% winter rain,
respectively.

was initiated by the increase in Antarctic glaciation (~14 Ma; |Zachos et al|2001)

and the associated increase in the strength of the South Atlantic high-pressure cell.
Summer aridity in the west and interior was exacerbated by the Late Miocene uplift of
the Great Escarpment and interior plateau due to the rainshadow effects that prevented
convective uplift precipitation systems from reaching the west . This has
resulted in, or contributed to, the climatic isolation of coastal lowland vegetation types,
such as the AST, that do not extend into the interior plateau (Mucina & Rutherford|

2006).

Southern Africa has been spared the Quaternary glaciations (Partridge| |1997)
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that have had a marked and catastrophic effect on plant distributions in the northern
hemisphere (e.g. Taberlet et al||1998). However, the exact nature of Pleistocene
climatic fluctuations across southern Africa remains largely speculative because of
the limited number of reliable palacoenvironmental records (Chase & Meadows [2007)).
During the Last Glacial Maximum (LGM, 24 — 18 ka) temperatures were lower
(Partridge et al.|[1999) by as much as 5 — 6°C (Talma & Vogel| 1992)), with increased
aridity and heterogenous shifts in the seasonality of rainfall (Chase & Meadows [2007,
van Zinderen Bakker||1976]). Lowered temperatures likely caused a reduction in the
distribution of the AST vegetation as most of its dominant species are frost intolerant
(Cowling et al.|[2005). Thus, the AST is postulated to have retracted into refugia
during glacial periods (Cowling et al.[2005); in this thesis, this postulation is termed the
‘glacial refugia hypothesis’. This hypothesis is only supported by limited palacodata
that suggest that the thicket was highly fragmented during glacial periods (Scholtz
1986).

The AST is dominant in, and largely restricted to, the ARZ (Figure[1.2]B) and is
most typical (i.e. solid swathes of thicket rather than mosaics with other vegetation)
in a semi-arid climate where rainfall is between 200 mm and 800 mm per year (Vlok
et al|2003). In this rainfall zone, four AST subtypes have been identified based on
geography, floristics, structure and grain (V1ok et al.2003): i) arid thicket, ii) valley
thicket, iii) mesic thicket and iv) dune thicket. Only the first three are examined
in this thesis (Figure [[.2]C). Dune thicket vegetation is floristically distinct from the
subtypes on other substrata (Low & Rebelo|[1996)), occupies a very narrow belt along
the coast, and requires an understanding of coastal dune field movements through
the Quaternary which is currently unavailable and beyond the scope of this thesis.
The three mainland subtypes are arranged along a gradient of increasing moisture
availability (arid thicket to valley thicket to mesic thicket) but are differentiated based
on ecology (Cowling et al.|2005) and structural characteristics, such as the relative
cover of woody, grass and succulent species, as well as the incidence of spinescence
and woody lianas (Vlok et al.[2003). More than 50% of the AST exists as a mosaic
where thicket occurs in isolated clumps forming a coarse-grained patchwork (10 — 500
ha stands of continuous thicket) with neighbouring vegetation such as fynbos, karoo,

forest or grassland.

The AST vegetation is resistant to browsing by natural herbivores and mega-

herbivores provide the main natural disturbance in dense thicket facilitating access
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for smaller herbivores (Kerley et al.||1995, Stuart-Hill| 1992). However, with the
advent of commercial livestock farming approximately 12% of the AST has experienced
severe degradation (Rouget et al.[|2006) as sustained browsing, primarily by goats, has
transformed the dense, close-canopy, shrubland into an open community with scattered
and degraded thicket clumps and isolated trees in a matrix of ephemeral shrubs (Figure
Lechmere-Oertel et al|2005a,b, |Stuart-Hill||[1992). A restrictive set of AST plant
species are able to persist in degraded landscapes, either in thicket clumps or as isolated
trees (Lechmere-Oertel et al.[20056)). I selected three species that are widespread and
common within the AST, but which also persist in degraded landscapes, specifically
Nymania capensis (Chapter , Pappea capensis and Schotia afra (Chapter ; Figure
. Thus, the distributions of these species reflect the pre-colonial extent of the AST,
i.e. prior to degradation, and the phylogeographic patterns are likely to be free from

possible interference caused by the reduction in thicket.

As noted by [Price et al.|(2010), the coastal plains of South Africa offer an ideal
model to investigate the role of drainage basins and watersheds on the diversification
of terrestrial biota for a number of reasons: (a) there are numerous drainage basins
that span a wide range of climatic and topographic complexity, (b) a relatively
stable geology through the Quaternary, and c) a reasonable understanding of the
climatic history of the region. Furthermore, the AST is an ideal vegetation to
investigate because of its high plant diversity; this biome forms the western part of the
Maputaland-Pondoland-Albany biodiversity hotspot (Steenkamp et al.|2004)), which

is delimited, in part, on the basis of high levels of plant endemism.
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Figure 1.3. Intact and degraded Albany Subtropical Thicket. (A) A fence-line
contrast of intact thicket (left) and degraded thicket (right) on the upper slopes
of a hill. (B) Completely degraded thicket where individual trees of Pappea
capensis persist in a matrix of ephemeral shrubs. Both photos were taken near
Steytlerville, Eastern Cape South Africa.

1.4. Prospectus of thesis

It is my thesis to explore the Quaternary history of the Albany Subtropical Thicket.
I will use a multidisciplinary approach that combines species distribution modelling,
community distribution modelling and phylogeography. I will explore the distribu-
tional shifts in suitable climate for the AST subtypes and examine the phylogeography
of three dominant and widespread AST plant species. The questions I aim to answer
are thus: Were suitable climatic conditions for AST vegetation reduced during the
LGM and, if so, where were potential refugial areas? [Chapter [2]; Have the Pleistocene

climatic cycles and the complex topography of the coastal lowlands had an effect
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on species cohesion within the Albany Subtropical Thicket? [Chapters 4| and ;
And finally, do differences in seed dispersal ecology affect how both climate and
landscape influence a species cohesion within the AST? [Chapter . As addressing
phylogeographic questions using nuclear DNA sequence data from plants has been
problematic, this thesis includes a consideration of the methods used to analyse such
data [Chapter |3].
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2. The past and future distributions of Albany
Subtropical Thicket: insights from community

distribution modelling

2.1. Abstract

Southern Africa lacks the necessary palaeco-archives to infer regional vegetation history.
Here spatially-explicit community distribution models (CDMs) are used to explore
Last Glacial Maximum (LGM) distributions of the mega-diverse Albany Subtropical
Thicket (AST) subtypes. The potential distributional changes in these subtypes under
projected future climate for 2050 was also assessed. I generated CDMs for AST
subtypes using fine-scale vegetation maps. These CDMs were projected onto various
global climate models for the LGM and two scenarios for 2050. The changes in subtype
distribution were estimated as the gain, loss, change and turnover in range between
the present and past or future scenarios. These range changes were also analysed
in the context of an ambitious mega-conservancy network proposed for the Albany
Subtropical Thicket. The results indicate a dramatic range reduction during the LGM
for all AST subtypes; arid and valley thickets experienced the most severe reductions
with an overall decline in altitude and concomitant fragmentation, whereas mesic
thicket had a reduced but fairly continuous range that included a shift onto the exposed
continental shelf. Across all global climate models and scenarios of future climate, both
arid and valley thicket are predicted to have relatively low levels of range loss, which
are generally compensated by predicted range gains. The mesic thicket is projected
to undergo range loss with very little range gain. The spatially explicit hypotheses
suggest that the Pleistocene glacial periods saw dramatically reduced distributions
of AST subtypes. Last Glacial Maxima refugial areas are identified and extreme
bottlenecks are postdicted for arid and valley thicket species. The distributions of
subtypes under future climate scenarios are optimistic, with limited range shifts, and

some expansion. Finally, I suggest that the AST species are likely to persist under
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projected climate change within the proposed mega-conservancy network.

2.2. Introduction

The severe glacial-interglacial climatic shifts of the Pleistocene, driven by variations in
the Earth’s orbit (Zachos et al|2001)), significantly altered geographical distributions
of species and communities (Hewitt 2004, Jansson & Dynesius [2002, VanDerWal
et al|[2009al). These climate oscillations resulted in widespread local, and sometimes
global, extinctions of species and communities, as well as fragmentation, reduction or
expansion of ranges, and dispersal to novel areas or survival in refugia (Dynesius &
Jansson [2000). The altered climate predicted for the near future may also greatly
affect distributions (Hannah et al| 2005, [Thomas et al.[2004), as already evident in
recent changes in species’ distributions and abundance attributed to human-induced

climate change (Parmesan|2006).

Until relatively recently, studies reconstructing vegetation changes have relied
solely on fossil and pollen profiles. However, several intrinsic and sometimes rather
severe limitations (e.g. selective preservation regimes, reworking of deposits) curtail
the range of species, communities, and areas to which such techniques can be
applied. The development of global climatic models (GCMs) that reconstruct potential
palaeoclimatic conditions or predict future climate changes, coupled with a flurry of
new techniques for modelling biotic distributions under different climatic scenarios,
provides the potential to gain new insights into the temporal distribution of vegetation
types. Such modelling has been widely applied to single species (species distribution
modelling; [Alsos et al. 2009, Pearman et al.|2008]) and suites of species that share a
biogeographical unit (community distribution modelling; Loarie et al.|2008| Riordan
& Rundel 2009). Climate is considered a driving factor in setting the broad limits
to vegetation distributions at regional and global scales (Mather & Yoshioka |1968,
Woodward||1987)); however, both the concentration of atmospheric COy and fire are
also critical factors determining the distribution of vegetation (Scheiter & Higgins
2009). Nonetheless, modelling the climatic niche of a floristic grouping may provide
valuable hypotheses of the historical or future changes of the distribution of plant
communities. Biomes are broad vegetation types that are largely defined by life form,
ecophysiology, and climate (Woodward et al.|[2004)), and thus may be suitable units for

modelling. Community distribution models (CDM) have been used for tropical forests
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in Australia (Hilbert et al. 2007, [VanDerWal et al.|2009a|) and Brazil (Carnaval &
Moritz| |2008)), and fynbos and succulent karoo in South Africa (Midgley & Roberts
2003).

The subtropical thicket vegetation in southern Africa, locally termed Albany
Thicket (Mucina & Rutherford|2006)) or Albany Subtropical Thicket (hereafter referred
to as AST), forms the western part of the Maputaland-Pondoland-Albany biodiversity
hotspot (Steenkamp et al.|2004), and is delimited on the basis of high levels of plant
endemism, especially succulents and bulbs (Vlok et al.2003)). This biome, occurring
on the southern coastal lowlands of the Western Cape and Eastern Cape Provinces of
South Africa, is characterised as a dense, woody, semi-succulent and thorny vegetation,
with an average height of 2-5 m, that is relatively impenetrable in an unaltered
condition (Mucina & Rutherford|2006). In this study, the units of interest are three
well-defined subtypes of AST - arid thicket, valley thicket and mesic thicket (Vlok et al.
2003). These subtypes are differentiated by climate, structural characteristics and
ecology ((Cowling et al.[2005)). The distribution of AST is thought to have been greatly
affected by rapid fluctuations in environmental conditions during the late Quaternary
glacial cycles (Cowling et al.[2005). The impact on this biome from projected climate

change remains largely unexplored.

Subtropical Thicket is thought to have once been widespread across southern
Africa, but a combination of subcontinental uplift, declining global temperatures and
the establishment of fire-driven ecosystems, dominated by grass or fynbos, during the
Neogene (23-1.8 Ma) resulted in wide-scale contraction of its distribution (Cowling
et al.|2005, Vlok et al.2003). The subsequent saw-tooth climatic fluctuations between
Pleistocene glacial-interglacial periods are thought to have resulted in the contraction
and expansion of AST vegetation (Cowling et al.|2005). Changes in precipitation
and temperature, as well as land area due to the exposure of the Agulhas Bank as a
consequence of fluctuating sea levels, are likely to be important factors responsible for

driving cycles of AST expansion and contraction.

Southern Africa, like many parts of the globe, lacks sufficient palacoevironmental
archives to provide a clear picture of how climate and vegetation, including the AST,
have changed during the Quaternary (Chase & Meadows|[2007, [Lewis 2008). In this
chapter, 1 develop regional-scale CDMs based on climatic envelopes for vegetation

subtypes of the AST, and then project these envelope characterisations onto past and
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2. Community distribution modelling of the the Albany Subtropical Thicket

future climate scenarios in order to determine the broad changes in distribution. I
focus on the Last Glacial Maximum (LGM), around 21 000 years before present, as
this represents the coldest period in the recent past with expanded and thickened ice
sheets in the high latitudes as well as a large dip in atmospheric COy (Zachos et al.
2001)). I also focus on the projected climate for 2050, as this represents a world affected
by anthropogenic climate change. The LGM has been the focus of the Paleoclimate
Modelling Intercomparison Project (Braconnot et al.|2007)), while scenarios of possible
climate outcomes for 2050 have been produced by the Intergovernmental Panel on
Climate Change (Nakicenovic & Swart|2000); thus, global climate models are readily

available for these periods.

The aim of this chapter is to gain insight into the history and future of the AST
biome and to provide a framework for integrating future analyses of species and genetic

diversity across the biome. My objectives are:

1. To propose spatially explicit hypotheses for the LGM distribution of thicket
subtypes.

2. To investigate potential distributional shifts in the climate envelopes of AST sub-
types associated with projected anthropogenic climate change. Developing such
an understanding is important for the development of long-term conservation

and management strategies for thicket (Araujo et al.|2004).

3. To assess the extent to which the proposed AST mega-conservancy network

(Rouget et al.|2006) captures a significant proportion of postdicted refugial areas.

4. To assess the potential shifts of the modelled climate envelopes for each subtype

in relation to a proposed mega-conservancy network.

2.3. Methods

2.3.1. Study area and location data

The study area has already been outlined in Chapter [I] (Pg. [L9). In brief, the coastal
lowlands of South Africa are a long series of relatively short drainage basins found
between the coast and Great Escarpment, which can reach over 3000 m in places and
separates the coastal lowlands from the interior plateau. The AST covers an area of
approximately 47 000 km? (Vlok et al|2003) along these lowlands in the Western and
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Eastern Cape provinces of South Africa (Figure . The geology, topography and
climate of the southern coastal lowlands are remarkably varied. The AST lies within a
bimodal rainfall belt where the most reliable rainfall is recorded in spring and autumn
but copious rain may fall — and pronounced dry spells may occur — at any time of the

year.

Arid Thicket solid o
Arid Thicket mosaic
Valley Thicket solid
Valley Thicket mosaic
Mesic Thicket solid
Mesic Thicket mosaic |

OOopoOO0OO

\ Buffalo

Lattitude
33

Great-Fish
Bushmans

-34

S Y ‘ ‘ ' o Sundays
Keurbooms Gamtoos

~ IGouritz

I I I I I
21 22 23 24 25 26 27 28 29

Longitude

Figure 2.1. Distribution of vegetation subtypes within the Albany Subtropical
Thicket study region following Vlok et al. (2003)). The altitude, rivers
(blue) and watersheds between primary catchments (white) are shown.

The AST has been split into structurally and compositionally different subtypes
that are clustered floristically into four broad vegetation groupings - arid thicket, valley
thicket, mesic thicket and dune thicket (Vlok et al.|2003). Only the first three are used
for the purposes of this study. As mentioned in Chapter [I, dune thicket vegetation
is floristically distinct from the subtypes on other substrata (Low & Rebelo |1996)),

occupies a very narrow belt along the coast, and would require inclusion of coastal
dune field movements which is beyond the scope of this thesis. The three mainland
subtypes are arranged along a gradient of increasing moisture availability (arid thicket
to valley thicket to mesic thicket) but are differentiated based on ecology
and structural characteristics, such as the relative cover of woody, grass
and succulent species, as well as the incidence of spinescence and woody lianas
et al|[2003). More than 50% of the AST exists as a mosaic where thicket occurs in
isolated clumps forming a coarse-grained patchwork (10-500 ha stands of continuous

thicket) with neighbouring vegetation such as fynbos, karoo, forest or grassland.
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2. Community distribution modelling of the the Albany Subtropical Thicket

2.3.2. Locality and environmental data

The AST has been extensively surveyed through field observations, which were mapped
onto LANDSAT Thematic Mapper imagery and converted to GIS polygons (Vlok et al.
2003). For this study, a surface reference data (SRD) raster map was created for each
AST subtype using a grid with the same scale (2.5 x 2.5 arc-minutes) and alignment
as the unprojected environmental data. A mask from —31.5° S to —35.0° S and 20.0°
E to 30.0° E was used to sample background data from the environmental layers
(Appendix Figure [A.1] Pg. [221I)). The mask covered the distribution of the AST,
plus contained representative environmental conditions of the western winter-rainfall
regime, the eastern summer-rainfall regime, and the interior plateau. The grid cells
are approximately 3.9 km x 4.6 km, and this remains unchanged across the sampling
mask, therefore controlling for the changing area size of cells was unnecessary. A
thicket subtype (continuous or mosaic) was considered present in a grid cell if more
than 33% of that cell contained the subtype. These SRD maps were used to train and

test the community distribution models.

Current climate information was obtained from the WorldClim database (version
1.4, Hijmans et al. 2005, http://www.wordlcim.org). These climatic layers are based
on weather conditions recorded over 50 years from 1950 to 2000, which were then
interpolated using thin plate smoothing splines (Hutchinson| (1995) on a 30 arc-
second resolution grid. Here I use 19 bioclimatic variables (Table derived from
the monthly layers, which have been rescaled to 2.5 arc-minute grids (via mean
aggregation) as this is the only resolution readily available for LGM global climate
models. The bioclimatic variables characterise the dimensions of climate considered
pertinent in determining species distributions and represent summaries of annual
trends for temperature and precipitation, aspects of seasonality, and extreme or

potentially limiting environmental factors.
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2. Community distribution modelling of the the Albany Subtropical Thicket

The LGM climate scenarios were derived from simulations from the CCSM and
MIROC GCMs (see Table for details). Future climate scenarios are based on
the CCCMA, CSIRO-Mk2 and HADCM3 GCMs under the A2a and B2a emission
scenarios (Nakicenovic & Swart|2000) for the year 2050 (Table [2.2). All GCMs have a
resolution of 2.5 arc-minutes. Nakicenovic & Swart| (2000) provide detailed descriptions
of the different climate scenarios. In brief, the A2a emission scenario describes a
world with continued population growth, slow advances in technological solutions, and
fragmented and independently operating nations with regionally orientated economic
development. The B2a scenario is similar to the A2a scenario but emphasizes a
more environmentally conscious, but still divided global society and a slower rate of
population growth. Both the future and LGM climate estimates have been statistically
downscaled using the WorldClim data set (Hijmans et al.2005) and GCM data from
the fourth IPCC Assessment Reports and the Paleoclimate Modelling Intercomparison
Project II (PMIP2), respectively.

Table 2.2. Details of Last Glacial Maximum (LGM) and 2050 global climate
models (GCM) used to project modelled climate envelopes of Albany
Subtropical Thicket vegetation subtypes. The LGM and 2050 bioclimatic
datasets are available for download from the WorldClim website and the
International Center for Tropical Agriculture website, respectively.

Period  Scenarios GCM Reference Source
LGM - CCSM (Collins et al.|2004) http://www.worldclim.org/past
LGM - MIROC (Hasumi & Emori|2004) http://www.worldclim.org/past
2050  A2a, B2a CCCMA (Flato et al.|[2000]) http://gisweb.ciat.cgiar.org/ GCMPage/

2050  A2a, B2a CSIRO-Mk2 (Hirst et al.|[1996]) http://gisweb.ciat.cgiar.org/ GCMPage/
2050  A2a, B2a HADCM3 (Gordon et al.||2000)) http://gisweb.ciat.cgiar.org/ GCMPage/

2.3.3. Community distribution modelling

The environmental variables used to generate CDMs of the AST subtypes are based
exclusively on biologically meaningful aspects of climate variation (e.g. Hugall et al.
2002). Thus, the CDMs used here should only be interpreted in terms of climatic
suitability rather than total environmental suitability. Community distribution
modelling, and species distribution modelling, follows a three-stage process. Firstly,
data of known presences, in this case the SRD maps, are used in combination with

environmental data of current conditions to construct a statistical model of the climatic
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envelope. Secondly, this model is then extrapolated over a landscape surface using
raster grids of environmental data representing past, present or future conditions.
These two steps were performed with the maximum entropy and machine-learning
algorithm implemented in MAXENT version 3.3.3a (Phillips & Dudik| 2008, Phillips
et al.| 2006), where the model output is usually interpreted as the ‘probability of
occurrence’. MAXENT performs well in comparison to other methods (Elith et al.|2006)
for predicting the past and future distribution of species or communities (Carnaval &
Moritz 2008, Hijmans & Graham| 2006, Pearman et al.|2008). Thirdly, a presence-
absence prediction is required, so a threshold value was applied to reclassify the
‘probability” map to binary data (‘present’ or ‘absent’). The threshold value was
calculated using the maximum test sensitivity plus specificity criterion, which has
been shown to perform well in comparison with other possible threshold criteria (Liu
et al.[2005).

Climate variables are often highly inter-correlated, and this multicollinearity may
affect the modelling of climate envelopes (Dormann|2007). Therefore, I reduced the
potential redundancy by selecting single variables that are representative of a group
of correlated variables. To achieve this, correlated climate variables were clustered
using hierarchical clustering with a dissimilarity measure of 1 — R?. Variables were
considered clustered if the group had a significant correlation value greater than 0.8.
The hierarchical clustering results and the selected subset of variables used for all
modelling are shown in Figure and Table 2.1] respectively. MAXENT also uses [y
regularization which forces the program to focus on the most important climatic layers
and thus further avoids overfitting of the model (Phillips et al. 2006). The default
settings in MAXENT were used as these have been optimised across a wide range
of data sets and automatically selects suitable regularization values and functions of
environmental variables (Phillips & Dudik|2008).

Model evaluation was performed using 10-fold (K-fold) cross-validation. This
evaluation method randomly partitions the locality data into K subsamples, each of
which is in turn used as test data, while the remaining K-1 subsamples are used for
training data (i.e. the cross-validation process is repeated K times). At each of the
10 iterations, the cells in the generated probability of occurrence maps were converted
to binary present-absent values, and only cells that were predicted as present by all
iterations were used to produce the final depiction of the climate envelope. Model

performance was evaluated at each iteration using the standard statistical measure of
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Figure 2.2. Hierarchical clustering of the 19 climate variables using a dissimi-
larity dendrogram. Clusters shown in red boxes are highly inter-correlated
(R? > 0.8). Variable descriptions and codes are shown in Table (Pg. .

predictive ability, the area under the receiver operating characteristic curve (AUC).
The AUC statistic ranges from 0.5 (model prediction is no better than random) to 1.0

(perfect model prediction of presence versus absence).

Projecting the CDM onto novel climatic conditions that the model has not
experienced during training can produce misleading results (Elith et al. 2010, Pearson
et al|2006). In order to determine areas that may be affected by novel climatic
conditions I used clamping and the ‘multivariate environmental similarity surface’
(MESS) as implemented in MAXENT (Elith et al.[[2010). MAXENT limits or ‘clamps’
variable values that fall outside the training range to the limit of the training range;
areas of novel climate are identified by comparing the absolute difference between
predictions with and without clamping. The MESS statistic measures the similarity

of any given point to a reference set of points, with respect to the predictor variables
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(Elith et al[2010). Positive values indicate cells that are similar to the environmental

values used for training, whereas negative values indicate novel climate.

In order to determine the overlap between climate envelopes of the different
subtypes I used two measures introduced by Warren et al.| (2008), as implemented
in the PHYLOCLIM library version 1.0 in R version 2.13 (R Development Core Team
2011): Schoener’s D and a measure derived from the Hellinger distance called I. Both
of these similarity measures range from 0, when the two predicted envelopes do not
overlap, to 1, when the two predicted envelopes are identical. These two measures were
used to test two hypotheses: 1) the niche equivalency test asks whether the CDMs
of two subtypes are more different than expected if they are drawn from the same
underlying distribution, and 2) the background similarity test asks whether CDMs
drawn from subtypes with partially or entirely non-overlapping distributions are any
more different from one another than expected by chance. The null distributions for

these two tests were generated using the PHYLOCLIM library and 100 replications.

2.3.4. Spatial analysis of subtype distribution under altered climates

The modelled effects of altered climates on the distribution of the AST subtypes were
assessed by calculating the gain, loss, change and turnover in range. Here I use the term
‘range’ in the context of CDMs, thus referring to the modelled distribution of climatic
suitability for each of the subtypes, which must not to be mistaken with the entire
biological envelope or functional niche. As MAXENT has been noted to be prone to
over-prediction (Hijmans & Graham|2006) and this is likely to lead to over-prediction
in projections under altered climate, I calculate all of the following statistics in relation
to the present day CDM rather than the actual subtype distribution as represented by
the surface reference data. The percentage of overall predicted change in range size
(C) of the climate envelope was estimated using:

(RG — RL)
e 1 B ————
C 00 x R

where RG is the range gain by cell, RL is the range loss by cell, and CR is the current
predicted range by cell. A negative C' value indicates a loss in overall range, whereas

a positive value indicates an increase in overall range size. The turnover (T') by cell
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2. Community distribution modelling of the the Albany Subtropical Thicket

of the climate envelope range was estimated using;:

(RG + RL)

T = 100 x oo T 108
00X CRT RG)

A turnover value of 0 indicates no shift in range, whereas a turnover of 100 indicates

a complete turnover of the range.

The percentage of current SRD and past, future and current CDM coverage within
the proposed megaconservancy network was calculated in order to determine the extent
to which the altered climates may shift the climate envelopes within this network.
Megaconservancy networks are linked areas that span major climatic gradients which
are designated for conservation management in such a way as to facilitate resilience of

the component biota to anticipated climate change (Rouget et al.[2006)).

2.4. Results

The cross-validation results of CDMs for the different AST subtypes all showed ‘good’
AUC values (>0.80; Table , following previously given definitions (Taylor &
Hellberg|2006), indicating that the models have high specificity (true positive rate) and
sensitivity (false positive rate; but see Lobo et al.|[2008| regarding problems with this
statistic when used for distribution modelling). I do not report the relative contribution
of each variable to the various models or the jacknife variable analysis results as these
may be misleading when environmental variables are correlated. Although the most
highly correlated variables were removed, a number still remain which display moderate
correlation. Under the selected threshold criterion, the CDMs greatly overpredicted
the actual distribution of the different thicket subtypes; however, the models did
predict the majority of the actual distributions with very low levels of omission (Table
Figure . The niche equivalency and background similarity tests indicate
that the CDMs developed for each subtype were significantly more different from one
another than would be expected if they came from the same underlying distribution
or expected by random chance (Table .

The altered conditions for the LGM and the 2050 GCMs relative to present day
climate are reported in Appendix Figure (Pg. 222)). The LGM climates estimated
by the CCSM and the MIROC simulations were broadly similar over the study region,
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Figure 2.3. The distribution of the three mapped inland Albany Subtropical
Thicket subtypes (dots; |Vlok et al.||2003) and the community
distribution models (green) under current climatic conditions.
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Table 2.3. Comparison of predicted community distribution model (CDM) dis-
tribution of Albany Thicket subtypes and their present day distribu-
tions as represented by the surface reference data (SRD). The threshold
criterion used to convert the probability landscape into a binary presence-
absence distribution was maximum test sensitivity plus specificity. SRD and
CEM are expressed as number of grid cells, whereas Common, Omissions,
Commissions are expressed as percentage of the SRD. The model validation
statistic of area under the curve (AUC) is included.

Thicket type Arid Valley Mesic

SRD 1018 1448 584

CDM 2297 2663 1561

Area Difference (%) 226 184 267
Common (%) 92 88 93

Commissions (%)} 134 95 175
Omissions (%) 8 12 7
AUC (SD)  0.846 (0.007)  0.809 (0.008)  0.901 (0.005)

?Common = cells shared by SRD and the model.
®Commissions = cells predicted by the model but not actually present in the SRD.
¢Omissions = cells present in the SRD but not predicted by the model.

Table 2.4. Results for the niche similarity indices I and D. All I and D values were
significant for the niche equivalency test and niche similarity test (see Methods).

I\D Arid Valley Mesic
Arid - 0.5047 0.1231

Valley 0.6657 - 0.6078
Mesic 0.4138 0.725 -

both cooler and drier, but there were some differences. Notably, MIROC was colder
than CCSM for all temperature variables, and although the medians were equivalent for
the precipitation variables, MIROC has a far greater range of precipitation differences
in comparison with the current climate than the CCSM. The 2050 GCMs under the
two scenarios contain many differences, although all indicate warmer than present
climates and most models indicated drier precipitation regimes. Isothermality (BIO03)

and temperature seasonality (BIO04) varied greatly between models and scenarios for
2050.

Under the cooler and drier climate conditions of the LGM, all subtypes were

projected to have a reduced range, with arid and valley thickets contracting into
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fragmented refugial areas (Figure . However, there were notable differences
between the subtype distribution reconstructions from the two models, with MIROC
generally postdicting a much smaller distribution area than the CCSM models. The
distribution of arid and valley thickets under MIROC was largely nested within the
larger distributions postdicted by the CCSM. However, the two GCMs postdicted very
different distributions of mesic thicket, with MIROC postdicting the greatest LGM
distribution east of the Kei River and CCSM postdicting the greatest distribution
west of the Kei River. Due to the limited number of GCMs used here I considered
any cells predicted by either model as possible refugial areas for the thicket subtypes.
The arid thicket displayed a contraction into the lower reaches of the catchments with
the largest refugial areas occurring in the Gamtoos and Sundays catchments, and
smaller refugia in the Gouritz, Swartkops and Great-Fish catchments (Figure 2.4/A).
The valley thicket displayed a complete range loss in the western Gouritz catchment,
but had a large refugium in the eastern Great-Fish and Buffalo catchments. Smaller
refugia are postdicted in the lower reaches of the Gamtoos, Swartkops and Sundays
Rivers (Figure .B). The postdicted range loss experienced by the mesic thicket was
not as severe or as fragmented as the other subtypes, and included a range shift onto
the exposed continental shelf and a shift eastward along the coast. A fairly continuous
refugium for mesic thicket was predicted near the coast from the Bushmans catchment
to the Kei catchment and beyond (Figure C). There was a large percentage of range
loss for all thicket subtypes across both LGM GCMs (Table . The percentage
range loss was ordered arid thicket > valley thicket > mesic thicket, and only the

mesic thicket displayed any range gain.

For the warmer and drier future climate of the 2050 CDMs there was a large degree
of agreement in projected distribution for each of the subtypes under the different
models for each scenario, and the two scenarios showed qualitatively similar results
(Figures and [2.6). For the arid thicket, most of the current CDM distribution fell
within the distribution predicted by three or two models, with the most noticeable
decline in range in the Gouritz catchment and a sizeable expansion in the Great-
Fish catchment (Figures .A and .A). For the valley thicket the majority of the
areas predicted by two or three models fell within the current CDM for the subtype.
Range loss was predicted largely at the margins of the current CDM in the Sundays
and Kei catchments, with the greatest range gain occurring in the Gouritz catchment
(Figures 2.5|B and [2.6]B). Projected future distribution of mesic thicket showed a
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Figure 2.4. The community distribution models of the three Albany Subtropical
Thicket subtypes under current (dots) and projected Last Glacial
Maximum (shaded) climatic conditions. Two global climate models were
used to derive the LGM distribution: (1) CCSM and (2) MIROC. Grey shading
shows the continental shelf exposed due to lower sea levels during the Last
Glacial Maximum. The Boomplaas Cave is shown (black triangle; see text for
details, Pg. .
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large proportional loss of range, with a retraction towards the coast, and a potential
fragmentation of the subtype (Figures .C and .C). An area of high climatic
suitability is predicted in the Keurbooms catchment, but mesic thicket vegetation is
unlikely to reach this area due to its distance and isolation. The projected MAXENT
CDMs onto 2050 conditions under the two scenarios suggested an expansion of arid
thicket, with little range loss, a relatively stable overall area of valley thicket with little
range loss or range gain, and a substantial decline in overall area for the mesic thicket,
with little range gain (Table . The percentage range loss was ordered mesic thicket
> valley thicket > arid thicket.

No areas of novel climate were identified by clamping that coincided with
predicted CDM distributions for any of the past and future climate conditions under
the different GCMs. The MESS maps for each AST subtype projected onto LGM and
2050 GCMs are shown in Appendix Figures|A.3|(Pg. [226)),[A.4] (Pg. [227]), and |A.5| (Pg.
228). The MESS maps for the two LGM GCMs did not identify any novel climatic
areas that coincided with the postdicted CEM distribution for this period. In contrast,

the MESS maps did identify areas of overlap between predicted distributions of the
CDM under 2050 conditions and novel climate. For the arid thicket, areas of novel
climate were identified in the middle reaches of the Sundays and the lower reaches of
the Great-Fish catchments for both A2a and B2a scenarios. The MESS maps found
minimal overlap between novel climate and the 2050 CDM distribution of mesic and

valley thicket for either scenario.

The extent to which plants were able to colonise the continental shelf during
periods of lowered sea levels remains unknown. In this study, only mesic thicket
is predicted to have extended onto this shelf. However, this and the fact that arid
and valley thicket subtypes did not, should be treated with some scepticism as the
extrapolation and downscaling of LGM GCM climate onto the shelf may be misleading.
The statistical downscaling procedure uses fine-scaled current land-surface climate
layers. The present-day climate over the shelf is controlled by the sea-surface, rather

than a land-surface, thus it is not analogous and can affect the downscaling.

With regards to the mega-conservancy network, the current CDMs over-predicted
the actual distribution of the subtypes within the network; however the overprediction
is relatively constant between the subtypes (144 to 160% of the actual distribution;
Table . This overprediction causes some overlap between the CDMs, and so the
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Figure 2.5. The community distribution models of the three Albany Subtropical
Thicket subtypes under current (dots) and projected 2050 scenario
A2a climatic conditions (shaded). The GCMs used were: (A) CCCMA,
(B) CSIRO, and (C) HCCPR.
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Figure 2.6. The community distribution models of the three Albany Subtropical
Thicket subtypes under current (dots) and projected 2050 scenario
B2a climatic conditions (shaded). The GCMs used were: (A) CCCMA,

(B) CSIRO, and (C) HCCPR.
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2. Community distribution modelling of the the Albany Subtropical Thicket

sum of the network coverage can be greater than 100%. Valley thicket had the greatest
percentage present in the network during the LGM, followed by mesic thicket and then
arid thicket. Under future scenarios, arid thicket expanded its current percentage of the
network, valley thicket declined slightly, and mesic thicket almost halves the current
percentage of its climate envelope in the network. The distributions of each subtype

during the LGM and two future scenarios of 2050 in relation to the network are shown

in Appendix Figures |A.6] (Pg. [229), [A.7] (Pg. [230]) and (Pg. , respectively.

Table 2.5. Comparison of the range changes of community distribution models
for Albany Thicket subtypes between current climatic conditions and
Last Glacial Maximum or 2050 A2a and B2a scenario conditions. The
area, range gain (RG), range loss (RL), range change (('), and range turnover
(T) are presented as the percentage of past or future climate envelope relative
to the present-day climate envelope.

Scenario Thicket Subtype Model Area RG RL C T

LGM Arid  MIROC 7 0 93 -93 93
CCSM 1 0 99 -99 99

Valley MIROC 21 0O 79 -79 79

CCSM 6 0 94 -94 94

Mesic  MIROC 80 14 43 -28 50

CCSM 25 17 96 -79 96

2050: A2a Arid CCCMA 142 55 13 42 44
CSIRO 133 44 11 33 38

HCCPR 137 56 19 37 48

Valley CCCMA 139 56 16 40 46

CSIRO 127 39 11 28 36

HCCPR 107 28 20 8 38

Mesic CCCMA 70 17 45 -28 52

CSIRO 8 23 36 -13 48

HCCPR 25 6 78 -73 79

2050: B2a Arid CCCMA 108 29 21 8 38
CSIRO 134 47 13 34 41

HCCPR 113 30 17 13 36

Valley CCCMA 92 17 24 -7 35

CSIRO 148 55 6 49 39

HCCPR 109 23 13 10 29

Mesic CCCMA 67 11 42 -31 48

CSIRO 82 25 41 -15 53

HCCPR 60 7 45 -38 48
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2. Community distribution modelling of the the Albany Subtropical Thicket

2.5. Discussion

The modelling and projection of climate envelopes onto altered climates has provided
valuable, and sometimes testable, insights for vegetation communities ranging from
tropical rainforests to succulent deserts (Midgley & Roberts 2003, VanDerWal et al.
20094a)). Very little is known regarding the historical or possible future distributional
shifts of the AST vegetation. Here I have developed significantly different CDMs
for each of the well-defined AST subtypes (Table . These CDMs are used to
propose hypotheses regarding subtype distribution during the LGM and under two

future scenarios of climate change for 2050.

2.5.1. Modelling approach

The modelling of the climate envelope, or niche, assumes that the current species
distribution is in equilibrium with its environment and that its realised niche is
equivalent to the fundamental niche (Phillips et al.[2006)). Projecting these models onto
altered climates involves many further assumptions, such as unchanging precedence of
limiting factors, unchanging biotic interactions, unchanging natural processes such
as disturbance regimes, and negligible effects from genetic variability, phenotypic
plasticity or evolutionary changes (Dormann|[2007, Harte et al.[[2004). Also, extrap-
olation errors can occur when models are projected onto novel climates (Elith et al.
2010). Furthermore, modelling floristic communities, such as biomes, also assumes
that species composition remains relatively static. There is some evidence for ‘biome
conservatism’ within species (Crisp et al.|2009), but this likely only involves broad
vegetation structure and does not apply to the composition of local or even regional
communities (e.g. Williams et al.2004). The widely used ‘biomization’ procedure used
to reconstruct historical biome distribution through pollen core records also assumes

a largely static species composition (Prentice et al.|[1996).

These assumptions can be seen as fairly significant stumbling blocks when
assessing the potential distributional changes of a biome (and of a single species)
as we are unable to incorporate uncertainty in how these will affect the distribution
of species beyond ‘simple’ changes in climate. Additional uncertainties surround the
method used to derive the distribution model (Elith et al|2006, Hijmans & Graham

2006)), as well as in the development of past or future climate conditions using GCMs
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(Beaumont et al. 2008). Despite these compounded uncertainties, I feel that niche
modelling can still provide a valuable, if not precise, insight into both the history and

potential future of AST for the following reasons:

1. Climatic niche conservatism of plant species has been demonstrated over
moderate time periods (i.e. LGM to present) despite profound changes in climate

and environmental conditions (Martinez-Meyer & Peterson|2006).

2. Biome compositional change observed in pollen archives appears to be largely
affected by the shift to non-analogous climates (Webb et al| 2003, Williams
et al.2001)). Conversely, biome composition in altered environmental conditions
is more likely to remain relatively constant in areas that are similar to the current
climate envelope of vegetation communities. Thus, the projection of CDMs based
on climate will indicate where communities have the greatest potential to remain

constant.

3. The CDM approach has been used with the Brazilian Atlantic and Australian
Wet Tropic forests with positive, but limited, validation through pollen records
and congruence with phytogeographic or phylogeography data (Carnaval &
Moritz| 2008, Moussalli et al.|2009, [VanDerWal et al.[2009a)).

4. The projected CDM distributions of the different subtypes onto both past and
present climatic conditions do not overlap with areas of novel climate, with the
exception of a small area of the arid thicket CDM distribution predicted for 2050.

Thus, extrapolation errors should be minimal.

I also interpret the results not as the shifting distribution of the vegetation, but
rather the shifting distribution of the vegetation’s current climate envelope. It is
within this envelope that the theoretical assumptions of biome niche modelling are
likely to remain true. Thus, while the community modelling approach will most likely
not accurately predict the distributional changes in individual species, it will provide
an overall mean distributional response of characteristic species of a biome in altered

climate conditions.

2.5.2. AST subtypes during the LGM

Despite a lack of glaciation on the continent, the glacial-interglacial climatic oscil-

lations greatly affected the distribution of biomes in Africa (e.g Hamilton & Taylor
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2. Community distribution modelling of the the Albany Subtropical Thicket

1991}, [Scott et al.|[2008). The CDM results indicate dramatic range reductions during
the LGM for all AST subtypes; arid and valley thickets suffered the most severe
reductions with an overall decline in altitude and concomitant fragmentation, whereas
mesic thicket had a reduced but fairly continuous range that included a shift onto
the exposed continental shelf. These results provide the first regional support for the
glacial refugia hypothesis, which postulates that the AST contracted and expanded in

response to glacial and interglacial periods, respectively (Cowling et al.|[2005).

The physiological and competitive effects of atmospheric [COs] and fire are not
included in the community distribution models. These may have had significant
consequences on the distribution of the thicket subtypes besides the changes in climate.
For example, range contraction of the thicket subtypes during the LGM may have
been further exacerbated by the low atmospheric CO, favouring neighbouring C, fire-
driven ecosystems (Bond| 2008, [Bond et al.|2003) as thicket is largely fire intolerant
(Cowling et al.| 2005, Trollope |[1974)); however, the effects of lower temperatures may
have reduced the intensity and frequency of fires (Govender et al.2006). It is difficult
to predict how atmospheric [CO,] and fire may alter the results; however the results
mirror the loss of woody biomass in the neighbouring fire-driven grasslands (Bond

et al|2003), so it is unlikely that the thicket vegetation increased in range.

The GCMs indicate a decrease in mean precipitation during the LGM (Appendix
Figure , Pg. , yet the arid thicket is postdicted to have been severely reduced in
range during the same period. This potential contradiction is because the distribution
of the arid thicket is not determined only by precipitation. Although this subtype
is called the ‘arid’ thicket, a more correct name would be the ‘arid and warm’
thicket. A key threshold for plant physiology is air temperature near or at freezing
point (Woodward [1987)). The arid thicket is dominated by succulent species, such
as Portulacaria afra, which are particularly sensitive to frost (Cowling et al.|[2005,
Von Willert et al|[1990). The cooler temperatures and resultant increase in frost
events found in the CCSM and MIROC GCMs (Appendix Figure [A.2] Pg. are
the likely drivers for the range decline of the arid thicket climate envelope despite the
increased aridity during the LGM (Von Willert et al./{1990)).

The decreased mean temperature and precipitation of LGM bioclimatic variables
derived from the CCSM and MIROC GCMs (Appendix Figure [A.2] Pg. [222)

correspond with a recent regional synthesis of palaeo-archives. |Chase & Meadows
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(2007) suggest that the study area would have been both colder and drier during
the LGM; however quantitative estimates for the degree of cooling or drying are not
given due to methodological uncertainties and conflicts that surround the archives
(reviewed in (Chase & Meadows|[2007)). Therefore, the LGM bioclimatic variables are
in accordance with the current knowledge regarding the LGM climate over the study

area.

The charcoal and macrofaunal deposits found at Boomplaas Cave (Figure
provide the only inland validation point for the predicted LGM distributions. The
present-day vegetation surrounding Boomplaas Cave is comprised of continuous arid
thicket and arid thicket/succulent karoo mosaics (Moffett & Deacon||1977, Vlok et al.
2005). The models postdict that no AST subtypes occurred near this site during the
LGM. This is supported by charcoal deposits, which suggest the presence of asteraceous
shrubland during the LGM and a lack of thicket species in the surrounding area, with a
transition to valley thicket occurring towards the Holocene (Deacon et al.|1984) Scholtz
1986). Also, macromammalian remains provide further evidence for a lack of thicket
as a dominance of grazers is observed during the LGM suggesting open grassland in
the surrounding area (Faith|in press, Klein [1980). A replacement by browsers towards
the wetter-than-present Holocene is thought to indicate an expanding thicket biome
(Cowling et al.2005).

The results provide spatially explicit hypotheses regarding the refugial areas of
the AST during the altered environmental conditions of the LGM. The CDMs identify
potential LGM refugia for the subtypes, as well as areas of AST expansion. The arid
and valley thicket refugia are near or coincide with present-day centres of continuous
thicket for the respective subtypes (compare Figures and . This suggests that
the present-day distribution of continuous and mosaic thickets may have been largely
influenced by the proximity to and size of the LGM refugial areas. Range reduction
and fragmentation of these two subtypes resulted in a downward retraction into the
catchment valleys. Populations would have been separated by high watersheds with
unsuitable climatic conditions. Thus, the watersheds along the coastal lowlands may
have been significant barriers to gene flow for thicket species. Such barriers to dispersal
can be expected to leave genetic fingerprints within the component species of the AST
(e.g. [Médail & Diadema/ 2009, Tribsch & Schonswetter|2003).

Hypotheses of the LGM distribution of thicket subtypes can in principle be tested
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2. Community distribution modelling of the the Albany Subtropical Thicket

with further studies of palaeoenvironmental archives (e.g. pollen cores). However,
these are rare and temporally limited in the study region (Lewis 2008). Another,
possibly more viable approach, given this dearth of suitable palacoenvironmental data,
is to search for evidence of the postdicted range shifts and changes in population size
in genetic data from dominant species (Médail & Diademaj 2009| Soltis et al.| 2006,
Taberlet et al|/1998)). A number of expectations regarding genetic diversity can be
derived from these CDM results:

1. The highest genetic diversity of the different thicket types should be found in
the postdicted refugia. Therefore, genetic diversity of arid thicket species should
largely reside in the Gamtoos and Sundays catchments, whereas the Great-Fish
and neighbouring Buffalo catchments should be repositories for valley thicket
species, and genetic diversity for mesic thicket species should reside near the

coast across the Bushmans and Kei catchments.

2. Clade subdivision of closely related species and population subdivision of
widespread species should be evident between catchments for arid and valley
thickets, with far less subdivision evident for mesic thicket species. The greatest
levels of subdivision for arid and valley thicket species should be between the
Gouritz catchment and those eastward for arid and valley thicket. Limited
subdivision in the mesic thicket should occur between populations on either
side of the Great-Fish River.

3. Signatures of population and range expansion should be evident from refugial

areas into the expanded current distribution for the AST subtypes.

There is already some evidence for the second hypothesis. A small clade of species
within the genus Fuphorbia, usually associated with the AST, displays a pattern of
restricted species distributions, usually only within single or neighbouring catchments;
also there is a phylogenetic divide between species in the Gouritz catchment and
those found in the Gamtoos catchment and eastwards (Ritz et al|2003). The barrier
effects on genetic diversity of the series of watersheds between catchments are also
evident in the Platypleura plumosa (Hemiptera: Cicadidae) complex (Price et al.
2010). Clades within this complex are largely restricted to single or neighbouring
primary catchments, suggesting that watersheds have been strong barriers to gene flow.
The cicadas most likely had to track their host species, which may have experienced

fragmentation and retraction into catchment valleys as plant distributions shifted
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during glacial periods.

2.5.3. Potential effects of projected 2050 climate change

Climate change is predicted to have a significant impact on the distribution of species
(Loarie et al.[2008, Thomas et al.|2004)) and biomes (Eeley et al.[1999), and recent range
shifts have already been attributed to anthropogenic climate change (Parmesan|[2006]).
Understanding how species or communities will shift in a landscape — and tracking their
niches — is important for the conservation and management of biodiversity (Aratjo &
Rahbek| 2006, |Aratjo et al.|[2004). This study follows on others trying to model the
distribution of vegetation at the biome scale as a result of climate change (Eeley
et al.|[1999, Midgley et al. [2002). Although I have used climate change projections
for 2050, much of the projected climate change has not yet occurred according to the
climate models, especially for the A emission scenarios (see Fig. 10.4 in|Solomon et al.
2007)). Thus, these results describe an intermediate future, depending on the emissions
pathways that are to be set over the next few years through international negotiations.
Nonetheless, the results reveal a fairly optimistic outlook for the AST, at least for the
arid and valley thickets, in comparison to other studies modelling vegetation units
(Midgley et al|[2002) or syntheses of individually modelled species within a biome
(Broennimann et al.| 2006, Loarie et al.|2008). Across three GCMs and two scenarios
of future climate, both arid and valley thicket are predicted to have relatively low
levels of range loss, which is generally compensated by predicted range gain. Very
similar results were obtained when the distributional shifts of Portulacaria afra, a
dominant species in the arid thicket and a common component of many valley thicket
communities (Vlok et al.[2003), were modelled under similar scenarios of future climate
(Robertson & Palmer [2002). Importantly, the areas of range loss are outside of the
postdicted LGM refugial areas. If the refugial areas postdicted here are confirmed to be
havens of species and genetic diversity, then this suggests that future climate change
may not have a substantial effect on the biodiversity of these subtypes. However,
in contrast to the arid and valley thicket, the mesic thicket is projected to undergo
range loss with very little range gain. This suggests that mesic thicket species may

experience the greatest impact of climate change.

Again, both atmospheric [CO;| and fire may play important roles and alter
the results. Elevated CO, levels are predicted to affect the distribution of plant
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species, especially Cy4 plants (generally grasses and sedges) which are at a competitive
disadvantage at higher levels of CO, (Ehleringer et al. 1997, [Kgope et al.2010). As
AST plants are predominantly Cs (generally woody shrubs and trees) and CAM species
(generally succulents; |Vlok et al.[2003), elevated COy may give thicket a competitive
advantage to expand both in overall range and in mosaics, especially in C, grassland
found in the east and possibly into the fynbos and renosterveld in the west (Bond et al.
2003, Cowling et al.|[1997), |Kgope et al.2010). The AST boundaries with fire-driven
biomes such as savannas and fynbos are thought to be largely controlled by fire as AST
is considered to be fire-intolerant (Cowling et al.[1997, Trollope|1974)). However, bush
encroachment has already been observed in fire-driven savannas (Bond| 2008, Wigley
et al.[|2010), and similar mechanisms may result in the expansion of AST into these

neighbouring biomes (Kgope et al.[2010)).

Validation of the projected range changes is necessary but difficult (Dormann
2007). The spatially explicit projections of range change can be used to focus on
areas that should be the first to show the effects of climate change. For example, the
results suggest that mesic thicket will experience the greatest impact of climate change;
therefore, evidence of the negative climatic effects, such as population declines and
shifting species distribution, may be the greatest, earliest and most easily measurable
in the mesic thicket. Evidence of expanding thicket subtypes may already exist in the
form of expanding thicket clumps in mosaics from the late 20" century to the present.
This could be tested using similar methods to Wigley et al.| (2009). Furthermore, I
recommend that the predictions of the models be tested by monitoring the growth and
population changes of key components of the thicket subtypes, as has been done for
the desert (Foden et al.|2007) and succulent karoo biomes (Musil et al.|2009). In this
regard, relatively short-lived species of arborescent Aloe and Euphorbia would be the

most appropriate subjects for monitoring.

2.5.4. Conservation implications

Community distribution modelling of floristic groups has not been extensively tested,
and it remains largely unknown whether this over- or underestimates distributional
changes of their component species. [Midgley et al.| (2002) suggest that biome-level
modelling can serve as a preliminary attempt to estimate the potential distributional

shifts of suites of species where species distributional data are poor, as is the case for
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the AST.

The results provide insights into potential future range shifts and contractions
of the AST subtypes. However, this does not provide an accurate assessment of the
potential levels of biodiversity loss for AST species in the face of climate change as
it lacks information regarding individual species, and range restricted endemics from
the arid and valley thickets may still be at risk despite the positive results for these
subtypes (Midgley et al|2002). Using climate modelling of endemic species of the
AST, Broennimann et al.| (2006) predict a high turnover of 200 AST endemics (60-
72%). However, they model their species distribution models at a resolution of quarter
degree squares (~ 25 x 25 km). This averages a wide range of the environmental space,
especially in such a topographically and climatically complex landscape as the coastal
lowlands, which most likely creates a bias towards high turnover rates. A more realistic
estimate of range change and species turnover should involve georeferenced locality
data, much higher resolution climate datasets and also include different scenarios of
dispersal (e.g. Loarie et al|2008). This should be prioritized for future study as
it will provide a far more nuanced and accurate perspective on the threat to AST
biodiversity under future climate projections and provide a further test of the biome

modelling approach.

Despite the uncertainties regarding the future of component species, the results
provide an initial assessment of the effects of climate change on each of the AST sub-
types, with a ranking of negative impacts on subtypes as arid thicket < valley thicket <
mesic thicket. The overall results suggest that the ambitious megaconservancy network
proposed by [Rouget et al.| (2006) will be fairly robust to the impacts of projected
climate change as the amount of combined climate envelopes for the AST subtype
increases slightly. However, the projected range changes will affect the proportion of
each subtype conserved in the network, with an expansion of arid thicket, a small
reduction of valley thicket, and quite a substantial reduction in mesic thicket. This
suggests that the network may need to be expanded towards the east to accommodate
the projected range reduction of mesic thicket, possibly focussing on the Bushmans

and Buffalo catchments.
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2.5.5. Conclusions

In this chapter I provide spatially explicit hypotheses of past and future distributions
of the AST subtypes. I show that different subtypes likely experienced different
distributional histories with an overall dramatic change in extent of AST in the region.
Refugial areas were identified, and extreme bottlenecks were postdicted for arid and
valley thickets. These factors are expected to have had a dramatic impact on the
historical dynamics and population connectivity of flora and fauna associated with the
Albany Subtropical Thicket. The results for future climate suggest that the subtypes
will have contrasting responses to projected changes in future global climate, with arid
thicket increasing in area, valley thicket remaining fairly constant, and mesic thicket

declining.
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3. Constructing phylogenies in the presence of
intra-individual site polymorphisms (2ISPs) with a

focus on the nuclear ribosomal cistron

3.1. Abstract

Nuclear DNA is widely used to establish phylogenetic relationships among organisms
but remains underutilised in phylogeographic studies. The internal transcribed spacers
of the nuclear ribosomal cistron are the most commonly used nuclear regions for
phylogenetic inference. Numerous ITS variants may be present in an individual’s
genome; these result in intra-individual site polymorphisms (2ISP; pronounced ‘twisp’)
in direct or clone consensus sequences. Dealing with 2ISPs in this, and other, nuclear
regions has been problematic as phylogeny reconstruction algorithms generally do
not take such variation into account. Here I demonstrate the improvements offered
by an approach that treats 2ISPs as informative, rather than ambiguous, characters
implemented in three widely used methods of phylogenetic tree-inference: Neighbour
Joining, Maximum Parsimony and Maximum Likelihood. Simulation, real-world and
case study datasets were used to compare the 2ISP-ambiguous versus the 2ISP-
informative approaches across these phylogenetic methods. The simulation results
show that both approaches remain vulnerable to the reticulate signal present in hybrid
samples, but that the 2ISP-informative approach offers a dramatic improvement in
terms of tree accuracy and branch support when 2ISP variation is inherited within
species or population boundaries. Improved bootstrap support is also observed for
the majority of real-world datasets using the 2ISP-informative approach, especially
in 2ISP-rich datasets. Furthermore, appropriate placement of hybrids in a case
study is observed in distance-based planar networks based on the 2ISP-informative
polymorphism p-distance. Lastly, the two detailed case studies demonstrate the
improved resolution and support of the 2ISP-informative approach. These results

demonstrate that treating once problematic 2ISPs as informative characters can
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dramatically improve resolution in phylogeny reconstruction. I envisage that this
method should greatly aid phylogenetic inference using any nuclear DNA regions
that contain 2ISPs, especially at the intra-generic or intra-specific level including

phylogeographic studies.

3.2. Introduction

Nuclear DNA plays a critical role in establishing phylogenetic relationships among
organisms. In plant systematics, biparentally inherited nuclear data offer a crucial
contrast to the generally uniparentally inherited chloroplast or mitochondrial genomes.
The internal transcribed spacers (ITS-1 and ITS-2) of the nuclear ribosomal 18S-5.8S-
258 cistron (35S rDNA) are the most widely used nuclear regions for phylogenetic
inference in plants (Alvarez & Wendel||2003|, Baldwin et al. [1995, [Feliner & Rosselld
2007). Furthermore, ITS offers a valuable source of information for plant phylogeog-
raphy (Chiang & Schaal 1999, Feliner et al.2004, Rossell6 et al[2007) due to its often
higher rate of mutation compared with, for example, the chloroplast genome (Schaal
et al.|1998). However, it has often proved difficult to extract a clear signal from the ITS
region (ITS-1, 5.8S, and I'TS-2) for phylogeography and lower level phylogenies (Feliner
& Rosselld 2007, King & Roalson||2008). A number of processes, such as incomplete
concerted evolution, recombination (crossing-over), interbreeding/hybridisation, and
autopolyploidisation can etch conflicting phylogenetic signals onto the 35S rDNA
(Bailey et al.|[2003). The result of these processes is the presence of intra-individual
ITS polymorphism, which hampers phylogenetic reconstructions as the majority
of the currently available algorithms and software treat potentially informative

polymorphisms as ambiguous characters or missing data.

The 35S rDNA cistrons, including the genes encoding for the 18S, 5.8S and 25S
rRNA, form a multi-gene family arranged in tandem arrays. The arrays are confined to
one or several chromosomal loci, called nucleolus organiser region(s) (NOR; reviewed in
Volkov et al.[1999), each comprising hundreds to thousands of copies (Hemleben et al.
1988, |[Rogers & Bendich [1987)). All 35S rDNA copies within an individual were for a
long time thought to be virtually identical due to the process of concerted evolution
(reviewed in |[Nei & Rooney 2005). Concerted evolution permanently homogenises
copies of identical genes to the same sequence via a combination of unequal crossing

over and gene conversion (Elder & Turner| 1995, |Zimmer et al.|1980). However,
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efficiency of concerted evolution in the case of 35S rDNA is decreased by the high
number of copies (Dubcovsky & Dvorak! (1995, Volkov et al|2007) and the number
of NORs (Copenhaver & Pikaard| 1996, Schlotterer & Tautz|[1994)). Thus, individuals
may contain different ITS variants. Intra-individual polymorphism may arise from
a number of mechanisms (Arnheim et al.| (1980 Buckler et al.| 1997, Pikaard| 2001,
Volkov et al|[1999): (1) incomplete concerted evolution where rates of mutation
and recombination outstrip the homogenizing effects of unequal crossing over and
gene conversion within an array and between the arrays of orthologous NORs, (2)
duplication and translocation of the NOR, leading to non-orthologous (paralogous)
NORs, (3) autopolyploidy, (4) hybridisation, often connected with allopolyploidy in
plants (homoeology in a strict sense), (5) deficiencies in the gene repair mechanism
(retention of pseudogene copies within an array), and (6) intragenomic competition
between orthologous and/or paralogous NORs, and subsequent (gradual) loss of

functionality and elimination of NORs.

Independent of the source of intra-individual polymorphism, the result will be
overlapping and incompatible signal that interferes with phylogenetic reconstructions.
There are two possible approaches to incorporate intra-individual ITS variation into
phylogenetic inferences (Baldwin et al.[|1995): (1) cloning with multiple ITS clones
per individual, or (2) directly sequenced PCR products with polymorphisms coded.
Using clones for phylogeny reconstruction has a number of problems including (i)
the cost and labour involved, (ii) that cloning is not error-free, (iii) obtaining a fully
representative population of clones for an individual is virtually impossible, and (iv)
clone phylogenies are often difficult to interpret, for example copies associated with
specific individuals may be spread throughout a phylogenetic tree (e.g. King & Roalson
2008, [Rossell6 et al. 2007). With regards to the last problem, analytical approaches
exist that attempt to use the clone population to reconstruct an organismal phylogeny
(phylogeny of individuals; |Goker & Grimm| 2008, |Joly & Bruneau 2006)), similar
to using species composition across plant communities to identify the relationships
between communities (Legendre & Legendre|[1998)). However, this is also problematic
in terms of either assuming diploidy (Joly & Bruneau 2006, which may be hard
to establish, or may require extensive sampling of the clone population within each

individual.

A less cost- and labour-intensive alternative is to use direct sequencing. Sites with

multiple peaks at a base within an individual have been widely observed (Alvarez &
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Wendel 2003, Baldwin et al.|1995)). These have been termed super-imposed nucleotide
additive patterns (SNAP, |Whittall et al|2000) or additive polymorphic sites (APS,
Aguilar & Feliner| 2003). Unfortunately, neither of these terms encompasses the
entire range of polymorphism that can occur at a site. The definition of SNAP is
restricted to parsimony-informative nucleotide polymorphisms and does not encompass
the presence of indels; indels are detectable and may be informative (e.g. Baldwin
et al.| (1995, Rosselld et al. 2007, Whittall et al|2000). The APS definition very
specifically refers only to those polymorphisms where the two bases involved in a
polymorphic site are also found separately in other accessions in the dataset, thereby
ignoring polymorphisms where only one base is found elsewhere in the dataset.
Thus, polymorphisms under both definitions are conditional on sampling, which may
very well be incomplete. Here I define intra-individual site polymorphisms (2ISP,
pronounced ‘twisp’), which includes both SNAP and APS, but extends to any site

that contains a polymorphism, including indels.

In general, 2ISPs reflect either intra- or inter-array heterogeneity within an
individual. The heights of multiple peaks observed at a base position from direct
sequencing have been observed to be proportional to the underlying frequency of the
ITS variants (Rauscher et al|[2002)). Furthermore, 2ISPs can be verified, either by
detection in the forward and reverse sequences and/or cloning a subset of individuals
for confirmation. Therefore 2ISPs, after verification, offer informative data that can
aid phylogenetic inferences (Fama et al. 2000, Goker & Grimm| 2008, |Grimm et al.
2007, [Joly & Bruneau [2006). However, this approach has been rarely used. Intra-
individual site polymorphisms are coded using ITUPAC nomenclature (International
Union of Pure and Applied Chemistry, http://www.iupac.org); for example, a
polymorphism involving cytosine (‘C’) and thymine (“T”) will be represented as Y’
(pyrimidine) in a clone consensus sequence or a directly sequenced chromatogram.
Most implementations in widely used software (PAUP*, Swofford||2002)(MRBAYES,
Ronquist & Huelsenbeck|2003) (distance module in MESQUITE, Maddison & Maddison
2010) treat IUPAC codes, however, as ‘ambiguous’ characters or missing data, for
example Y’ is treated as possibly ‘C” or “T’, not what is meant by the coding of a 2ISP
which is ‘C” and “T’. Depending on the optimality criterion and settings, IUPAC codes
are either averaged (e.g. PAUP*) or ignored (e.g. MRBAYES). In contrast, RAXML
(Stamatakis 2006) treats all [IUPAC codes as polymorphisms, since the probability of
substituting an ‘A’ by ‘Y’ equals that of ‘A’ by ‘C’ and a ‘T’; nonetheless, this can
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still lead to a flattening of the likelihood surface making it more difficult to determine
the best-known tree and reducing support values (Felsenstein|[2004)). The treatment of
IUPAC codes may have profound implications for the phylogeny produced by current
methods, especially when intra-individual variability exceeds intraspecific or generic
variability. Nonetheless, a number of authors have suggested that I'TS polymorphisms
offer valuable phylogenetic and phylogeographic information, yet have had no clear-
cut means to include the polymorphisms from directly sequenced PCR products into

phylogenetic analyses (e.g. |[Fama et al.[2000, Feliner et al.|[2004)).

Here I propose a straightforward approach to include 2ISPs into phylogenetic
inference by using a step-matrix which treats shifts between monomorphic and
polymorphic sites as a single step (Figure . This may seem an overly simplistic
interpretation of 2ISPs as the exact nature of different evolutionary mechanisms within
ITS is largely unexplored (Elder & Turner||1995). For example, mutations may be
linked (e.g. Grimm et al.|2007) and occur in tandem to maintain secondary structure
(Coleman||2003)). Also, the degree of homogeneity within individuals and populations,
i.e. the fixation of the mutation in the gene pool, may be influenced by intra- and
inter-array competition (in particular in polyploids; Chen & Pikaard|/1997, [Komarova
et al.||2004], [Volkov et al|/1999) and historical demography (de Sousa Queiroz et al.
2011). A methodological problem linked to parsimony using the Sankoff algorithm is
that character changes observed among lineages must segregate from a polymorphic
ancestor (‘polymorphism parsimony’; see |Felsenstein| 2004, p. 76). With many
conflicting processes, the extent of which are difficult to determine, I suggest that 2ISPs
be treated as simple fixation events as a starting point (see |Grimm et al.[2007)). This
treatment explicitly assumes that I[UPAC codes are polymorphisms, not ambiguities.
Thus, it provides a means to include the information present in polymorphisms into

phylogeny reconstruction.

This study demonstrates that treating 2ISPs as informative characters provides
additional information for inferring evolutionary relationships among individuals. In
order to do so, I firstly use simulations to explore the different phylogenetic outcomes
when the source of 2ISPs is either hybridisation (joining of two evolutionary lineages
introducing new 2ISPs) or inheritance (2ISPs inherited from polymorphic parent/s).
Secondly, I explore the phylogenetic outcomes using real-world datasets under the
2ISP-informative versus the 2ISP-ambiguous treatments. Lastly, I present two detailed

case studies to highlight both the limitations and advantages of the 2ISP-informative
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Figure 3.1. Pictogram of proposed step matrix representing mutations for a
single site between DNA bases and/or base polymorphisms coded
using IUPAC codes. Each line represents a single step. This step matrix is
also used to calculate the polymorphism p-distance.

approach.
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3.3. Methods

3.3.1. Treating 2ISPs as informative

To treat 2ISPs as informative we use a simple model. In the case of single-copy
genes the shift from a C to a T, for example, involves a single mutation event, which,
subsequently, is fixed in the genome of the individual and part of its offspring. In
diploids, where most genes are present at two homologous sites (alleles), the shift from
a C to a T in trace files representing the individuals of a population can occur in
two ways: (1) if the mutation is propagated via asexual reproduction, two mutation
events are needed: C-C to C-T to T-T, or (2) the fixation of the T variant in a
population via sexual reproduction. In high copy nuclear gene regions, such as I'TS,
the matter is more complicated due to the additional requirement that a mutation and
the corresponding I'TS variant must spread via concerted evolution onto enough copies
to be detected in the sampling of copy sequences via cloning or direct sequencing of
the PCR product. Thus a shift from a C to a T in a direct PCR sequence of a high
copy nuclear gene will require not only a mutation of C to T on an I'TS copy, but a
spread of this mutation as well as a subsequent loss of the C across I'TS copies within
individuals (intra- and inter-array homogenisation) plus a spread of the fixed T variant
through the population (allelic homogenisation). Assuming that any mutation has
equal probability of reaching detectable levels or fixation, I suggest that the mutation
from one monomorphic state to another through a polymorphic state should be treated
as a simple mutation event (i.e. C&Y<«<T). Thus, a step matrix can be defined
representing the fixed mutations required to shift from one state to another (Figure
3.1). This step matrix can be considered an extension of the allele sharing distance
(ASD, [Bowcock|[1994)) which is widely used for single nucleotide polymorphism data;
however, the ASD can only deal with a maximum of two bases and the polymorphism

of these bases at any single site.

Such a step matrix can easily be incorporated into both distance and parsimony
algorithms used to infer phylogenetic trees, as well as distance-based splits networks.
Given a sufficient amount of data, this matrix could also be estimated for model-
based methods such as maximum likelihood. This step matrix can be used to
calculate a modified p-distance that takes into account polymorphisms (hereafter

termed polymorphism p-distance).
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3.3.2. Simulations

Two simulation studies were performed in order to determine the effect of 1) the
presence of a single hybrid sample in a dataset, and 2) inherited polymorphism
via independent heterogeneous alleles (or variants) on phylogenetic inference with
intra-individual polymorphisms treated as either ambiguous or informative characters.
Using the PHANGORN library version 1.3.1 (Schliep| 2011) in R version 2.13.0 (R
Development Core Team 2011)), a random tree with 20 tips was generated. A DNA
dataset with only monomorphic bases (i.e. A, G, C and T) was simulated onto this
tree with mutation rates of 0.0025, 0.0050, 0.0100, 0.0250 and 0.0500 per unit of
branch length; this represents a range of signal-poor to signal-rich datasets (Tables
and . The starting sequence used for each dataset simulation was based on
the ITS-1 and ITS-2 regions (490 bases in total) of a sequence from Nymania capensis
(Meliaceae) extracted from Genbank (DQ861633). The second lowest rate (0.0500)
aimed to include at least one parsimony informative character in the dataset for
each branching event, irrespective of whether the parsimony informative character was
associated with a branching event or not; in the case of a dichotomous tree with 20 tips
there will be 19 branching events. This was to ensure that inferring the relationships

between samples, for this and faster rates, was not affected by a lack of signal.

Table 3.1. Summary statistics of hybrid-free (HF) datasets from hybridisation
simulations across different mutation rates (see text for details). The
mean and standard deviation (in brackets) of the number of variable sites (VS)
and parsimony informative sites (PI) are shown.

Rate VS PI
0.0025 24.4 (4.8) 11 5 (3.0)
0.0050  46.8 (7.5) 23 (3.9)

0.0100 88.9 (11.9)  44.9 (7.3)
0.0250 186.2 (19.8) 103.8 (14.8)
0.0500 304.9 (22.1) 191.4 (21.9)

62



3.3. Methods

(¥°22) €808

(87) @.E (991) 6717 (1'6) 69z (2¥2) €981 (¢2T) 966c  (8¢2) 6281 (G02) 1°20€  00S0°0

(¢ee) TL8T (6'T) L'z (80¢) g108  (8¢€) QL (9T) 6'TOT ~ (9°6T) F'SST  (L°9T) 20T (T'L1) L8T 0SZ00

(z%1) 6'¢8 (L 8 (9L1) gcs1 (7'1) €1 (ze) eer (1) 798 (¢6) zer  (1°21) L'98 00100

(L) vey  (g0)T F1r) 68 (50) €0 (9¢) 91z (8L) I'th (L¢) g1z (8L)8FF 08000

(¢e) 61z (£0)T (62) 7s7  (50) T0 (9¢) 11 (1°6) 82T (9¢)z11  (1'9) 98¢ ST00°0

dsiz-1d pIs-1d dSIZSA  dISSA Id SA 1d SA orey
N\&J{w N< H<

"(dSIg-) swyorreyd JSTE Pue ((ILS-) SRR YN PIepue)s

ojurt J11ds oxe soy1s sarjeuLIOojul Anowsred pue s[qerres oy} sny) ‘(sdSrg) swsrgydiowd[od 9)1s [eNPIATPUI-RIJUT SUTRIUOD
joseIep &3y oy ], ‘umoys oIe (IJ) sois aaryeuriojul Auourtsred pue (G ) SIS 9[qRLIRA JO IOUINU o1} JO (SjosrIq UI)
UOTJRIAGD PIRpUR)S PUR URAUI 9], *(S[Tejop JI0J 3x0) 93s) sjasejep ¢RIy pue 2y ‘Ty oy} A[feoyroads ‘sojed

UuoIjeINW JUDISHIP SSOJIde SUOIJR[NUIIS UOIIN[OAD juelIeA juspuadopul WOodj sjasejep Jo s21IsIje)s Aremiuing

'¢°€ 9IqEL

63
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Phylogenetic trees for all datasets were inferred using neighbour joining (NJ),
maximum parsimony (MP) and maximum likelihood (ML). Bayesian inference was
not included as there is currently no software that can incorporate a 2ISP-informative
approach. Furthermore, current Bayesian inference software explicitly deals with 2ISPs
by removing any columns in a dataset with such polymorphisms (e.g. MRBAYES
and BEAST). Neighbour joining was implemented using the APE library version 2.7.1
(Paradis et al.|2004)) in R. The APE library treats 2ISPs as missing characters, an option
that is widely used in other software (e.g. PAUP* MRBAYES). Genetic distances
were calculated using either uncorrected p-distances (the ambiguous treatment,
hereafter referred to as NJ-A) or polymorphism p-distances (the informative treatment,
hereafter referred to as NJ-I) with pairwise deletion of missing characters. Neighbour
joining bootstrapping used 100 replicates. Maximum parsimony was implemented
in PAUP* version 4b10. Heuristic searches for most parsimonious trees included
100 replicates, each with random addition of sequences, and the default branch
swapping and character optimisation options (TBR and ACCTRAN, respectively).
Intra-individual polymorphic sites are treated as either ambiguities (hereafter referred
to as MP-A), the default treatment, or informative sites (hereafter referred to as MP-
I), set using a cost matrix. For computational efficiency, no more than 100 equally
parsimonious trees were stored per replicate (NCHUCK = 100); this prohibited time-
consuming searches of equally parsimonious trees which was a problem predominantly
with the MP-A treatment when the dataset contained 2ISPs. Branch support was
evaluated with 100 bootstrap replicates, each with 10 replicates of random sequence
addition and the same options as used above for topology reconstruction. RAXML
7.2.6 was used to compute trees and perform bootstrap analyses under maximum
likelihood (Stamatakis| [2006). A standard RAXML analysis includes polymorphic
base calls into the analysis; however, this can still lead to a flattening of the likelihood
surface making it more difficult to determine the best-known tree and reducing support
values. Thus, the standard analysis was treated as the analogue to the ambiguous
treatment under NJ and MP (ML-A). RAXMUL includes a multi-state analysis for any
kind of categorical data; this would treat each IUPAC code as a unique character,
thereby estimating the rate of transitions between characters (i.e. estimating the rate
of transitions between states instead of the single steps shown in Figure . This was
considered the informative treatment of intra-individual site polymorphisms (ML-I).
The GTR-I" model was used for all datasets and 100 rapid bootstraps were used to

assess branch support.
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The tree topologies between datasets were compared using the topological
distance defined by [Penny & Hendy (1985) as implemented in the APE library in
R. This topological distance is measured as twice the number of internal branches
defining different partitions of the tips between two trees. Under this definition, the
MP consensus tree will be biased towards lower topological distances than the other
methods as polytomies are not penalised as much as incongruent relationships between

samples that may be observed in the ML and NJ trees (with ties broken randomly).

Simulation 1: presence of hybrids (heterogeneity due to hybridisation)

For the hybrid analysis, a simulated dataset was considered the hybrid-free (HF)
dataset, and a second dataset (hybrid-present, HP) was created by adding a single
hybrid sample to the HF dataset. The hybrid sample was created by combining two
sequences selected at random from the dataset, with any variable sites coded using
IUPAC nomenclature. Twenty HF datasets were simulated per mutation rate, each on
a different random tree, and 5 HP datasets were created for each HF dataset, totalling

100 HP datasets per mutation rate.

The topological distances between NJ, MP or ML trees estimated from the HF and
HP datasets were calculated where 2ISPs were treated as ambiguous or informative.
Each hybrid sample was removed from the tree derived from a HP dataset prior to
calculating the topological distance. The topological distance between trees inferred
from the HF and HP datasets was compared to the phylogenetic distance between the
two ‘parent’ samples that were used to form the hybrid sample. Phylogenetic distance
was measured using Faith’s phylogenetic diversity (PD) (Faith|1994)) as implemented in
the PICANTE library version 1.2.0 (Kembel et al.[2010)) in R. In addition, the topological
distance between the original tree used to simulate the data and the NJ, MP and ML
trees derived from the HF and HP datasets was calculated. In order to assess the effect
of hybrid presence on branch support, the percentage of branches with bootstrap values
above a low, medium or high threshold (>50%, >70%, and >90%, respectively) was
calculated. The bootstrap values were extracted using the APE library in R from
NJ, MP and ML trees inferred from the HF and HP datasets with 2ISPs treated as

ambiguous or informative.
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3. Intra~individual site polymorphisms (2ISPs) and phylogeny reconstruction

Simulation 2: independent variants (heterogeneity due to independent

evolution)

To simulate polymorphism induced by two sets of independently evolving ITS
sequences (ITS homoeologues in a broad sense, Cronn et al. 2002)), two independent
variant datasets (A; and Ay) were simulated on the same tree with the same ancestral
sequence but a different random starting seed (this ensures that each dataset is
unique). The two DNA datasets can be considered independent histories of two
dominant variants present in the common ancestor, either representing intra-array
(ITS paralogy in a broad sense), allelic (between homologous NORs), homoeologous
s.str.  (between orthologous NORs) or paralogous variation (in a strict sense, i.e.
between NORs originated by duplication and translocation). The tip sequences were
combined across the two datasets, creating a polymorphic combined variants dataset
(Ajg2) representing the mutation and inheritance of polymorphisms along branches
and branching events. This is a highly simplified model of multicopy inheritance as
it does not include the effects of concerted or reticulate evolution. For each mutation
rate, 200 datasets were simulated (two independent datasets per tree), which combined

made 100 additional polymorphic datasets.

The topological distances between NJ, MP or ML trees inferred from the Ajgo
datasets and the two variant (A; and A,) datasets were calculated where 2ISPs were
treated as ambiguous or informative. Topological distance was also compared between
the original tree used to simulate the data and the trees derived using the different
methods from the Ay, Ay or Ajgo datasets. The percentage of branches per tree with
bootstrap support above a low, medium or high threshold were calculated across the
NJ, MP or ML trees derived from the A;, Ay or Ajgo datasets.

3.3.3. Published datasets

The 2ISP-informative and 2ISP-ambiguous treatments were investigated using 13
previously published dataset alignments and a novel alignment generated for this study
(see section below; Table [3.3)). As 2ISPs occur on other nuclear gene regions, the
selection of datasets was not limited to I'TS. The aligned datasets were either obtained
directly from the authors or downloaded from TreeBase (www.treebase.org). If indel

coding was included in the dataset, then these were kept for subsequent analyses. Two
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datasets were used as case study examples and were further explored to demonstrate
the advantages and limitations of the 2ISP-informative approach (see section .
Two datasets were included twice, with adaptations. A second reduced Hieracium
dataset with hybrids removed was included (Fehrer et al|2009; see section [3.3.4).
The Amaryllidaceae dataset (Meerow et al.|2006) contained two anomalous consensus
sequences of clones; these two samples contained unusually high number of 2ISPs (74
and 29) and were very unlike any of the other samples in the dataset. This may be
due to the inclusion of pseudogenes or issues with making the consensus sequence.
Meerow et al.| (2006, p. 43) state ‘phylogenetic signal was still present despite the
ambiguous base calls’. Uncertain as to whether these ambiguous base calls actually
represent intra-individual polymorphism or just uncertainty, I also included a reduced

Amaryllidaceae dataset that excluded these two samples.
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All datasets were analysed using NJ, MP and ML. NJ-A and NJ-I analyses
were conducted using the APE library in R with 1000 bootstrap replicates to asses
branch support. MP-A and MP-I analyses were undertaken in PAUP* with heuristic
searches performed with 100 random sequence addition replicates. Tree bisection-
reconnection branch swapping with the ambiguous or informative treatment was used
for each replicate. Also, to ensure feasible computational times no more than 1000
trees of length greater or equal to one were retained per replicate. Assessment of MP
bootstrap support followed the suggestions of Miiller| (2005), with 10,000 bootstrap
replicates composed of a single random sequence replicate and TBR branch swapping.
RAXML 7.2.6 was used to compute trees and perform bootstrap analyses under ML-A
and ML-I treatments. The GTR-I" model was used for all datasets and 1000 rapid
bootstraps were used to assess branch support. Summary information for each dataset
and the phylogenies were calculated using the APE library in R; however the number
of parsimony informative characters for standard bases and 2ISPs was calculated
using a custom script. In order to compare the NJ, MP and ML support values
for the ambiguous versus informative approach against information content within
standard DNA and 2ISPs across the datasets we did the following: (1) the percentage
of branches supported above low, medium and high bootstrap support thresholds
(>50%, >70% and >90%) for each tree under the informative approach was deducted
from the ambiguous approach, and (2) the information content within each dataset
was characterised using a parsimony informative sites index (P index), which was

calculated as follows:

P et

where Plsrp and Plrsp are the number of parsimony informative sites for
standard DNA and 2ISP characters, respectively. The P index ranges from -1 to 1,
where all parsimony informative sites are only 2ISPs or only standard DNA characters,

respectively.

3.3.4. Case studies: Hieracium and Nymania

I used direct sequence data from datasets that contained both intra- and inter-
individual ITS variability and where the limits for polymorphic site identification in
the trace file were clearly outlined. Both datasets are based on angiosperm genera,

Hieracium (Asteraceae; Fehrer et al|2009) and Nymania capensis (Meliaceae; this
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study). The Hieracium dataset contained 60 sequences from the 5’ external transcribed
spacer (ETS) of the 35S rDNA. In Astereaceae (Linder et al.[2000), and Hieracium, the
ETS region, found in the same cistron as I'TS, generally evolves much faster but lacks a
conserved region such as the 5.8S region found between I'TS-1 and ITS-2. This dataset
was selected because it contains large number of putative hybrid samples, identified
by 2ISPs, between two fairly divergent clades. Thus, this dataset was used to explore
the effects of hybrid samples on the different phylogeny reconstruction methods. A
reduced dataset was created by removing those putative hybrid samples based on their
2ISP patterns (i.e. a large proportion of 2ISPs present where sequences from the two
clades contain segregating sites) and their central location in the splits graph. This
reduced dataset is meant to represent a hybrid-free scenario (at least between the two

major clades).

The Nymania capensis dataset comprised 30 individuals sampled across three
primary drainage basins in the Albany Subtropical Thicket biome which spans the
Western and Eastern Cape Provinces of South Africa. Ten individuals were sampled
per drainage basin. Two additional individuals from the disjunct northern distribution
of the species were sampled from herbarium material as outgroup taxa (BOL48535 and

BOL60966). Full collection details for these individuals, and those used in Chapter
are given in Appendix Table (Pg. 238)).

Genomic DNA was extracted from silica-dried leaf material using a modified
version of the method specified by (Gawel & Jarret| (1991). Polyvinylpyrrolidone-40
(PVP) was added when grinding the leaf material in liquid nitrogen using a mortar
and pestle. Nuclear variation was sampled for the I'TS-1, 5.8S and ITS-2 region
using the primers [TS5m (Sang et al.|[1995) and ITS4 (White et al|1990). PCR
reactions were performed in 25 pl, with 5 ul 1 x KAPA HiFi Buffer, 0.75 mM dNTPs,
0.75 mM forward primer, 0.75 mM reverse primer, 0.4 ul of the proofreading KAPA
HiFi DNA polymerase (2 Units) and 1.2 pl template DNA (~ 15 ng). PCR was
conducted using a GeneAmp 2700 PCR System thermocycler (Applied Biosystems,
USA) under the following conditions: initial denaturation and polymerase activation
at 98°C for 20 seconds (s) followed by 30 cycles of 94°C for 45 s, 58°C for 30 s, 72°C
for 30 s; and a final extension at 72°C for 1 minute. Eight samples were cloned to
verify the presence of 2ISPs observed in direct sequences. Cloning was performed
using the pGEM-T Easy Vector System II (Promega) following the manufacturers

instructions, but downscaled to half reactions. To facilitate cloning, Kapa HiFi
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PCR products were incubated at 72°C for 10 minutes with Kapa Taq polymerase
to provide 5" terminal thymidine overhangs. Eight clones were sequenced per sample.
All sequences were aligned using CODON CODE ALIGNER version 3.5.7 (Codon Code
Corp, http://www.codoncode.com). The following steps were followed in order to
identify polymorphic sites across and within sequences: (1) each base-call within every
sequence was assigned a quality score using the automated base-calling program PHRED
(Ewing et al./[1998), (2) sites that contained secondary peaks that were greater than
20% of the primary peaks were scored as polymorphic using the ‘Call second peaks’
option in CODON CODE ALIGNER, and (3) all polymorphic sites were verified by eye.
Following [Fehrer et al| (2009), overlapping and non-overlapping peaks were coded in
capitals letters and small letters, respectively. In order to determine if pseudogenes
were present in I'TS I confirmed the presence or lack of mutations in four conserved
angiosperm motifs within the dataset, one in ITS-1 (Liu & Schardl [1994) and three
within 5.8S (Harpke & Peterson|2008).

In order to detect potentially incompatible or ambiguous signals in the datasets,
such as those that may be caused by hybridisation or allopolyploidisation events, I
generated and visually inspected neighbour-net (NN) splits graphs (Bryant & Moulton
2004) using SPLITSTREE version 4.8 (Huson & Bryant|2006). As SplitsTree does not
treat polymorphisms as informative, the polymorphism p-distance was calculated with
a script written for, and implemented in, R and used the resulting distance matrix to
produce the NN splits graphs. The NJ, MP and ML analyses were conducted using the
same settings for PAUP and RAXML given above for the published dataset analyses.

To determine whether direct PCR sequence successfully detected variable sites
observed in the clone sequences, the direct sequence 2ISPs were compared with the
variable sites found in the clones for each individual. These results were compared
with those reported in Rossell6 et al. (2007) and [Yamaji et al.| (2007)

3.4. Results

Simulation results remained relatively unchanged across the datasets simulated under
different mutation rates per unit of branch length, thus I report the results for those
simulated under the mutation rate of 0.0050 per unit of branch length, but refer to

appendix figures that contain the results from all datasets.
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3.4.1. Simulation 1: presence of hybrids

Hybrid 2ISPs either represent crosses (diploid hybrids) or allopolyploids. The number
of topological changes between the HP and HF trees increases proportionally with the
parental PD of the hybrids under NJ-A, NJ-I or MP-A (Figures [3.2A and [3.2B),
irrespective of the mutation rate (Appendix Figure , Pg. . In contrast, across
the majority of comparisons there were no topology changes between MP-I HF and HP
trees (Figure .C). The topological distances between ML-A and ML-I do not show
any clear relationship with the parental PD of the hybrid (Figure .C); however, ML-
A has overall a lower topological distance between HF and HP trees than ML-1. When
HF and HP trees generated from the different methods are compared using topological
distance with the original tree used to simulated the data (Figure ; Appendix Figure
IA.10, Pg. [233)), I found that: i) the ambiguous and informative treatments produced

identical results under the HF dataset, ii) the topological distance between NJ-A and
NJ-I were equally increased, iii) MP-I performed better than MP-A, and iv) ML-A
performed better than ML-I.

There is a significant decline in the percentage of branches with support above
the low, medium and high bootstrap support thresholds in NJ, MP and ML trees
inferred from the HF dataset to the HP dataset (Figure , irrespective of treatment
or mutation rate (Appendix Figure|A.11} Pg. [234). However, the NJ-I and MP-I show
significantly smaller declines in the percentage of supported branches than for NJ-A
and MP-A.

3.4.2. Simulation 2: independent variants

Intra-individual site polymorphisms from two different variants represent inherited
polymorphism and heterogeneity due to the independent evolution of different alleles or
paralogues (within or across NORs) of the same gene (region). The topological distance
of NJ, MP and ML trees between Ajgs and A; /A, datasets depends greatly on whether
2ISPs are treated as informative or ambiguous (Figure . Far less topological change
is observed under the 2ISP-informative treatments than the 2ISP-ambiguous treatment
across all methods irrespective of mutation rate (Appendix Figure , Pg. [235).
As the datasets increase in richness, the trees inferred using the 2ISP-informative

approach from the Ao datasets show an increase in topological congruence with the
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Figure 3.2. Parental phylogenetic diversity (PD) of a single hybrid sample and
the topological distance between trees inferred from hybrid-free
(HF) or hybrid-present (HP) datasets using different phylogenetic
methods with intra-individual site polymorphisms treated as either
ambiguous (grey circles) or informative (black crosses). Three different
methods are used: (A) Neighbour Joining, (B) Maximum Parsimony, and (C)
Maximum Likelihood. Data were simulated with a mutation rate of 0.0050
(see text for details, Pg. . The frequencies of the topological differences for
the informative (black bars) and ambiguous (grey bars) treatments are given
on the right-hand side y-axis. Note that topological distances are not directly
comparable between the three methods (see text for details).
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Figure 3.3. The topological distance between the original tree used to simulate
the data and the trees inferred from the hybrid-free (HF; white)
or hybrid-present (HP; light grey) datasets using different phylo-
genetic methods with intra-individual site polymorphisms treated
as ambiguous (-A) or informative (-I). Three different methods are
used: Neighbour Joining (NJ), Maximum Parsimony (MP), and Maximum
Likelihood (ML). Data were simulated with a mutation rate of 0.0050 (see text
for details, Pg. . Note that the topological distance of polytomies in the
MP consensus trees are not penalised as much as the incorrect relationships in
the NJ and ML trees.

trees inferred from the A; and A, datasets. This is to be expected given that lower
mutation rates have greater signal stochasticity when sequences are simulated onto a
tree. These results are maintained when the trees generated from the three datasets
are compared using topological distances with the original tree used to simulate the
data (Figure 3.6} Appendix Figure [A.13] Pg. [230)), as i) the NJ-A and MP-A trees
have significantly higher topological distances when estimated on the A;go dataset in
comparison to the A; or A, datasets, ii) the ML-A trees have a far greater variance
when estimated on the Ajgo dataset than the A; or A, datasets, and iii) all 2ISP-
informative approaches display a significantly lower topological distance to the original

tree when estimated using the Aigo dataset than either the A; or Ay datasets.

The comparison between the percentage of branches above the low, medium and

high bootstrap support thresholds and trees inferred from the A, Ay or Aig- datasets
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Figure 3.4. The percentage of branches with bootstrap values greater than
50%, 70% and 90% for hybrid-free (HF; white) or hybrid-present
(HP; grey) datasets analysed using Neighbour-Joining (NJ), Maxi-
mum Parsimony (MP) and Maximum Likelihood (ML) with intra-
individual site polymorphisms treated as ambiguous (-A) or infor-
mative (-I). The HF and HP datasets were simulated using a mutation rate
of 0.0050 (see text for details, Pg. . Significant differences, ascertained
using a Student’s t-test, between HF and HP datasets for a given method are
indicated with stars.

reveals marked and significant differences between the 2ISP-ambiguous and 2ISP-

informative approaches across the different methods (Figure ; Appendix Figure

IA.14} Pg. 237). Under the ambiguous approach, all methods have significant declines

in the percentage of supported branches from the A; and As to the Ajgo datasets.

In contrast, all methods have significant increases in the percentage of supported

branches under the informative approach.
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Figure 3.5. Topological distance between trees inferred from combined vari-
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ants (Ajg2) and individual variant datasets (A; and Aj) using
(A)Neighbour Joining, (B) Maximum Parsimony, or (C) Maximum
Likelihood with intra-individual site polymorphisms treated as am-
biguous (‘grey’) or informative (‘black’). The number of samples that
overlap on a given point correspond to the number of petals shown. The
mutation rate per branch length used to simulate the data was 0.0050 (see text
for details, Pg. .
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Figure 3.7. The percentage of nodes with low, medium and high bootstrap support

values (>50%, >70% and >90%, respectively) from trees inferred from two

independent variant datasets (A1, dark grey; Ao, light grey boxes) and the

combined variants dataset (A1g2, white) analysed using Neighbour Joining
(NJ), Maximum Parsimony (MP) or Maximum Likelihood (ML) with intra-
individual site polymorphisms treated as ambiguous (-A) or informative

(-I). The datasets were simulated under a rate of 0.0050 mutations per unit of branch

length (see text for details, Pg. .
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3.4.3. Published datasets

The published datasets represent real-world data where multiple, sometimes conflict-
ing, processes lead to the presence of 2ISPs. The majority of studies had P index values
greater than 0, indicating that standard DNA parsimony-informative sites outweigh
2ISPs (Table ; this is to be expected given that 2ISP-rich datasets have been
traditionally difficult to analyse and therefore publish.

Across the majority of datasets the percentage of supported branches increased
under the 2ISP-informative treatment compared with the 2ISP-ambiguous treatment
(Figure [3.8)). A minority of datasets (one to four) showed a decline in the percentage
of supported nodes at the different bootstrap thresholds; these declines were also
fairly minor (less than 10%) in comparison to the gain in support for some datasets
(15 - 50%). Particularly, all data sets with a P index < 0 gained support. A
negative correlation between the percentage of supported branches and the P index
was observed across all combinations of methods and support thresholds; furthermore
a high (42 - 75%) and significant correlation between these two variables was observed
between some comparisons (e.g. NJ and MP for BS > 50% and BS > 70%).

The presence of two anomalous sequences with high numbers of 2ISPs in the
Amaryllidaceae dataset does not dramatically change the percentage of supported
branches between the informative or ambiguous treatments under the NJ, MP or
ML methods (see open diamond symbols in Figure . This is most likely because
the majority of 2ISPs in these sites are not shared with other samples and therefore
are treated as autapomorphies, and thus do not provide any misleading phylogenetic
signals. The percentage of branches supported in the Hieracium datasets is far greater
under the informative approach, irrespective of whether putative hybrids samples were

present or not (see open triangles in Figure . This is discussed further below.
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Figure 3.8. The P index (Pg. compared to the change in the percentage of
branches supported between informative to ambiguous phylogenetic
treatments of intra-individual site polymorphisms (2ISPs) using real-
world datasets.
medium and high (>50%, >70% and >90%, respectively).
2ISPs are compared within three different phylogenetic methods: i) Neighbour
Joining informative (NJ-I) versus Neighbour Joining ambiguous (NJ-A), ii)
Maximum Parsimony informative (MP-I) versus the Maximum Parsimony
ambiguous (MP-A), and iii) Maximum Likelihood informative (ML-I) versus
Maximum Likelihood ambiguous (ML-A). Variation of two datasets (A and
B; see text for details) are shown using open triangles (Hieracium) and
diamonds (Amaryllidaceae). Pearson correlation coefficients (r) and coefficients
of determination (r?) are shown, with significant values (p < 0.05) indicated
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3.4. Results

3.4.4. Case study 1: dataset including hybrids

Fehrer et al.| (2009) identified 23 samples in the Hieracium dataset as hybrids based
on 2ISP patterns. Seventeen of these hybrid samples contained 2ISP patterns shared
between two divergent clades, both in genetic and geographic terms, and were centrally
located in the NN splits graph (Figure . Only these 17 samples were removed for

the reduced ‘hybrid-free’ Hieracium dataset.

r——t 10.0 steps

To outgroup

%

\

Figure 3.9. NeighborNet splits network of the complete Hieracium dataset with
intra-individual site polymorphisms treated as informative. The white
circles represent accessions used in the original analysis by [Fehrer et al.| (2009),
while the black and grey circles were considered to represent putative hybrids
identified by the presence of certain 2ISPs; these putative hybrids were removed
from the phylogenetic inference in their study. The samples represented
by black circles were considered putative hybrids removed for phylogenetic
inference in this study and were removed to form a second Hieracium subset
for other analyses. The distance to the outgroup samples (dashed branches) is
37.7 steps.

Under the full dataset none of the methods could resolve both clades with support
>70% (Figure . Under NJ, both the ambiguous and informative treatments
separated the samples from the different clades with a high bootstrap support for
clade 2. The strict consensus tree under the MP ambiguous approach reconstructed
all in-group samples to be part of a single polytomy. The MP informative approach

resolved clade 2 with medium bootstrap support, but the samples from clade 1 formed
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a basal polytomy. The ML-A approach resolved the two clades but without support.
However, this was not the case for the ML-I approach as three samples from clade 1

formed a distinct clade, placed as sister to clade 2, although without support.

Under the reduced, hybrid-free, Hieracium dataset nearly all methods resolve
both clades and the split between them with some degree of support (Figure [3.11]).
Again, the NJ-I phylogram contains more resolution than the NJ-A phylogram as there
is far more relative genetic distance between samples, but otherwise the topologies are
fairly similar. Both clades form polytomies in the MP-A tree, whereas the MP-I tree
contains far more supported resolution. Support for clade 1 drops from 89% under
MP-A to 69% under MP-I. The ML-A tree resolves both clades with high BS support.
The ML-I tree fails to find support for the clade 1 samples as these samples form a basal

gradation to clade 2. A comparison between the full and reduced Hieracium datasets

(Figures [3.10] and [3.11]) demonstrates the effect of the conflicting signals caused by

putative hybrids which greatly affect tree reconstruction irrespective of the method

applied.
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Figure 3.10. The complete Hieracium dataset analysed under Neighbour Joining

(NJ), Maximum Parsimony (MP) and Maximum Likelihood (ML)
treating intra-individual site polymorphisms as either ambiguous
(-A) or informative (-I). Branch support is shown using a combination of
line thickness and colour.
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Figure 3.11. The reduced Hieracium dataset analysed under Neighbour Joining
(NJ), Maximum Parsimony (MP) and Maximum Likelihood (ML)
treating intra-individual site polymorphisms as either ambiguous
(-A) or informative (-I). Hybrid samples were removed from the complete
dataset that were centrally located in the splits graph (Figure , which
also contained 2ISP patterns consistent with hybridisation (see text). Branch
support is shown using a combination of line thickness and colour.
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3.4.5. Case study 2: intraspecific dataset

The Nymania dataset contained 32 parsimony-informative sites, 17 of which were
standard DNA characters and 29 2ISP characters, with some overlap (Tables 3.4).
Three 2ISP indels were observed, which were coded as simple mutations. Each 2ISP
indel was confined to samples from a specific drainage basin. No mutations were
observed from four conserved motifs nor in the 5.8S region in the direct sequences,

therefore I considered the dataset free of pseudogene ITS variants.

In the Nymania NN splits graph (2ISPs treated as informative), three distinct
clusters were resolved that correspond directly to the drainage basin from which
individuals were sampled (Figure . The only exception to this is individual
AJP0532 which was collected in the Gamtoos basin but is grouped with individuals
from the Sundays basin; however, this collection locality was very close to the
watershed boundary between the Gamtoos and the Sundays basins, and given its
clustering within the Sundays, I subsequently treated it as a member of the Sundays

population (this is supported by chloroplast sequence data; Chapter (4)).

10.0 steps

To outgroup

Figure 3.12. NeighbourNet splits graph of Nymania capensis ITS sequences
with intra-individual site polymorphisms treated as informative
characters. Ingroup sampling localities are shown: Sundays (white squares),
Gamtoos (grey squares) and Gouritz (black squares) drainage basins. The
distance to outgroup samples is 82.5 steps.

Phylogenetic tree-building using this 2ISP-rich dataset generally supported the
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groupings observed in the splits graph treating the 2ISPs as informative (Figure .
The NJ-I phylogram separates the drainage basin samples into well supported clades; in
contrast, all Sundays samples do not form a supported clade in the NJ-A phylogram.
The MP-A strict consensus tree approaches a star tree, i.e. is entirely unresolved,
whereas the Gouritz, Gamtoos and Sundays samples received high, medium and low
support as clades, respectively, in the MP-I tree. The ML-A tree does not contain
any samples in supported or unsupported clades that exclusively match to drainage
basins. However, the Gamtoos and Gouritz samples form well-supported clades in the
ML-I tree.

The lack of support above 70% for a Sundays clade in the MP-I tree and the
basal grading of the Sundays samples in the ML-I tree may be because this is the least
differentiated and divergent group; the Sundays samples cluster in the splits graph
(Figure [3.12), connected by bundles of short edges to the centre of the graph, which
can be considered to represent the putative root or common ancestor. Thus, although
these individuals are more closely related to one another than to either of the other
two clusters, which would be indicative of a common origin, there is simply not enough
signal in the data to support their own clade under the conditions used by these two

algorithms and with respect to the out-group determined in-group root.

The comparison between the presence and absence of 2ISPs observed in the
direct sequencing and the variable sites observed in the clones for the eight cloned
samples of N. capensis demonstrate that the majority of variability is detected by
direct sequencing (Table[3.5). A large proportion (77%) of 2ISPs observed in the direct
sequences of Nymania capensis match up to the variable sites observed in clones (Table
. Also, only a small proportion of 2ISPs observed in the direct sequences are not
supported by the clones (5.5%); Table ; however, this is possibly due to insufficient
sampling of the intra-individual clone population rather than false 2ISP detection in
the direct sequencing. These results are similar to those reported by Rossello et al.
(2007) and [Yamaji et al|(2007; Table |3.6).
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Figure 3.13. The Nymania dataset analysed under Neighbour Joining (NJ),
Maximum Parsimony (MP) and Maximum Likelihood (ML) treat-
ing intra-individual site polymorphisms as either ambiguous (-A)
or informative (-I). Dashed branches have been reduced by a factor of 10.
Branch support is shown using a combination of line thickness and colour.

87



3. Intra~individual site polymorphisms (2ISPs) and phylogeny reconstruction

>
B B B o By By By By B
=
= -R - < s
TR R R R R KK KKK
-HEHHHEHEH< < S

g

RV
> >

;-. [FI
g

>
-~

w

>
-
N Y N E T ESE YT >
S =2 H= 8 8
- H H - = 8
SR
T
T

c P

Coby -

el el e

R

S MM MMM

ch b BHEBEHBE B> -

M e MBHEHBHBHBHMMMMM MM M MM

- H

-HHH884d8E¢d

-2 HHES -2 HESROHOO HH

M EHMHMEHEHBEMM M MMM MMM

BelaRoRoRaly

- T I T

RGO R Ao

-8 -HH 88 =

- # H

=

BB BE<<< BB

"B BRHBHHBE B

- 8§

- H 88

¢e80drY
L€90dLV
£€€90dLV
¢E90drV
8¢90d[V
cee0dry
00604V
G670dLY
c6v0dLY
99704V
G904V
vLLOALV
€ve0dlv
8¢c0dlV
6¢c0dLY
¥¢e0dlv
1¢10dlV
€800d[LV
¥.00d(V
1.L00dLV
06004V
08L0d[V
Gee0drv
€4990dLV
16904V
Greodry
0vs0drv
81404V
L160dLV
0L20dLV

sAepung

Z}1IN0Y)

soojurer)

®)
®)
&)
®)

H

SNSuasuo))

540 [HIO D O O 00DV DV & &> -
e e .
522 ||l w8 = = B G BB H M

536 [©
s3lHleR e e ERR BB

261 |O| 8

601 |©
577 |H
571 |©
550 <t
532 &
531 |©
525

518

477 10
475

452 O
449 O
437 O
253 |©
235 |©
225 |0
213

207 (©

145 |©

130 |©

114 |O

106 |O] - » &

[=PEep]

89 |O

86 |©

79 10

74

72 10

64 |<jfooo S ddddsd

63 |O

61 |H

51 |<

25 O« <<< 8 H<< HdHH

srdureg

N
[9p]
| 524 |

I-SII

suo131sod 9PIJOdINN

urseq
ageurer

‘2ouonbas

STISUOSUOD 90UISJOI 9} 0} pareduiod a1e seousnbos [y °, X, SUIsn papod o1e [opul UR pur ase(q © Surajoaut swsiydiowAjod
[RNPIATPUI-RIJUT S 90RI} S} Ul ISJOUR ISAO JURUINIOP 9SR( 9UO JUIIRIIPUI SI93)9] [[RUWIS PUR [ 90€I} oY) Ul Sose(q
70 de1oa0 9jo[dwod JuryedIpul SI19939] Teirded Yim ‘ermjepuomwiou HYJN] Suisn popod are swstydiowA[od [enprarpur

[eNPIAIPUI-RIJU] ‘SUOISSOII® $15UdDI DIUDWiN] oI} seduanbos 1,1 [eWOSOqLI ) J-129IIp Ul S9)IS d[qelIBA ‘§°¢ 9[elL

38



3.4. Results

D DD I3} ) D D ) I D I ) V1

L DD D " - LD D L o) L o) VI

D DV vV © D DD v D ' D v T

o) DD v - DD v 9 v ) v z

o) LD D - DD A4 D \4 D \i e
£ T DILHODAWIL ILVOHUADX E DWHDHDOHODIDWL I DHHOHWILV D E0dIT

- : —b v 5 —5 - — T — - : . :

DV D o) o) g

1 VIIV  V = v o) v D1

I LV -~ - D ré

o) I 1V o) I I
D LD DOHDODDAMED DDD DD DDDHDDDHIODHAVIDODDDHD LV V LIGOIIT

— - T - 5 . —= A . :

D D DD o) \' 9 vV 1D o) VI

o) vV D - 9} v D vV 1D - g

D D D DD LD o) I DL I - o) V ¢

: o) D DD s \i 9 vV 1D - s
DLDIDADILILYDHAYITX L DWDHDDHDADWAL Y DHOHV LV D 6HIIT

. Do T DVDHDD N L D D DD V "D  HDHILIVVI

L L VvV D : o) L L - 0] L "~ vyvVv V4L "I

I I vV D o) 5 L o) I " VYV vV I ¢

I I V V o) I L D L V V VI ' ¢
DILODADDODA L 1T WHH D D D DOOHWHD YA L DW I DI I ymm ) [gI0dIT

— D~ -H O © —~ W < M N O D~ 10 D~ o o0 13553750468296924115

S IR ISTIZEER 8 R SRIJISIRESSS® 0RO 0 b

Z-SII S8°G T-SII

suo131sod 9pI1)oaON N

“)SUS] UI Sosk( G 01 T 9 AR YY) [OPUI OPIIOS[ONU © $OI0UD (-) YSeP Y
"TOISS900R ULALS € WO 90uanbas 1001Ip oY) 01 pareduwrod aI1e seouanbas suo[) *, ¥, SUISL POPOD IR [9PUL UR PUR 9Se( ©
SUTA[OAUL $90UONDOS 100IIp o) Ul Po3oajop swstydiowA[od 9318 [RNPIATPUI-RIJU] O 90BI}) 9} Ul IOJOUR IOAO JURUIWUOP
9Sk( JURUIWOP U0 FUIPRIIPUL SI9Y)J[ [[RWS pUR J[Y 90vI} ) Ul soseq JO de[IoA0 9)o[duwod SUIyedIpur sI1933o] [eirdes
UM DINJROULIWOU V()] SUuIsn popod ore swsiydiowA[od o31S [RNPIAIPUL [ENPIAIPUI-RIJU] *SUOISS9IIR S15UdDI
prupwfin; PS8 Wody saduanbas pauo[d pue sedusnbas YD J-1091Ip UsamIaq S9IIs d[qeriea jJo uostreduio))

'G°¢ 9IqEL

89



3. Intra~individual site polymorphisms (2ISPs) and phylogeny reconstruction

90

Table 3.5. continued.
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3.5. Discussion

I present a method that incorporates 2ISPs as informative characters in NJ and
MP phylogeny reconstruction using a simple step matrix (Figure [3.1). I also test
the performance of standard nucleotide-data ML analyses versus treating 2ISPs as
additional character states. I demonstrate that the presence of samples with a hybrid
origin negatively affects all tree reconstruction methods, irrespective of whether the
ambiguous or informative approaches are used (Figures , and . However,
I also demonstrate that the informative approach offers significant improvements
for the topological resolution (based on the number of supported branches) and
reliability (regarding the distance to the real tree) of trees constructed from simulated
nuclear datasets (Figures and when 2ISPs represent inherited variation.
Furthermore, I demonstrate that the 2ISP-informative approach also offer significant
improvements for real-world datasets, including those with putative hybrids (Figures
13.10 [3.11| and [3.13). Data from the nuclear genome provides vital information
for phylogenetics and phylogeography; however, 2ISPs are bound to arise due to

the genome’s complexity (in comparison to chloroplast and mitochondrial genomes),
biparental inheritance and where multiple fragments may be amplified from across the
genome (e.g. ITS). These 2ISPs have generally been treated as uncertainties across
a range of phylogenetic software (e.g. PAUP* and MRBAYES). Depending on the
source of 2ISPs, I have established that treating 2ISPs as informative characters can

aid, rather than hinder, phylogenetic inference.

The problematic effect of polymorphism, irrespective of data source (e.g. mor-
phology or DNA), on phylogeny reconstruction is a long-standing problem (reviewed
in Wiens||1999). For nuclear sequence data, different approaches have been used to
address the decline in topological resolution and support values in the presence of
2ISPs: 1) removing samples identified as hybrids based on 2ISP patterns (e.g. |Aguilar
& Feliner 2003, [Fehrer et al. 2009, |Whittall et al[2000), 2) removing any samples with
two or more 2ISPs (e.g. Hanna et al.|2007), 3) removing any sites that contain 2ISPs
prior to analysis (e.g. Scherson et al.[2008)), 4) treating all DNA bases (including 2ISPs)
as unordered characters (e.g. Campbell et al.[|1997, Fama et al.2000)), or 5) cloning
samples containing 2ISPs and including clones rather than the original sequence in
the phylogenetic analyses (suggested standard practice by [Feliner & Rosselld|[2007)).
In an attempt to address analytical problems created by 2ISPs, statistical haplotype
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3.5. Discussion

inference methods have even been used to infer variants within ITS sequences based
on 2ISP patterns (e.g. Lorenz-Lemke et al.[2005), despite such methods being reserved
for low-copy regions. Statistical haplotype inference assumes that the gene region in
question is diploid and, at most, two alleles are present (Clark |1990, [Stephens et al.
2001)) - this assumption is violated with complex multi-gene families such as ITS. All of
these approaches result in the loss of potentially informative data as either potentially
useful information is removed or the association between variants and samples is lost
(but see |Goker & Grimm! 2008, |Grimm et al. 2007, |Joly & Bruneau 2006 for examples
on how to preserve the information of 2ISPs represented in cloned variants). As shown
here, the primary cause for the loss of topological resolution and decrease of branch
support when 2ISPs are present in a dataset is due to their treatment as uncertain

characters or missing data in commonly used phylogenetic software.

Comparative assessment of simulated and experimental data sets shows that
treating 2ISPs as informative characters provides an opportunity to incorporate
additional information in phylogenetic inference in a straightforward and cost-sensitive
manner. The performance of treating 2ISPs as informative is considerably better than
the standard approach for both the simulated and real-world data (Figures ,
, 13.10} [3.11} and [3.13)). Moreover, the presence of hybrid samples appears to
have equally negative effect on ambiguous and informative approaches (except for
MP; Figures , and . Thus, the positive results from analyses of real-

world datasets, which demonstrate significant improvements under the informative

approach (Figure, suggests that the 2ISP variation provides additional information
regarding the phylogenetic relationships between samples. This is most likely because
the 2ISPs represent inherited variation. Also, this suggests that phylogenetic inference
using the 2ISP-informative approach can be done without knowing the sources of intra-
individual polymorphism, the processes that induce intra- and inter-array variation,
which, in many cases, may be hard to identify at all. The 2ISP-informative approach
is especially more powerful when datasets have a negative P index (2ISPs outweigh
standard parsimony informative characters); however, even under positive P index

values an improvement in tree topology and support is evident (Figure |3.8)).

Intra-individual site polymorphisms can arise through many different mechanisms,
some of which maintain evolutionary signal (e.g. incomplete concerted evolution
where mutation rates outstrip homogenisation processes) and others that blur it (e.g.

hybridisation). Our hybrid simulation results (Figures and and the

93



3. Intra~individual site polymorphisms (2ISPs) and phylogeny reconstruction

Hieracium case study (Figure demonstrate that the 2ISP-informative approach
does not solve the general problem of conflicting signal within data induced by hybrids,
or reticulation in general, in phylogenetic reconstruction. However, the MP-I approach
does outperform the standard MP-A approach in resolving at least some of the
underlying topology with support, primarily because the number of conflicting equally
parsimonious trees is far greater under MP-A when 2ISPs are present. Hybridisation
causes problems because a hybrid may be equally closely related to both its progenitors.
Thus, the placement of hybrids within a tree is unpredictable - at best they group
with one of the progenitors, but the support will typically be low. Hybrid samples
have traditionally been removed because of the conflicting signal they induce when
it comes to phylogenetic tree-building (Vriesendorp & Bakker|2005)). When removing
the Hieracium hybrids centrally located in the splits graph (Figure [3.9)), the basic
division of the genus into two major clades observed by [Fehrer et al. (2009) is retrieved
by both 2ISP-informative and 2ISP-ambiguous treatments by most methods (Figure
B.11)). In general, the 2ISP-informative treatment outperforms that of 2ISP-ambiguous
in providing greater supported topological resolution within the two clades (Figures
and . However, as highlighted by Vriesendorp & Bakker| (2005, p. 598),
‘the common practice of leaving suspected [hybrid] taxa out of the analysis to avoid
confounding effects on phylogenetic reconstruction will not stimulate further progress’.
The incapacity of dichotomous trees to deal with reticulate signal can be overcome to
some degree by using phylogenetic networks based on collections of trees or distance
matrices (Huson & Bryant 2006, [Lockhart| 2006, Vriesendorp & Bakker| 2005), but
most implementations of these network methods also do not treat 2ISPs as informative
characters (e.g. statistical parsimony networks, Clement et al.|2000)(NeighbourNet,
Bryant & Moulton| 2004 — but see the ’Average’ option for calculated uncorrected
p-distance in SplitsTree). Intra-individual site polymorphisms can be included into
networks by either using the 2ISP-informative approach to construct the tree collection
or base the distance matrices on the polymorphism p-distance (e.g. Figures and
3.12)).

When 2ISPs are derived from population-level processes (or independent evolu-
tionary histories in general) that maintain the underlying evolutionary signal, then the
2ISP-informative approach not only offers a dramatic improvement over the standard
approach, but also greater resolution towards the species or population tree. The

independent evolution of different variants represents unique gene histories (Maddison
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1997), which in combination may culminate in an improved prediction of the actual
species or population tree (e.g. see Fig. 5 in |Goker & Grimm 2008). The simplistic
independent-variant simulations used here demonstrate that the combined variants
Ao datasets have significantly more supported nodes and are generally closer to the
‘true’ tree used to simulate those data than the independent variant datasets (A; and
Ay; Figures and . Thus, intra-individual polymorphisms may offer a consensus

signal of the underlying coalescent gene trees of a number of variants.

An example of multiple variants representing population level processes is shown
in the case study of Nymania capensis. The 2ISPs in this dataset are most likely
not due to hybridisation between species (Nymania is a monotypic genus), but can
instead be attributed to a lack of concerted evolution, divergence of ITS copies, and
inheritance of polymorphisms. The clusters found in the splits graph (Figure
and clades resolved in the NJ-I, MP-I and ML-I trees (Figure provide valuable
phylogeographic information, and suggest that populations have been isolated in
different drainage basins. This is supported by chloroplast data (Chapter [4). The high
proportion of 2ISPs in the Nymania dataset would normally preclude it from being
used for any form of phylogenetic reconstruction when they are treated as ambiguous
since some clades may be unsupported (e.g. NJ-A; Figure B.13]A), or misleading
relationships between samples may be inferred (e.g. ML-A; Figure C) or SO many
equally parsimonious trees exist that the strict consensus tree is star-like (MP-A;
Figure .B). Thus, where population-level heterogeneity exists, treating 2ISPs as
informative provides both a means for dealing with this heterogeneity which includes
provision for polymorphisms in hypothetical ancestral taxa and an estimate of the

‘population’ tree from the summarised information from the different variants.

Unfortunately, the process of concerted evolution can greatly reduce the variant
heterogeneity and thus remove much of the evolutionary signal detectable by direct
sequencing (although rare variants can persist in the genome even through multiple
speciation events, Mahelka & Kopeck|2010). Therefore, the studies that will benefit
the most from the 2ISP-informative approach are those where the target taxa have
not recently experienced significant concerted evolution (as is the case with Nymania
capensis). These will most likely be phylogeographic or intra-generic studies (e.g. Fama
et al. 2000} Feliner et al.|[2004, Rossell6 et al. [2007). The probabilities of complete
or near-complete concerted evolution increases as the species involved become more

distantly related through evolutionary time.

95
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The ML-I approach offers an alternative to the fixed step matrix used under
NJ-I and MP-I. It allows an estimation of a transition matrix based on the shifts
between all characters, including 2ISPs, and this may offer a more accurate realisation
of 2ISP evolution. However, an accurate estimate of the transition matrix under
the ML-I approach may require far more signal within any given dataset than
the ML-A approach; under ML-A, the transition matrix is only estimated between
four character states, whereas anywhere up to 15 different character states may be
in the ML-I transition matrix. An increasingly complex transition matrix is less
likely to be stable and also less decisive regarding the underlying data if there are
insufficient data for transition rate estimation. This would decrease support and
increase topological ambiguity. This most likely explains why clade 1 and Sundays
samples form an unsupported basal grades in the reduced-Hieracium and Nymania
datasets, respectively, under the ML-I approach (Figures F and F), whereas
all other methods reconstruct these samples into a clade, although not always with
support. Despite this potential problem when estimating the transition matrix, the
branch support for ML-I trees is greater than ML-A trees for the majority of real-world
datasets (Figure and ML-I outperforms ML-A for the N. capensis case study
(Figure . Also, the ML-I approach dramatically outperforms the ML-A approach
in the 2ISP-dominated A;gs datasets of independent variation (Figures and
3.7). However, this may, in part, be due to the current manner in which the ML-A
transition matrix is estimated in RAXML; 2ISPs are incorporated into tree searching
as outlined by Felsenstein (Felsenstein 2004, p. 253-256), however the estimation of
the transition matrix prior to tree searching ignores 2ISPs (A. Stamatakis, personal
communication). This failure to include 2ISPs when estimating the transition matrix
may explain the poor performance of ML-A when analysing the Aigo datasets of
independent variation as the transition matrices have unrealistically low transition
estimates (near zero) especially under the datasets with lower signal. This may also
explain why the ML-A method marginally outperforms ML-I in the hybrid simulations
(Figures , and , as transition matrices remain fairly constant for ML-A
analyses because the 2ISPs in the hybrid samples are ignored while the transition
matrices for ML-I fluctuate dramatically due to the presence of 2ISPs in a single sample
which increases the numbers of characters in the transition matrix without providing
enough information to estimate the transitions (e.g. estimates of the alpha parameter
vary by three orders of magnitude between HP datasets under ML-I). Thus, the ML-A

approach may still be a viable means of including 2ISPs as informative characters but
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is currently underperforming as 2ISPs are not included when estimating the transition
matrix. The success of the ML-I approach will largely depend on whether there is
sufficient information in a dataset to obtain realistic estimates of transition rates.

This would need to be judged on a case by case basis.

3.5.1. Identifying 2ISPs

Intra-individual site polymorphism observed in trace files obtained from direct
sequencing of PCR products have been treated as informative characters for a range
of applications other than phylogeny reconstruction, such as hybrid identification
(Aguilar & Feliner|2003, [Fehrer et al.|2007), determining geographic structure (Feliner
et al| 2004), and statistically inferring haplotypes from low copy nuclear genes
(e.g. PHASE, [Stephens et al| 2001). However, the relationship between 2ISPs
identified through direct sequencing and the underlying population of variants is fairly
unexplored, although it is clear that not every polymorphic site observed across clones
is detected through direct-PCR sequencing (Tables and . The undetected
clone variation may be due to rare copies that are detected via cloning, but do
not have the numerical dominancy to be detected by direct sequencing, or possibly
biased amplification of copies in the PCR. Nonetheless, the 2ISPs identified from
direct sequencing detect more than 75% of the underlying variation observed in clones
(Table 3.6). In a simple sequencing experiment, Rauscher et al] (2002) demonstrated
that the heights of multiple peaks observed in trace files were directly proportional
to the underlying and controlled frequencies of clone copies used in the sequencing
reaction. Thus, any variation observed in rare copies is unlikely to be detected via

direct sequencing and even cloning (Rauscher et al.|2002).

Although not all 2ISPs in direct sequences were resolved in clones and not all
variable sites in clones were detected by direct sequencing (Table , the degree of
resolution should be sufficient for further phylogenetic and phylogeographic analyses.
Detecting 2ISPs in sequences is critically important to the multitude of studies using
direct-PCR sequences from multi-copy genes, as the same factors that affect 2ISP
identification can affect base calling and create misleading information in the data
(e.g. biased PCR amplification between variants or failure to code polymorphisms).
While the relationship between direct-PCR sequences and the underlying ITS copy

population is positive, it still needs to be explored further. Until this relationship
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between direct sequencing and the underlying variant population has been established,

I suggest the following steps to identify 2ISPs prior to phylogenetic analyses:

1. Use high fidelity (proofreading) polymerases for PCRs. This reduces the
background noise from misannealed nucleotides in trace files and results in more
reliable sequences (Arezi et al.|[2003], Cline et al.|1996).

2. Sequence in both directions and ensure that 2ISPs are present in both sequences
(Baldwin et al.[[1995). If in doubt, then re-sequence.

3. Clone a subset of samples and compare the 2ISPs identified in direct sequences
with those found in the clone alignment in order to independently verify the
presence and absence of 2ISPs. If the variable sites observed in clones have a high
degree of concordance with 2ISPs detected from direct sequencing, then direct
sequencing is likely to provide a reliable signal across closely related species or

multiple populations of the same species of the underlying I'TS copy population
(e.g. Table [3.6).

Although direct sequencing may work for the majority of groups, it may not
work under a number of conditions: i) when numerous variants of different lengths are
present within an individual, and ii) when there are two or more very different active
ITS regions, such as those observed in grasses (e.g. Peng et al.[2010)). The presence of
indels results in copies that are out of phase and this causes nonhomologous sites to be
overlaid; usually such direct sequences are discarded as unusable. However, there are
algorithmic approaches to separating such super-imposed sequences (e.g. [Dixon/ 2010,
Dmitriev & Rakitov|2008]). Although promising, these methods must be applied with
caution as they assume diploidy and thus may not be applicable to multi-copy regions
such as ITS. Furthermore, it remains uncertain as to how effective such methods are
at detecting 2ISPs.

The strict usage of IUPAC ambiguity codes is extremely important for the 2ISP-
informative approach. Previously, it used to make no difference to the majority of
analyses as to whether [IUPAC ambiguity codes were used to indicate a poor signal in
the trace file or the presence of two bases in a single site (2ISP). With the informative
treatment of 2ISPs used here, this distinction becomes extremely important. I strongly
suggest that poor signal be represented by uncertainty symbols (‘?’) and that [TUPAC
ambiguity codes be reserved for 2ISPs only.
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3.5.2. Widespread use of the 2ISP-informative approach

The 2ISP-informative approach can be used for any DNA sequences from high or low
copy genes wherever 2ISPs are found, as demonstrated in this study. Furthermore,
the step matrix used to implement the 2ISP-informative approach is an extension of
the allele sharing distance (Bowcock! |[1994) widely used to calculate distance matrices
for unlinked single nucleotide polymorphisms (SNP) data. This extension will enable
the calculation of distance matrices for complex SNPs (i.e. those that have greater
variability than simply two bases and the polymorphism of those bases). It will also
enable the implementation of MP for tree reconstruction of SNP data, a method that

has been lacking in the majority of studies using unlinked SNPs.

Phylogenetic analyses of combined data can be problematic when 2ISPs are
present. [Feliner & Rosselld| (2007)) suggest cloning any heterozygous sequences prior to
analysis. However, if researchers wish to combine datasets under the ‘total evidence’
or ‘conditional combination’ approaches (reviewed in Huelsenbeck et al[|1996), then
it is difficult to combine multiple cloned sequences and those sequences from other
regions or genomes all from the same individual. A commonly used option is to
select a single clone per individual per cloned gene region to be combined with other
data. For example, Steele et al. (2010)) selected single clone variants from two different
nuclear gene regions to concatenate with chloroplast sequences; this leads to a loss of
information and runs the risk of filtering bias. The 2ISP-informative approach will
enable researchers to combine multiple regions, and account for 2ISPs, whether they

are identified through direct sequencing or consensus sequences from clones.

3.5.3. Conclusions

In a phylogeographic study of Vaccinium uliginosum, Eidesen et al| (2007) state
that ‘as a consequence [of intra-individual site polymorphisms], unless all I'TS PCR
products are cloned, any phylogenetic signal useful for inferring relatively recent
phylogeographical patterns is effectively concealed by the polymorphisms caused by
the two [or more|] paralogous ITS repeats’. This frustration has been shared by
many researchers. Here it has been demonstrated that treating once problematic
2ISPs as informative characters can dramatically improve the resolution of phylogeny

reconstruction. I envisage that this method should greatly aid phylogenetic inference
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at the intra-generic or intra-specific level, including phylogeography studies.
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4. Phylogeographic congruence between genetic
patterns, river drainage basins and palaeoclimatic

niche models of Nymania capensis (Meliaceae)

4.1. Abstract

Landscape features play an important role in the distribution of species and gene
flow between populations, and the evolutionarily discrete drainage basin hypothesis
(EDDB) suggests that this is particularly applicable to the topographically complex
coastal lowlands of South Africa. Furthermore, the climatic changes during the
Pleistocene glacial cycles profoundly affected species distributions, gene flow between
populations and demography. The glacial refugia hypothesis predicts that the
Albany Subtropical Thicket (AST), a coastal lowland vegetation, retracted into
fragmented refugia during glacial cycles. I test these two hypotheses using multigene
phylogeography and the projected Last Glacial Maximum (LGM) distribution of a
dominant AST plant species, Nymania capensis (Meliaceae). The patterns of genetic
diversity from non-coding chloroplast DNA, a high-copy nuclear region (ITS) and a
low copy nuclear region, support the EDDB hypothesis as: 1) different drainage basins
contain genetically distinct lineages, 2) limited genetic structuring was detected within
basins whilst high structuring was detected between basins, and 3) within drainage
basin populations display a high degree of genealogical lineage sorting. Both molecular
dating and climate envelope modelling support the glacial refugia hypothesis as: a)
the timing of chloroplast lineage diversification is restricted to the Pleistocene in a
landscape that has been relatively unchanged since the Pliocene, and b) the projected
LGM distribution of suitable climate for N. capensis suggest fragmentation into refugia
that correspond to the current phylogeographic populations. This suggests that the
AST was fragmented and isolated along the lowland basins of Southern Africa during

the LGM and prior glacial periods.
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4.2. Introduction

Both historical and current variation in topography and climate may influence the
spatial patterns of genetic diversity within a species. Topographic complexity may
act as a barrier to gene flow, with examples ranging from mountain-top species that
cannot cross valleys (e.g. |[Ehrich et al.|2007) to lowland species that cannot disperse
across uplands (e.g. Zhang et al|[2011]). Climatically-induced shifts in the geographical
distribution of species driven by variations in the Earth’s orbit, termed ‘orbitally
forced range dynamics’, will change the degree to which topography influences the
connectivity between populations (Jansson & Dynesius [2002)). Drainage basins and
their corresponding watersheds are dominant topographic features in the terrestrial
landscape that are acknowledged barriers to dispersal and gene flow; however, their
effect on genetic diversity has rarely been tested beyond aquatic organisms. In this
chapter I investigate the role of drainage basins and past climatic fluctuations on the
structuring of genetic diversity in a plant species, Nymania capensis (Meliaceae). This
species is a dominant and widespread component of the Albany Subtropical Thicket

(AST, Figure biome which is restricted to the coastal lowlands of South Africa.

The vegetation of the AST is characterised as dense, woody, semi-succulent and
thorny, with an average height of 2-3 m that is relatively impenetrable in a pristine
condition (Acocks|(1953, Mucina & Rutherford|2006)). It spans a number of primary
drainage basins that occur between the coast and the Great Escarpment. On the
basis of a floristic assessment of the AST, |Vlok et al| (2003) suggested that these
drainage basins are discrete biogeographical units. Here this proposal is termed the
‘evolutionarily discreet drainage basin hypothesis’ (EDDB). Based on this hypothesis,
drainage basins have been treated as unique entities in large-scale conservation
planning that aims to ensure the persistence of evolutionary processes for the AST
biota (Rouget et al.[2006]). This hypothesis is supported by phylogeographic research
on freshwater redfins (Swartz et al.[[2009) and terrestrial cicadas (Price et al|2010),
but there is limited data on whether it applies to terrestrial plants. Nymania capensis
is a widespread and abundant shrub species in the AST, and thus an ideal candidate
to test this hypothesis. I test the EDDB hypothesis using genetic data from both the
chloroplast and nuclear genomes, given the associated problems with single genome
studies (reviewed in Avise| 2000, Schaal et al.[1998)). A number of predictions can

be made if drainage basins and their associated watersheds are important landscape
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Figure 4.1. The distribution of Nymania capensis sampling localities along
the coastal lowlands of the Albany Subtropical Thicket (AST).
The three inland AST vegetation subtypes are shown in the inset. The
watersheds separating drainage basins are shown in grey. Two landscape
features mentioned in the text are highlighted: (A) the Rooiberg inselberg,
and (B) the Baviaanskloof valley.

features responsible for structuring genetic diversity (e.g. Price et al.|2010):

1. Different drainage basins should contain genetically distinct lineages,

2. There should be limited genetic structuring within drainage basins and a high

degree of genetic structuring between basins, and

3. If watersheds have been evolutionarily long term barriers to gene flow, then
isolated drainage basin populations should contain evidence of genealogical

sorting, which would eventually result in monophyly.

Climate change is also a major driving force that determines both the distribution

and population dynamics of species (Comes & Kadereit||1998, Hewitt|[2004, Jansson|

& Dynesius| [2002). The effect of Pleistocene climatic changes on the distribution

of plant species within the AST, and surrounding regions, remains largely unknown

as there are insufficient reliable proxy records to provide a model of palaeoclimate or
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palaeovegetation during glacial periods (Chase & Meadows|2007, |Lewis|2008). Limited
paleodata, however, suggests that the thicket was highly fragmented during glacial
periods (Scholtz||1986), most likely due to lower temperatures and the frost sensitivity
observed in many of the AST species. Thus, |Cowling et al.| (2005) suggest that the AST
most likely retracted into refugia during glacial periods. Species distribution modelling
(also known as ecological niche modelling) has been applied to construct habitat
suitability models for taxa during the Last Glacial Maximum (Hugall et al. 2002,
Richards et al|2007). These models have proven to be a valuable approach to explore
historical distributions, especially in the absence of extensive palaeontological data, as
they often coincide with hypothesised refugia (Waltari et al.2007). In order to test
the glacial refugia hypothesis I follow this relatively novel approach of extrapolating
species distribution models (SDM) onto statistically downscaled global climate model
simulations. If AST species were adversely affected by glacial climate through the

Pleistocene then the following would be predicted:

4. The timing of population subdivision between the catchments should coincide
with the onset of glacial-interglacial cycles as these drainage basins are largely
fixed and stable landscape features through this period (Cowling et al.|2009)),

and

5. The SDMs will demonstrate range contraction and fragmentation in N. capensis,

consistent with phylogeographic patterns.

I use both molecular data and palaeoclimate distribution modelling of N. capensis
to unravel the impacts of drainage basin topography and the Pleistocene climate
oscillations on the genetic structure of Nymania capensis. The objectives are to test
the EDDB and glacial refugia hypotheses. In order to do this I will: (i) assess the levels
of genetic diversity and structure in N. capensis across its distribution in the AST,
(ii) calculate the level of correlation between genetic and spatial distance between and
within drainage basins to determine the level of isolation, (iii) determine if genealogical
sorting has occurred within drainage basin populations, (iv) identify potential range
changes and refugial areas during past climate scenarios, and (v) determine the timing
of population splits using a molecular clock approach and a wide range of substitution

rates.
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4.3. Methods

4.3.1. Study system

The study system is outlined in Chapter [1} In brief, the Albany Subtropical Thicket
is restricted to the year-round rainfall zone along the coastal lowlands of South Africa.
A winter rainfall zone is found to the west and a summer rainfall zone to the east. The
coastal lowlands form a series of short but deeply incised drainage basins separated
from an unusually elevated interior plateau (Lithgow-Bertelloni & Silver||1998| Moore
et al|2009) by the Great Escarpment. The coastal lowland landscape has been
topographically stable and relatively unchanged since the end of the Pliocene (~2.6
Ma; Cowling et al.[2009).

In this study I investigate the role of primary drainage basins on genetic
structuring. The distribution of N. capensis spans three drainage basins, specifically
the Gouritz, Gamtoos and Sundays drainage basins. However, the Gouritz basin has
added topographic complexity as two parallel mountain ranges associated with the
Cape Fold Belt run across it creating an intermontane basin, known as the Little
Karoo. The Rooiberg Mountain is an inselberg within the Little Karoo and splits this
region along a west-east orientation (see Figure . This mountain range has been
found to be a barrier to gene flow in another terrestrial plant species (A. J. Potts,
unpublished data), so the secondary drainage basins west and east of the Rooiberg
(Groot and Olifants, respectively) were sampled as extensively as primary drainage

basins.

4.3.2. Study species

Nymania is a monotypic genus restricted to southern Africa. Nymania capensis is
a large shrub to small tree with a maximum height of six metres, but usually no
more than three metres (Figure [4.21A). Solitary flowers are borne on leaf axils and
are generally pollinated by insects (personal observations). The fruit is an inflated
and deeply lobed capsule with papery thin membranes that contains numerous small
seeds (Figure[£.2]C). The seeds are carried away form the parent plant within the light
inflated capsules that are easily blown along the ground by wind. The inflated capsule

is not known anywhere else in the Meliaceae (Pennington & Styles|/1975).
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Figure 4.2. Nymania capensis (A) growth form, (B) flower, and (C) inflated
fruit capsule. Photo credit: (B) J.H.J. Vlok

Nymania capensis is a dominant component in the arid and valley thicket subtypes
of the Albany Subtropical Thicket (Vlok et al|2003). This species occurs across a

wide range of environmental conditions and is split into two disjunct distributions,

one in the southern semi-arid region (~300-600 mm annual rainfall) of the AST
and the other in the northern arid region (~100-300 mm annual rainfall) of South
Africa where it also grows in Orange River Broken Veld thicket-mosaic
vegetation. Preliminary morphological (A.E. van Wyk, personal communication) and
genetic data (this study) suggest that the northern distribution, which extends from
the Nama Karoo into Namibia, and southern distribution restricted to the AST are
different species. The northern and southern distributions of N. capensis are separated
in distance by over 300 km as well as the Great Escarpment. This species was selected

because (i) the southern distribution is characteristic of the AST biome, (ii) for its ease
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of location and identification in the landscape, and (iii) the population demographics
appear not to have been adversely affected by human activities such as livestock

farming.

4.3.3. Sample collection and DN A extraction

Populations were identified at 133 different localities within the Albany Subtropical
Thicket (Figure [4.1)). Leaf material was obtained from 118 of these localities. The
material for phylogenetic and phylogeographic analyses consisted of 78 individuals

selected from a subset of these localities, with one individual per locality (Appendix

Table |A.1] Pg. [238). The sampling strategy focussed on maximising the number

of sites sampled in order to explore the broad scale regional patterns rather than
intra-population differences. This scattered sampling strategy is not affected by local
and rapid coalescence events (Stadler et al.|2009) and thus gives an unbiased view of
population structuring and demographic history. Such sampling is also necessary when
populations cannot be defined a priori (Harwood 2009)), as is the case for N. capensis.
Thus, each drainage basin was represented by between 14 to 26 individuals, with most
individuals selected from localities that were over 10 km apart. Two samples of N.
capensis from the northern distribution stored in the Bolus Herbarium were used as
outgroup samples (BOL48535 and BOL60966).

Genomic DNA was extracted from silica-dried leaf material using a modified
version of the method specified by Gawel & Jarret| (1991) where reaction volumes were
downscaled to 1.5 ml and polyvinylpyrrolidone-40 (PVP) was added when grinding the

leaf material in liquid nitrogen using a mortar and pestle.

4.3.4. Chloroplast and nuclear sequencing

Chloroplast DNA sequence data from two separate regions, trnQ-5 — rpsl6 and
atpl — atpH were generated using PCR and direct sequencing. Nuclear sequence
data were generated from two independent loci: 1) the 5.8S cistron and the flanking
internal transcribed spacers, I'TS-1 and ITS-2, hereafter referred to as ITS, and 2) the
chloroplast-expressed glutamine synthetase gene, hereafter referred to as ncpGS. The
I'TS region is a high copy nuclear gene whereas ncpGS is a low copy nuclear gene. All

primer sequences used to amplify each region are listed in Table The ITS sequence
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data were generated using PCR with high fidelity Taq (KAPA HiFi DNA polymerase,
KapaBiosystems, Cape Town), to ensure accurate base calling, and direct sequencing.
Chloroplast and ncpGS sequence data were generated using PCR with standard Taq
(KAPATaq ReadyMix DNA polymerase, KapaBiosystems, Cape Town) and direct
sequencing as the high fidelity Taq proved to be problematic for ncpGS amplification.
The PCR conditions and protocols varied for each gene region. For the chloroplast
and ncpGS regions, the PCRs were performed in volumes of 36 pl containing 1.2 ul of
template DNA, 3.6 ul of 10X KAPATaq polymerase reaction buffer (Kapa Biosystems,
Boston, Massachusetts, United States), 0.72 ul MgCly (50mM), 1.2 ul of each primer
(10 pM), 1.44 pl of ANTPs (10 mM), 0.24 pl Taq polymerase and sterile H 20 up
to 36 pl. The chloroplast protocol consisted of an initial 2 minutes (min) denaturing
step at 94°C; 28 cycles, each comprising 94°C for 1 min, 50°C for 30 seconds, 72°C
for 1 min; and a final 6 min extension step at 72°C. The ncpGS protocol consisted of
an initial 5 min denaturing step at 95°C; 30 cycles, each comprising 95°C for 1 min,
50°C for 1 min, 72°C for 2 min; and a final 7 min extension step at 72°C. The PCR
conditions and protocols for the ITS regions using KAPAHiFi DNA polymerase are
given in Chapter 3| (Pg. . All PCRs were performed on a GeneAmp 2700 PCR
System (Applied Biosystems, USA), and were directly sequenced using both forward
and reverse primers. All sequencing was performed by either Macrogen (Korea) or the
University of Stellenbosch Sequencing Facility. Many nuclear PCR products generated
sequences that exhibited polymorphic sites or length heterogeneity. A subset of these
samples was cloned using the pGEM-T Easy Vector cloning kit (Promega, Madison,
USA), and for each cloned PCR, five to eight colonies were sequenced to identify
alleles. Cloning of ITS samples involved an extra A-tailing step as the high-fidelity
Taq produced blunt-ended products. The A-tailing procedure followed the instructions
in the cloning kit manual. Point mutations appearing in a single clone that did not
correspond to a mutation detected in direct sequences nor observed in any other clones
were not considered in the analysis since they are likely to be the result Taq polymerase
errors (Eyre-Walker et al./|1998)).
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4.3.5. Sequence assembly, alignment and characterisation

Both chloroplast and nuclear DNA sequences generated in this study were
assembled with CODONCODE ALIGNER version 3.7 (Codon Code Corp,
http://www.codoncode.com) and automatically aligned using the softwares in-
built alignment algorithm. The following steps were followed in order to identify
polymorphic sites across and within sequences: (1) each base-call within every
sequence was assigned a quality score using the automated base-calling program
PHRED (Ewing et al||1998), (2) sites that contained secondary peaks that were
greater than 20% of the primary peaks were scored as polymorphic, and (3) all
polymorphic sites were verified by eye. The boundaries of the ITS sequences and
ribosomal coding regions were determined by comparison with an annotated sequence
of Nymania capensis from Genbank (DQ861633). Numerous paralogous ribotypes
were identified from cloned samples. Intra-individual site polymorphisms (2ISPs)
were observed in both nuclear regions; these have been observed in many other plant
species (Bailey et al2003), and are unsurprising given the complexity of the nuclear
regions, especially ITS (reviewed in Chapter [3)). The presence of 2ISPs indicates that

there is more than one DNA variant present in the genome.

Summary diversity statistics were generated for each DNA marker and drainage
basin using the PEGAS library version 0.3.4 (Paradis 2010) in R version 2.13 (R
Development Core Team![2011)); specifically, Nei’s (Nei|[1987) nucleotide diversity (),

haplotype diversity (h), number of variable sites and parsimony informative sites.

4.3.6. Phylogenetic networks and trees

The two chloroplast regions were merged for analyses as they are inherited in tandem.
The phylogenetic relationships between chloroplast ncpGS haplotypes and all ITS
ribotypes were performed using Statistical Parsimony (SP) or NeighbourNet (NN)
networks and Neighbour Joining (NJ), Maximum Parsimony (MP), and Maximum
Likelihood (ML) phylogenies. The ITS dataset was not reduced for analysis due to the
high number of ribotypes in the dataset, thus all analyses were carried out at the level
of individuals. The SP network was implemented in TCS version 1.21 (Clement et al.
2000) using uncorrected p-distances (cpDNA) or polymorphism p-distances (ncpGS).
A NN network, implemented in SPLITSTREE version 4.8 (Huson & Bryant|2006)) using
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polymorphism p-distances, was constructed for the I'TS dataset due to the high number

of unique ribotypes and the complex relationships among them.

As both ITS and ncpGS datasets were rich in 2ISPs they were analysed using the
2ISP-informative approach for NJ, MP and ML (Chapter . Neighbour Joining was
performed using uncorrected p-distances (cpDNA) or polymorphism p-distances (ITS
and ncpGS) in the APE library version 2.7.1 (Paradis|2010)) in R. The MP analyses were
implemented in PAUP* version 4.0b10 (Swofford 2002) and involved a heuristic search
strategy with 1000 replicates of random addition sequences, and the default branch
swapping and character optimization options (TBR and ACCTRAN, respectively).
RAXML version 7.2.6 was used to estimate trees and perform bootstrap analyses
under ML (Stamatakis et al.|2008)) using the GTR-I" model of sequence evolution and
multi-state characters. Branch support was evaluated using bootstrapping for both
NJ and MP with 10,000 replicates; the MP bootstrapping followed the suggestions of
Miiller| (2005), as each replicate comprised a single random sequence replicate and TBR

branch swapping. Branch support for ML was evaluated using 1000 rapid bootstraps.

4.3.7. Isolation by distance and genetic variation

Pairwise genetic and geographic distances among sampling locations within and
between drainage basins were used to test patterns of isolation by distance using a
Mantel test (Mantel 1967). Genetic distance for cpDNA was calculated using uncor-
rected p-distances, whereas I'TS and ncpGS genetic distances were calculated using
polymorphism p-distances. Both genetic and geographic distances were calculated
using the APE library in R, and the probability and significance of the correlation

coefficient (Spearman’s R) was estimated after 10,000 permutations.

4.3.8. Genealogical tests of population divergence

The level of genealogical divergence was assessed in the chloroplast and nuclear gene
trees for lineages falling within the different drainage basins using the genealogical
sorting index (gsi, Cummings et al[2008). The gsi statistic is a standardised measure
of the extent to which predefined groups in a gene tree exhibit exclusive ancestry; the
gsi statistic ranges from 0 (a complete lack of genealogical divergence with respect

to other groups) to 1 (monophyly). The significance of the gsi statistic is obtained
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through randomisation of the group labels across the tips in a gene tree. Thus, lineages
within groups can be tested against a null hypothesis of no divergence. The gsi was
calculated on 100 MP trees sampled from the bootstrap using the same MP settings
specified above, except full datasets (i.e. not haplotype datasets) for each DNA region
were used. Maximum Parsimony analyses were used as this could be applied to all DNA
regions, and the MP 2ISP-informative approach estimated trees with greater resolution
and support for I'TS than the equivalent ML approach. Thus, 100 trees were sampled
from the 10,000 MP bootstrap replicates. These 100 individual gs: measurements
were then used to calculate an ensemble gsi statistic (gsir) for each DNA region. The
gsir statistic represents a summary of genealogical exclusivity that incorporates tree
topology uncertainty. All analyses were performed using the GENEALOGICALSORTING
library version 0.91 (available from http://www.genealogicalsorting.org/) implemented
in R.

4.3.9. Molecular dating

Assigning a timescale to phylogenies typically involves using dated ingroup fossils
or applying a rate of molecular evolution. No fossil or pollen data specific to N.
capensis is available, so I test the hypothesis of Pleistocene lineage evolution using a
highly conservative approach by using the ‘extremes’ of substitution rates found in the
literature for non-coding chloroplast DNA, specifically 1.0 x 107 (Richardson et al.
2001) and 31 x 1079 substitutions per site per year (Fu & Allaby|2010)).

The dating of lineage divergence was carried out using BEAST version 1.4.8
(Bayesian Evolutionary Analysis Sampling Trees, Drummond & Rambaut|2007)) which
estimates the tree structure and the date of nodes simultaneously, using a Bayesian
Markov Chain Monte Carlo (MCMC) procedure. This also provides a Bayesian
Inference (BI) of the cpDNA tree — no BI methods are currently available that utilise
a 2ISP-informative approach for nDNA. The BEAST analysis was performed using all
cpDNA samples as this sampling is important for coalescent estimation of lineage
divergence. The chloroplast dataset were analysed using the K3Puf substitution
model, as selected using the Akaike Information Criterion in JMODELTEST version
0.1.1 (Posada2008), and the Dollo model for indels. The hypothesis of rate constancy
between samples was rejected using the relative rate test (Tajimal|1993)) as implemented

within the APE library in R using an outgroup sample (BOL48535). Therefore, an
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uncorrelated lognormal clock was used for all BEAST analyses. All other priors were left
to the defaults. The BEAST analysis were replicated (N = 3) to verify convergence to
stationarity and the estimation of effective sample size (ESS); this was confirmed by in-
spection of each analysis using TRACER version 1.4 (http://beast.bio.ed.ac.uk/Tracer).
Each analysis was run for 107 generations, sampling every 10* steps. After discarding
the first 2x 10® samples as burnin, the parameter and tree estimates from the three runs
were combined. Tree files from the separate runs were combined using LOGCOMBINER
version 1.4.8 and TREEANNOTATOR version 1.6.1 (from the BEAST package) to yield
a consensus maximum clade credibility using a posterior probability limit set to 0.5
and summarizing median node heights and the 95% higher posterior densities (HPD)
of age estimates. These were visualized using the PHYLOCH library version 1.4.49
(available from http://www.christophheibl.de/Rpackages.html) in R.

4.3.10. Species distribution modelling

Distribution information on the southern thicket distribution of N. capensis was
based on localities where leaf material was collected and georeferenced localities from
herbarium material, resulting in a dataset of n = 133 (GPS: 118; georeferenced: 15).
However, there was a definite sampling bias in this dataset, as most localities were
identified near roads and/or concentrated in certain regions. This can mislead SDM
algorithms (Phillips et al.2006). I used the Clark-Evans nearest neighbour ratio (R)
to define this bias along with the cumulative distribution function for edge corrections
(Clark & Evans||1954); an R value significantly less than 1 indicates clumped samples,
an R value equal to 1 indicates randomly dispersed samples and an R value significantly
greater than one indicates evenly dispersed samples. The R value indicated that
the total locality dataset was severely clumped (R = 0.52,p < 0.01). In order to
remove this bias, samples were selected at random with a 10 km buffer, and any
subsequently selected samples were removed if they fell within the buffer from a
sample already selected. Five pseudo-replicate sub-sampled datasets were created
in this manner, ranging from 55 to 59 localities, and used for the subsequent species
distribution modelling. The R values of these subsets were all close to 1 (R = 1.01 to
1.05,p > 0.10), indicating that the locality data were randomly dispersed.

The species distribution model (SDM) used in this study exclusively focus on

areas of climatic suitability as the present and LGM distribution of N. capensis was
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modelled only using environmental variables that capture biologically meaningful
aspects of climate variation (e.g. [Hugall et al|[2002). The SDM was based on
the bioclimatic variables (which follow ANUCLIM; Australian National University:
http://cres.anu.edu.au/outputs/anuclim.php) derived from the WorldClim data set
(http://www.worldclim.org/, Hijmans et al|2005) sampled at a resolution of 2.5
arc-minutes (~ 4 x 4 km resolution). These variables characterise the dimensions
of climate considered pertinent in determining species distributions and represent
summaries of annual trends for temperature and precipitation, aspects of seasonality,
and extreme or potentially limiting environmental factors. The 19 bioclimatic variables
for the LGM climate layers were derived from simulations from two global climate
models (GCM): the Community Climate System Model (CCSM, |Collins et al.
2004) and the Model for Interdisciplinary Research on Climate (MIROC, version
3.2, Hasumi & Emori|2004). These climate estimates were statistically downscaled
by R. J. Hijmans using the WorldClim data set (Hijmans et al.|[2005) and data
provided by the Paleoclimate Modelling Intercomparison Project II (PMIP2) and
made available through the WorldClim website (www.worldclim.org). Many of the
bioclimatic variables are correlated in the study region (Figure , Pg. ; to reduce

this redundancy all but one variable found in a correlation cluster were removed leaving
11 variables (Table 2.1} Pg. [31).

The present and past SDMs for the species was generated using the maximum
entropy machine learning algorithm MAXENT version 3.3.3c¢ (Phillips et al.|[2006]), a
method appropriate for presence-only data which performs well in comparison with
other methods (Elith et al|2006) and can be used for predicting past and future
distributions (Hijmans & Graham|2006). The default settings in MAXENT were used
as these have been optimised across a wide range of data sets and automatically select
suitable regularization values and functions of environmental variables (Phillips &
Dudik 2008). Model evaluation was performed using 5-fold (K-fold) cross-validation
on each of the five occurrence subsets for each species. The K-fold evaluation method
randomly partitions the data into K subsamples, each of which is used in turn as
test data, while the remaining K-1 subsamples are used for training data. The model
performance was evaluated using the standard statistical measure of predictive ability,
the area under the receiver operating characteristic curve (AUC). The AUC statistic
ranges from 0.5 (model prediction is no better than random) to 1.0 (perfect model

prediction of presence versus absence). The models were calibrated using the survey
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data and the past potential distributions were estimated by projecting the predicted
present-day SDMs onto the LGM bioclimatic layers. MAXENT outputs a grid map
with each cell having a continuous probability value of environmental suitability
that ranges from 0 (not suitable) to 100 (most suitable). In order to compare and
graphically represent the results between the five locality datasets, each of the folds was
converted into binary present-absent values using the maximum test sensitivity (true
positive rate) plus specificity (false positive rate) criterion; this criterion optimises
the correct discrimination of presences and pseudoabsences in the test data and has
performed well in comparison with other threshold criteria (Liu et al.2005). These
binary presence/absence layers were then summed and overlaid onto present and past
niche models on the map of the study regions to examine visually if drainage basins

maintained areas of suitable environmental conditions.

4.4. Results

4.4.1. Genetic data characteristics

The final chloroplast dataset is comprised of 1948 bp (trnQ-5" —rpsl16: 791 bp; atpl —
atpH: 1157 bp). The ITS and ncpGS datasets were comprised of 666 bp and 1089 bp,
respectively. All datasets aligned readily and reliable gaps corresponding to insertion or
deletion events were included as informative characters; indels that were not associated
with homopolymer repeats were coded as binary characters and used in all analyses
(multiple base indels were treated as single characters). Sequence characteristics for
each dataset are summarised in Table 4.2l Haplotype and nucleotide diversity were
high in the ITS dataset, moderate in the chloroplast dataset, and low in the ncpGS
dataset. A summary of variable sites across the chloroplast haplotypes, a subset of
ITS samples and ncpGS haplotypes are shown in Tables and [4.5] respectively.
Many 2ISPs were detected in both ITS and ncpGS sequences; 2ISPs that comprised
an indel and a base were detected at five sites within the ITS dataset. Both ITS and
ncpGS cloned samples demonstrated that these regions contained multiple copies of
each region per sample. This rules out statistically inferring phased haplotypes from
nuclear genes as these methods assume a maximum of two copies per individual (e.g.
PHASE, Stephens et al. |2001) and cloning all samples was prohibitively expensive.
Thus, the 2ISP-informative approach (Chapter [3) was used for all analyses of nuclear
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data.

Table 4.2. Summary statistics, genealogical sorting indices (gsir) and mantel
test (MTR) results for Nymania capensis within and across basins.
Summary statistics include nucleotide diversity (), haplotype diversity (h), and
number of segregating sites (s).

Genome Drainage Basin n h S T MTg gsiT
cpDNA Overall 78 20 28 0 0.4510 ***
Groot 14 4 7 0 -0.0517 0.290 (0.108) **
Olifants 26 8 11 0 0.0638 0.508 (0.164) **
Gamtoos 18 5 11 0 -0.0250 0.797 (0.276) **
Sundays 18 7 8 0 0.1077 0.728 (0.183) **
Gro+O0li 40 10 12 0 0.0885 * 0.840 (0.237) **
Oli+Gam 0.3930 *** 0.372 (0.115) **
Sun+Gam 38 11 16 0 0.3460 *** 0.859 (0.140) **
ITS Overall 75 68 54 0.03 0.6234 ***
Groot 14 14 20 0.01 0.1889 0.250 (0.025) **
Olifants 24 22 28 0.01 0.1078 0.474 (0.039) **
Gamtoos 15 13 23 0.01 0.3433 * 0.996 (0.018) **
Sundays 22 21 21 0.01 0.1619 * 0.994 (0.034) **
Gro+Oli 38 34 29 0.01 0.0829 * 0.945 (0.007) **
Oli+Gam 0.6448%** 0.456 (0.083) **
Sun+Gam 37 34 35 0.02 0.5622 *** 0.990 (0.082) **
ncpGS Overall 69 13 11 0 0.5717 ***
Groot 13 3 4 0 -0.1778 0.251 (0.098) **
Olifants 22 5 3 0 -0.1435 * 0.393 (0.132) **
Gamtoos 14 5 5 0 0.2020 0.187 (0.060) **
Sundays 20 2 1 0 -0.1236 0.546 (0.174) **
Gro+Oli 35 7 7 0 0.0372 0.842 (0.284) **
Oli+Gam 0.5454 *** 0.000 (0.000) **
Sun+Gam 34 6 6 0 0.0875 0.848 (0.267) **

*p < 0.05; ¥ p < 0.01; *** p < 0.001
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Table 4.3. Variable sites across the chloroplast DNA haplotypes from two gene
regions of Nymania capensis accessions. All sequences are compared to
the reference haplotype A.

th(UUG) -5'rpsl0 atpl-atpH
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B . A C C T
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F 0 . C
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I C G
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L T R 0 .
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Number ‘0/1’ in the sequences indicate the absence/presence of length polymorphisms whereby the
superscripts identify corresponding character states. Note that poly-T stretches were excluded from
analyses.

a, TAAGA; b, AAT
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Table 4.5. Variable sites in direct-PCR ncpGS sequences from Nymania capensis
accessions. All sequences are compared to the consensus sequence. Sequence
polymorphisms follow TUPAC codes. Nucleotide positions refer to the aligned
sequences in the dataset.

Positions
Haplotype 5 36 54 71 216 283 336 417 421 584 707 1013
Consensus C C C A A C C T T T T C

a M .

b . Y

c . C

d Y . .

e . S

f G . . .
g . Y . M
h . Y K M

I ; Y C ) M
J M Y C M
k . . C . A

/ . C W A
m G C A

Pseudogenes may mislead phylogenetic and phylogeographic inferences, and this
is a known problem in the high copy number ITS region (Feliner & Rossell6[2007). In
order to determine if pseudogenes were present in ITS, I 1) compared sequences for
length variation, 2) confirmed the presence of conserved angiosperm motifs (Harpke &
Peterson [2008, [Liu & Schardl [1994), and 3) compared the number of mutations from
the relatively stable 5.8S region with those in the I'TS regions. The ITS dataset was
determined to be free of pseudogene sequences as length variation was minimal, all
conserved motifs were present and the number of mutations in the ITS regions greatly

outranked those found in the 5.8S region.

Two individuals found in the Gamtoos drainage basin had chloroplast and
ITS haplotypes associated with the Sundays drainage basin lineage, however these
were very close (<5 km) to the watershed suggesting that the presence of these
haplotypes beyond their drainage basin borders was due to recent migration rather
than incomplete lineage sorting. Thus, these samples were grouped with the Sundays

basin samples for all analyses.
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4. Phylogeography of Nymania capensis

4.4.2. Phylogeographic analyses

Different drainage basins should contain genetically distinct lineages (Prediction 1).
The drainage basin association was strong with chloroplast haplotypes, with all but
one haplotype restricted to one of the drainage basins or sub-basins (Figure .
Haplotype F spanned both Groot and Olifants sub-basins, but was restricted to the
Gouritz basin. A strong association was also evident between primary drainage
basins and ITS clusters (Figure with two exceptions (indicated with arrows,
discussed further below). The rare ncpGS unphased haplotypes were restricted to
drainage basins, but two haplotypes were widespread either in the Gouritz or across
the Gamtoos and Sundays basins (a and k, respectively; Figure . Two AST
samples contained anomalous ncpGS haplotypes (¢ and h); these haplotypes are
found in an intermediate position between the western and eastern haplotype clades.
These haplotypes may represent inherited ancestral copy diversity or recent gene flow
between samples from the western and eastern clade. However, given the slow rate of
mutation in this region, evident by the low genetic diversity, and that haplotype ¢ is
also shared with the outgroup sample from the northern distribution, it is likely that

these haplotypes represent ancestral and unsorted ncpGS copies.

Samples AJP0537 and AJP0810 (indicated with black and grey arrows, respec-
tively, in Figures , lie within the Gamtoos basin, but close to samples with a
Sundays basin genetic signature found on the watershed boundary between the basins.
These samples have Gamtoos chloroplast haplotypes (haplotype R), and for ncpGS,
a rare Gamtoos haplotype (AJP0810, haplotype j) and a common and widespread
haplotype (AJP05537, haplotype k). However, AJP0537 has an ITS signal that nests
it within the Sundays ITS cluster 3, while AJP0810 displays a recombinant signal
that lies between the Gamtoos cluster 2 and cluster 3 (Figure . The contrasting
basin associations between these two samples suggest that they represent a contact
zone between the Sundays and Gamtoos lineages, possibly caused by pollen flow
between plants in this zone. As these samples are anomalous to the overall patterns
of association, and are geographically restricted, they were removed for all subsequent

analyses.

Isolation by distance using the Mantel Test (MT) was used to determine if there
was genetic structuring within and between basins (Prediction 2). In general, non-
significant MTR values were observed within the basins or sub-basins (Table[4.2|) across
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Figure 4.3. Chloroplast haplotype network and haplotype distribution of Nyma-
nia capensis. (A) The statistical parsimony haplotype network is based on
the two combined chloroplast regions. Lineages are identified drainage basin
are shown. (B) The distribution of lineages within drainage basins (watershed
boundaries are shown in grey). Outgroup samples formed an unconnected
network. Black and grey arrows represent samples AJP0537 and AJP0810,
respectively, which are discussed in the text.
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Figure 4.5. Network, clusters and cluster distribution of ncpGS haplotypes from
Nymania capensis. (A) The NeighbourNet splits phylogenetic network is
based on polymorphism p-distances. The outgroup sample is from the disjunct
northern distribution (BOL48535). (B) The distribution of clusters identified
in the network across major drainage basins (watershed boundaries are shown
in grey). Black and grey arrows represent samples AJP0537 and AJP0810,
respectively, which are discussed in the text.
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4. Phylogeography of Nymania capensis

the different DNA regions; however, there were a few instances where significant but
low MTg (ITS in Sundays; ncpGS in Olifants) and significant but high MTg values
(in comparison to the overall value; ITS in Gamtoos) were observed. There were
significant and high MTg values between the Olifants and Gamtoos basins across
all DNA regions. Significant MTg values between the Groot and Olifants and the
Gamtoos and Sundays were only observed in the cpDNA and ITS; however, the MTg

values were low for the former pair of basins and high for the latter pair.

If watersheds have been evolutionarily long term barriers to gene flow then
monophyly of lineages within basins is expected (Prediction 3). Only two mono-
phyletic chloroplast lineages (containing haplotypes A-D and M-Q) were detected with
moderate (> 70%) to high (> 90%) support consistently across the NJ, MP and ML
trees (Figure ; these lineages were restricted to the Gouritz and Sundays basins,
respectively. No monophyletic lineages in the cpDNA were found that are restricted
to a single basin or sub-basin that also contain all the haplotypes found in that basin.
In contrast, the ITS phylogenetic trees find moderate to high support for Gouritz
and Gamtoos lineages (Figure . The samples from the Sundays basin form an
unsupported clade in NJ and MP, and a basal grade in the ML. The reason for lack
of support for a Sundays clade is that these samples are the least differentiated and
divergent group; they cluster in the NN splits graph (Figure A), connected by
bundles of short edges to the centre of the graph, which can be considered to represent
the putative root or common ancestor. Thus, although these individuals are more
closely related to one another than to either of the other two clusters, which would be
indicative of a common origin, there is simply not enough signal in the data to support

a Sundays clade.

For necpGS phylogenetic trees, no monophyletic lineages are restricted to basins
or sub-basins, but this is due to the two widespread ncpGS haplotypes. However,
the divergence between the western Gouritz and eastern Gamtoos and Sundays basins
is demonstrated as two monophyletic lineages are detected with moderate to high
support (although one lineage has low support in the MP analyses) that are restricted
to these basins. The AST samples with the anomalous nepGS haplotypes h and g do

not form part of either clade and are closely related to the outgroup sample.

If watersheds have been barriers to gene flow for a moderate period of evolutionary

time (i.e. post fragmentation but not long enough to form monophyletic lineages) then
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Figure 4.6. Phylogeny reconstructions of Nymania capensis chloroplast hap-
lotypes. Methods used for reconstruction are (A) Neighbour-Joining, (B)
Maximum Parsimony, and (C) Maximum Likelihood. Branch support is shown
using colour and thickness of branches. Dashed branches have been reduced
in length by a factor of 10. Haplotypes 1 and 2 are outgroup samples from
Namibia (BOL48535 and BOL60966, respectively).

isolated basin populations should contain evidence of genealogical sorting (Prediction
3). The genealogical sorting index was significant for all sample groups explored (Table
. However, the gsi values (indicating the degree of sorting) varied considerably
between basins and basin groups. The Gouritz, Gamtoos and Sundays basins had very
high gsi values (> 0.700) for both cpDNA and ITS trees. The ncpGS trees had high
gsi values for the Gouritz basin, moderate (> 0.500) values for the Sundays basin,
and low (< 0.500) values for the Gamtoos basin. The western and eastern paired
basins (i.e. Groot and Olifants, Gamtoos and Sundays) had high gsi values across

all DNA regions, whereas the centrally paired basins (Olifants and Gamtoos) had low
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Phylogeny reconstructions of ITS Nymania capensis sequences.
Methods used for reconstructions are Neighbour Joining (NJ), Maximum
Parsimony (MP) and Maximum Likelihood (ML) with intra-individual site
polymorphisms treated as informative characters. Branch support is shown
using a combination of line thickness and colour. Dotted branches are reduced
by a factor of 20.
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Figure 4.8. Phylogeny reconstructions of ncpGS Nymania capensis sequences.
Methods used for reconstructions are Neighbour Joining (NJ), Maximum
Parsimony (MP) and Maximum Likelihood (ML) with intra-individual site
polymorphisms treated as informative characters. Branch support is shown
using a combination of line thickness and colour.

gst values. This reflects the deep divergence found between the western and eastern

drainage basins.

4.4.3. Molecular clock and species distribution modelling analyses

A BEAST analysis was used to date the diversification of chloroplast lineages in order to
determine whether the Pleistocene climate cycles have also played a role in population
isolation in drainage basin (Prediction 4). The timing of all of the AST lineages fall

firmly within Quaternary whether a ‘fast’ or ‘slow’ rate of chloroplast mutation is used
(Figure [4.9).

Species distribution modelling was used to further explore whether N. capensis
experienced a range contraction and fragmentation during the Last Glacial Maximum
(Prediction 5). The combined distribution models derived from the 25 locality subset
datasets with thresholds for MAXENT matched the fine-scale geographic mapping of
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Figure 4.9. Molecular dating of Nymania capensis chloroplast sequences. The
majority rule Bayesian chronogram generated in BEAST using the chloroplast
data with the posterior probabilities of branches shown using a combination of
branch width and colour. Nodes are centred on the mean TMRCA with blue
shaded bars indicating the distribution of the 95% HPD for each estimate. The
timing of divergence estimates are show using a ‘slow’ and ‘fast’ substitution
rate (see text for details). The vertical grey bar indicates the Pliocene-
Pleistocene boundary (~2.6 Ma) under the ‘slow’ substitution rate.
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AST subtypes (arid and valley thicket) where N. capensis is a dominant component of
the vegetation (Figure [4.10]A). The models also predicted suitable conditions outside
of the mapped distribution of the thicket subtypes, primarily in the Gouritz basins. All
MAXENT models were accurate in the target region, with AUC values higher than null
expectations (p < 0.01, AUC= 0.887740.0345). The high AUC values and a projected
distribution that coincides well with sampling localities and vegetation types suggest
a strong fit between model and data. The projected models show a greatly reduced
and fragmented distribution during the LGM for both global climate models (Figures
4.10.B and C). Refugia are predicted by both GCMs in the Groot, Olifants and
Sundays basins. A refugium in the Gamtoos basin is only predicted by the CCSM

global climate model.
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Figure 4.10. The modelled present and Last Glacial Maximum areas of suitable
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climate for Nymania capensis. The summary of modelled distributions
from five pseudo-replicate datasets and k-folding subsets (see text) represent-
ing the climatically suitable areas in the Albany Thicket Biome under (A)
present conditions, (B) the CCSM Last Glacial Maximum (LGM; 21,000 BP)
simulation, and (C) the MIROC LGM simulation. Black crosses are localities
used in the analysis. Hashed areas indicate major mountain ranges.
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4.5. Discussion

I use an integrative approach that employs both genetic and geospatial data in order
to test two hypotheses regarding the effects of topography and Pleistocene climate on
the genetic diversity within the AST: the EDDB and glacial refugia hypotheses. From

these hypotheses, a number of predictions were deduced and tested.

4.5.1. Evolutionarily discrete drainage basin hypothesis: watersheds and

catchments as drivers of diversification

Investigating the role that drainage basin topography plays in reducing gene flow and
driving population divergence has largely been restricted to either obligate freshwater
species (e.g. redfins, [Swartz et al.2009) or freshwater species capable of terrestrial
movement (e.g. freshwater crayfish, crabs, salamanders, and spotted frogs; |Cook et al.
2008, Funk et al.| 2005, |Giordano et al[2007, Ponniah & Hughes [2006). Only recently
have drainage basins and watersheds been explored as drivers of diversification in
terrestrial species that do not rely on the riparian system, and these have mostly
focussed on invertebrates (e.g. springtails and cicadas; Garrick et al.|2004, 2007, Price
et al.|2010). The EDDB hypothesis for the AST basins is supported by two studies,
one on fish (Swartz et al.|2009) and the other on cicadas (Price et al.|[2010)).

The phylogeographic patterns of N. capensis are largely consistent with the three
predictions deduced from the EDDB hypothesis. Firstly, the predominant pattern
is one of genetically distinct lineages restricted to single drainage basins (Prediction
1; Figures 4] and [4.5]), although a few lineages span neighbouring drainage
basins. The number of genetically distinct lineages varies between the different
markers; this is expected given their different rates of mutation and effective population
sizes. Secondly, there is limited genetic structuring within drainage basins as most
comparisons did not detect a within-basin signal of isolation by distance. In contrast,
a large and significant isolation by distance effect is evident across all drainage basins
(Prediction 2; Table . This suggests that gene flow is hindered between basins,
while this is not the case within basins. Lastly, although drainage basins do not contain
exclusive monophyletic lineages, there is strong evidence of genealogical sorting within
each basin (Prediction 3; Table [4.2).

The strong phylogeographic break between the western Gouritz and the eastern
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Gamtoos and Sundays drainage basins detected in this study corresponds to previously
documented breaks observed within Meleuphorbia (Euphorbiaceae, Ritz et al|2003)
and Platypleura plumosa (Hemiptera: Cicadidae, |[Price et al.[2010). The Rooiberg
inselberg that separates the Groot and Olifants basin has also been observed as a
phylogeographic break in Platypleura karooensis (Hemiptera: Cicadidae, [Price et al.
2010) and Berkheya cuneata (Asteraceae; A.J. Potts, unpublished data). However,
only the cpDNA supports this as a barrier. This may be due to restricted seed flow
but continuous pollen flow over this inselberg - in most Angiosperms, the chloroplast
genome is mostly maternally-inherited and thus dispersed in seeds, whereas the nuclear
genome is usually biparentally-inherited and is dispersed by both seeds and pollen
(Ennos [1994)).

The results of this study further supports the EDDB hypothesis as the marked
genetic structuring revealed in N. capensis is consistent with patterns predicted on the
basis of drainage basin divisions. However, although the landscape has been stable
since the Late Pliocene, dramatic cycling between glacial and inter-glacial climates has
occurred during the Pleistocene. These shifts may have also affected the distribution,

fragmentation and divergence of AST species such as Nymania capensis (Cowling et al.

2005|, Dynesius & Jansson|2000).

4.5.2. Glacial refugia hypothesis: Pleistocene climatic cycles as drivers of

diversification

Climatic changes during the Pleistocene glacial cycles have induced distributional
shifts in species, often resulting in fragmentation and divergence of populations (Hewitt
2004, |Jansson & Dynesius| [2002). Identifying refugial areas during glacial periods
through the Pleistocene has been a strong focus within many phylogeographic studies
(Avise|2000)), with the majority of studies focussed on the previously glaciated northern
hemisphere regions (Abbott et al| 2000, Soltis et al. 1997, Taberlet et al.| [1998]).
Southern Africa did not experience glaciation during the Pleistocene climate cycles
(Partridge (1997) and determining refugial areas on plant species distributions in areas
that did not experience such glaciation is a complex process (e.g. Byrne [2007). In
the Cape Floristic Region, which neighbours the AST, climatic fluctuations during
the Pleistocene have been suggested to be the main driver causing fragmentation

and shifts in faunal species distributions contributing to allopatric diversification (e.g.
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rock agama, dwarf chameleons, and cicadas; |Price et al.| 2007, [Swart et al.[2009, [Tolley
et al.[2006)). The lower temperatures both globally (Zachos et al.2001) and regionally
(Holmgren et al.[2003], Talma & Vogel 1992) coupled with the frost sensitivity observed
in many of the thicket’s component species is suggested to have driven AST vegetation
into fragmented refugia (Cowling et al.| 2005). This glacial refugia hypothesis is
supported by the postdicted distribution of suitable climate for the AST vegetation
subtypes during the LGM (Chapter ; these results suggest that areas of possible
refugia for AST vegetation lay within the primary drainage basins during the Last
Glacial Maximum. The findings of this study further support this glacial refugia
hypothesis in that the results are consistent with the two predictions derived from this

hypothesis.

If the Pleistocene climate cycling between glacial and interglacial was responsible
for isolating populations in a landscape that has been stable since the late Pliocene
(~2.6 Ma; Cowling et al|2009), then it would be expected that lineage diversification
would coincide or occur after the onset of these cycles (Prediction 4). There are
many potential problems with the molecular clock approach (Graur & Martin| 2004,
Ho|[2007)), and selecting an accurate rate of substitution for target taxa is of primary
concern when fossil calibration is not available. Using the widest range of published
substitution rates for non-coding chloroplast DNA should circumvent the lack of an
accurate rate for Nymania capensis. Using both slow and fast substitution rates, the
divergence of all AST lineages falls well within the Pleistocene (Figure , suggesting
that this species has experienced fragmentation and isolated diversification during this
period. Under the fast substitution rate, many of the lineages diverge after the Last
Glacial Maximum. This is an unlikely scenario given that this is an exceptionally
fast rate that has been derived from a genus of annual herbs (Linum), and the fast
turnover in generations is likely to have greatly increased the substitution rate (Kay
et al.2006). Nymania capensis is a perennial plant that requires more than five years
of ideal environmental conditions before flowers and seeds are produced (Jan Vlok,
personal communication), thus it most likely has a rate much slower than the fast
substitution rate, which would push the timing of lineage diversification backwards into
the Pleistocene. The slower substitution rate also falls within the generally accepted
range of 1.0 to 3.0 x 107 (Wolfe et al.|1987).

Climatic changes will drive shifts in geographic distributions of species (Jansson

& Dynesius 2002)) if their ecological niches cannot change radically, at least over
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moderate periods of time. Evidence suggests that niche conservatism may be general
and pervasive across most species over moderate periods of time, despite profound
changes in climate and environmental conditions (Martinez-Meyer & Peterson 2006,
Martinez-Meyer et al.|2004, Peterson et al.[1999). Here I assume that the niche of N.

capensis has been largely conserved from the LGM to the present.

The SDM results of N. capensis suggest this species’ range fragmented and
contracted into the primary drainage basins (Prediction 5; Figure . This is
largely consistent with the phylogeographic evidence that suggests this species has
been isolated into at least three refugia which correspond to the delimitation of
primary basins (Figures , , and . An exception is that an area of suitable
LGM climate is not postdicted for the Gamtoos under the MIROC3.2 global climate
model. However, given the phylogeographic evidence of a population restricted to
the Gamtoos, it is likely that the modelled LGM climate in this GCM may be more
extreme than the actual conditions. The CCSM results are likely to be more reliable as
this mirrors the phylogeographic evidence. Thus, the retraction into drainage basins
during glacial periods through the Pleistocene would have strengthened the effects of
watershed barriers to gene flow. This retraction is consistent with limited palacodata
(reviewed in |Cowling et al|2005) and community distribution modelling of AST
subtypes (Chapter [2) that suggests that AST suffered significant range constrictions
during the most recent Pleistocene glacial period. Also, the absence of vertebrates
endemic to the AST, which would be expected given the present-day area of the biome,
is suggestive of historical reduction and fragmentation of the biomes distribution
(Mucina & Rutherford 2006)).

4.6. Conclusions

The EDDB hypothesis has been used as the basis for conservation planning in the
AST biome in order to conserve both the biodiversity patterns and evolutionary
processes of this vegetation (Rouget et al.2006). Specifically, a number of conservation
corridors have been identified to create a mega-conservancy network; these corridors
are predominantly focussed on the conserving major environmental gradients primarily
within drainage basins. This study offers the first intra-specific validation of this
hypothesis. Although it must still be shown that the pattern observed in N. capensis is
representative of other AST species, this is positive validation of the EDDB hypothesis
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and its use in conservation planning.

Both phylogeographic and niche modelling results suggest that the genetic
structuring of N. capensis has been determined by landscape topology and Pleistocene
climate. Populations have been restricted to drainage basins with no obvious present-
day or historical gene flow during the previous glacial period. These results are largely
consistent with the predictions if landscape topography and climatic fluctuations are
responsible for structuring populations across the southern African lowlands. These
findings validate the decision by conservation planners to identify drainage basins as

discrete and significant units important for maintaining evolutionary processes.
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5. A tale of two trees: contrasting evolutionary history
and reproductive ecology of Pappea capensis
(Sapindaceae) and Schotia afra (Fabaceae) in the
Albany Subtropical Thicket

5.1. Abstract

The Albany Subtropical Thicket (AST) vegetation of southern Africa is suggested
to have experienced severe range reductions and fragmentation during the glacial
periods of the Pleistocene climatic cycling. Support for this hypothesis is accu-
mulating through phylogeographic and distribution modelling studies. Here I use
a multidisciplinary approach to assess if two dominant AST tree species, Pappea
capensis and Schotia afra, were restricted to isolated refugia along the coastal lowlands
during the Last Glacial Maximum (LGM). First, I evaluated the phylogeographic and
population expansion patterns of both species using chloroplast and nuclear sequence
data. Secondly, I used species distribution modelling (SDM) to predict present and
LGM distributions using two different global climate models. The phylogeographic
analyses indicate that the P. capensis chloroplast haplotypes are highly structured
across drainage basins, which has some support in the nuclear data. In contrast, the
chloroplast haplotypes of S. afra are widespread across the coastal lowlands and this
pattern is further supported by the nuclear data. These results are consistent with
SDM predictions that P. capensis was restricted to three isolated refugia distributed
across the AST during the LGM, whereas S. afra was isolated to a single large
refugium in the eastern Albany Subtropical Thicket. I suggest that these contrasting
phylogeographic patterns can be attributed to differences in reproductive ecology
responsible for post-glacial expansion. Pappea capensis has small red fruit that are
bird-dispersed, whereas S. afra has large Fabaceae pods that are eaten by a range
of large mammals including two mega-herbivores (African Savannah Elephants and

Rhino Rhinos). Long distance dispersal by birds is rare due to territoriality and short
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gut retention times of seeds. I suggest that migrating mega-herbivores with poor
digestion and large intestinal tracts that retain seeds for long periods are responsible
for the dramatic post-glacial colonisation and lack of phylogeographic structure of S.
afra across the Albany Subtropical Thicket.

5.2. Introduction

Investigating the phylogeographic patterns of a taxon can reveal cryptic biodiversity,
which is otherwise overlooked by traditional taxonomy (Beheregaray & Caccone|2007)).
This cryptic divergence can reveal the evolutionary history and ecological processes
responsible for the generation and maintenance of biodiversity which may provide
generalities that extend to unstudied codistributed taxa (Avise 2000, |Garrick et al.
2007, Sunnucks et al.[2006]). Both cryptic divergence and the evolutionary history of
communities can be explored using comparative phylogeography (e.g. (Garrick et al.
2004, 2007, 2008, |[Sunnucks et al.|[2006). The Albany Subtropical Thicket (hereafter
abbreviated to AST) vegetation of southern Africa has only recently been distinguished
as a biome based on its unique floristic, growth form and ecological characteristics
(Low & Rebelo| 1996, Vlok et al.2003), and there is limited information regarding
the evolutionary history and processes of this biome (Cowling et al.|2005). Here I
use phylogeography of two tree species from the AST in order explore the cryptic

divergence, evolutionary history and ecological processes operating within this biome.

In contrast to phylogeographic studies of animals, studies targeting plants are
routinely hampered either by a lack of appropriate molecular variation, or the
complexity of the nuclear genome (Chapter ; Alvarez & Wendel 2003, Feliner &
Rosselld 2007, |Schaal et al.||1998). This has meant that plant phylogeography has
lagged behind animal phylogeography (Avise|2000|, Beheregaray|2008|) and that animal
taxa have often been used as proxies to infer the evolutionary history of vegetation
(Garrick et al. 2004, Hugall et al.[2002, Moussalli et al.[2009). However, plants can have
highly divergent life history strategies and reproductive ecologies. This complexity is
unlikely to be captured by faunal proxies. Plant communities offer very interesting
terrestrial models to explore the evolutionary history of biogeographical vegetation
units, such as biomes, with taxa that have different life history or reproductive
strategies. Comparative phylogeography of plants is now more feasible due to the

availability of chloroplast regions with greater variability (Shaw et al.|[2007)) and new
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methods to analyse complex nuclear multigene families (Chapter |3)).

In this chapter I examine two co-distributed tree taxa from the Albany Subtropical
Thicket: Pappea capensis (Sapindaceae) and Schotia afra (Fabaceae). Both of these
species are from genera considered to have ancient origins as Pappea is a monotypic
genus and the genus Schotia, which is restricted to southern Africa, diverges basally
within the Fabaceae (Cowling et al.[2005, Schrire et al.|2005). These species have very
similar life history strategies with similar morphologies as low-growing trees usually
no taller than five meters (Figures [5.1] and and a high ratio of woody conductive
tissue to leaf tissue with accompanying slow growth, likely as an adaptation to periodic
drought (Holmes & Cowling||1993)). Within the AST, these two species are dominant
components of the valley and arid thicket subtypes (Vlok et al|2003) and are often
found growing in close proximity to one another. However, P. capensis and S. afra
have contrasting zoochorous seed dispersal syndromes. Pappea capensis has small fruit
(1.0-1.5 cm) with a furry green capsule and a bright red aril surrounding the seeds
that is exposed when ripe (Figures [5.1]B). The fruit is primarily dispersed by birds
(Sigwela|[2004), but may also be dispersed by a range of small to medium mammals
such as Vervet Monkeys, Chacma Baboons and antelope (van Wyk! [1972). Schotia
afra has a fairly typical, but large, woody Fabaceae pod (5 - 12 cm x ~3 cm) that
contains a number of large roundish seeds (Figures C). The pods are eaten by a
range of large mammal herbivores. The majority of woody AST species are thought
to be adapted for endozoochorous seed dispersal by mammals, birds, or both (Castley
et al.[2001, Cowling 1983| |Cowling et al.|1997, [Sigwelal[2004, Watson|2002). Mammals
and birds are likely to have differing cues and requirements to elicit seed dispersal, and
AST species may have adapted their seed morphology to mainly target of one of these
guilds as dispersal agents (Howe & Smallwood||1982), although long-distance dispersal
may still occur via non-standard dispersal vectors (Higgins et al.|2003). The species
selected for this study likely lie closely to the two extremes along the bird-dispersed
and mammal-dispersed continuum, with P. capensis primarily bird-dispersed (but
also small mammals) and S. afra primarily dispersed by two mega-herbivores (African

Savannah Elephants and Black Rhinos) and other large mammals (e.g. Greater Kudu).

These two species are used to explore the patterns of cryptic divergence and
provide insights into the evolutionary history of the AST biome. Details of the AST
as a research model are given in Chapter (1| (Pg. . Briefly, the coastal lowlands

are a series of deeply incised drainage basins separated from the interior plateau
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Figure 5.1. Pappea capensis (A) growth form and (B) fruit comprised of a single
seed surrounded by a fleshy red aril. Photo credits: (A) W. Bass, (B) J.H.J.
Vlok.

by the horse-shoe shaped Great Escarpment, and this topography has been fairly
stable since the late Pliocene (Cowling et al.2009). The AST is found along the
southern coastal lowlands and is largely restricted to a zone of all-year rainfall, with
a winter-rainfall zone in the west and a summer-rainfall zone in the east
. It is a fire- and frost-intolerant vegetation that is bounded by the fire-driven

biomes, fynbos to the west and savannah to the east, and the frost-region of the Great

Escarpment and interior plateau to the north. The AST is considered an ancient and

once-widespread assemblage that has become restricted due to the evolution of fire-

driven biomes (Cowling et al.|2005)). The Pleistocene fluctuations between glacial and

interglacial periods are suggested to have had a dramatic impact on the distribution
of the AST (Cowling et al.|2005]), with the AST retreating into valleys during glacial

periods resulting in a highly reduced and fragmented distribution (the glacial refugia

hypothesis). Both the watersheds separating lowland drainage basins and the climatic

oscillations through the Pleistocene have left signatures in lowland taxa such as redfins

(Swartz et al.|[2009), cicadas (Price et al.2010) and a small tree species with wind-

dispersed seeds (Nymania capensis, Chapter . Significant genetic structuring across
basins supports the evolutionarily distinct drainage basin (EDDB) hypothesis; this
hypothesis suggests that the watersheds act as barriers to gene flow for AST species,

especially during glacial periods when the AST was restricted to isolated refugia in
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Figure 5.2. Schotia afra (A) growth form, (B) leaves and pods, and (C) flowers.
Photo credits: (A,B,C) R. Potts.

basin valleys.

In order to investigate the roles of seed-dispersal ecology, the complex regional
topography and Pleistocene climatic fluctuations, I have used a multidisciplinary
approach. First, I examine the history of sequence data from both the chloroplast and
nuclear genomes of P. capensis and S. afra, two tree species in the AST. Secondly, I use
species distribution modelling (SDM) and its historical extension (palaeodistribution
modelling) to explore potential range changes during Pleistocene glacial periods by
focussing on the Last Glacial Maximum (LGM). This combination of techniques
has proved to be complementary in generating and testing alternative biogeographic
hypotheses (Hugall et al.|2002, Richards et al.|2007, Vega et al|2010).
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5.3. Methods

5.3.1. Sampling collection

In total, 75 individuals of P. capensis and 74 of S. afra from the AST were used for
the phylogeographic analyses of chloroplast and nuclear sequences. Both P. capensis
and S. afra have distributions that extend beyond the AST (Figures .B and B).
Pappea capensis and S. afra have a high density on a regional scale within the AST,
but beyond this these species have very low regional densities although they may be
locally dominant (Cowling et al.|[2005). In order to sample the variation beyond the
AST, samples from 39 individuals of P. capensis were included in order to place the
AST samples relative to the rest of the species’ distribution. Schotia afra belongs to a
small genus, comprised of four species, that is restricted to Southern Africa. In order
to place the S. afra AST samples relative to the rest of the species distribution and in
context of the other species, 1 individual from the northern disjunct population of S.
afra was included, as well as 21 individuals from the three other species (13 S. latifolia,
7 S. brachypetala, and 1 S. capitata). The majority of samples were obtained from
fieldwork, but 10 samples of P. capensis were from herbarium collections (Pretoria
National Herbarium) and 28 Schotia samples were from a previous study on the genus
by Ramdhani et al.[(2010). My sampling strategy focussed on maximising the number
of sites sampled in order to explore the broad scale regional patterns rather than
intra-population differences. This scattered sampling strategy is not affected by local
and rapid coalescence events (Stadler et al.|2009) and thus gives an unbiased view of
population structuring and demographic history. Field identification was unambiguous
as both P. capensis and S. afra have distinctive leaf and growth morphology. Species-
level identification within Schotia can be hampered by a lack of flowering material;

nonetheless, S. afra was easily identified even in its vegetative state.

5.3.2. DNA extraction, chloroplast and nuclear sequencing

Total DNAs were extracted from silica-dried leaf samples collected in the
field using, with minor modifications, the protocol of Gawel & Jarret| (1991).
Polyvinylpyrrolidone-40 (PVP) was added when grinding the leaf material in liquid

nitrogen using a mortar and pestle.
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Figure 5.3. Chloroplast phylogeography and distribution of Pappea capensis. (A)
The statistical parsimony network of 24 haplotypes found in P. capensis as
defined on the basis of chloroplast trnL-trnF and trnQ-5-rpsl6 sequences.
Lines represent single mutation steps; black, small circles represent unsampled
or extinct haplotypes. Dotted lines encompass major chloroplast lineages and
these are shown in the subsequent distribution maps. (B) The distribution
of P. capensis and four haplotypes found in central Africa (S,V-X). (C) The
distribution of haplotypes in southern Africa which occur beyond the Albany
Subtropical Thicket. (D) The distribution of haplotypes within the Albany
Subtropical Thicket
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Figure 5.4. Chloroplast phylogeography and distribution of Schotia afra and
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closely related species. (A) The statistical parsimony network of 18
haplotypes found in S. afra and related species as defined on the basis of
chloroplast trnQ-&-rps16 and psbD—trnTGGY) sequences. The size of the
circle representing each haplotype is proportional to its frequency and the
colours indicate the presence and frequency of drainage basins in which each
haplotype is found (see inset). Lines represent single mutation steps; black,
small circles represent unsampled or extinct haplotypes. Samples of S. latifolia
that share haplotypes with S. afra are indicated (*). Haplotypes ¢ and r are
found in samples of S. brachypetala and S. capitata. (B) The distribution
of the genus Schotia. (C) The distribution of haplotypes in southern Africa
which occur beyond the Albany Subtropical Thicket. (D) The distribution of
haplotypes within the Albany Subtropical Thicket.
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Two chloroplast regions were used per taxon: (1) trnL-trnF (Taberlet et al|1991))
and trnQ-5 —rps16 intergenic spacer for P. capensis, and (2) trn@Q-5-rps16 and psbD-
trnT(GGY) intergenic spacers for Schotia (Shaw et al|2007). The chloroplast target
regions were PCR~amplified from gross cellular DNA extracts. PCR reactions were as

given in Chapter [4| (Page [L07)) using KAPATaq DNA polymerase.

Nuclear variation was sampled for the I'TS-1, 5.8S and ITS-2 region using the
primers ITShm (Sang et al||1995) and ITS4 (White et al| 1990). The nuclear
target regions were PCR-amplified from gross cellular DNA extracts. PCR reactions
were as given in Chapter [3| (Pg. using KAPAHiFi DNA polymerase. Nine
P.capensis samples and six S. afra were cloned to verify the presence of intra-individual
site polymorphisms (2ISPs, see Chapter [3) observed in direct sequences. Cloning
was performed using the pGEM-T Easy Vector System II (Promega) following the
manufacturer’s instructions, but downscaled to half reactions. To facilitate cloning,
Kapa HiFi PCR products were incubated at 72°C for 10 minutes with Kapa Taq
polymerase to provide 5" terminal thymidine overhangs. Eight clones were sequenced
per sample. All clones were PCR amplifications of colonies. All PCR products
were sequenced using BigDye technology run on an ABI 3300 sequence analyser by
Macrogen, Korea (http://dna.macrogen.com). All samples were sequenced in both

directions to obtain reliable sequences for all regions.

5.3.3. Sequence assembly, alignment and characterisation

All sequences were edited with reference to chromatograms and aligned using CODON
CODE ALIGNER version 3.5.7 (Codon Code Corp, http://www.codoncode.com). Each
base-call within every sequence was assigned a quality score using the automated
base-calling program PHRED (Ewing et al.[1998) to improve the speed and accuracy
of identifying DNA variations among assembled sequences. Polymorphic sites in the
nDNA dataset were identified within sequences using the following steps: (1) each
base-call within every sequence was assigned a quality score (using PHRED), (2) sites
that contained secondary peaks that were greater than 20% of the primary peaks were
scored as polymorphic using the ‘Call second peaks’ option in Codon Code Aligner,
and (3) all polymorphic sites were verified by eye. Polymorphic sites where then coded
using [UPAC ambiguous codes. All scored phylogenetically informative characters

were nucleotide polymorphisms or indels that were not in simple repeats. A number of
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long mononucleotide and dinucleotide repeats were observed to have length variation,
but these were excluded because they are difficult to score with confidence. Indels
in the cpDNA dataset that were not associated with such repeats were treated as
informative characters and were coded for phylogenetic and phylogeographic analyses.

All positions with missing data were excluded from subsequent analyses.

5.3.4. Phylogenetic networks and trees

Haplotypes of the combined cpDNA sequences were identified using the PEGAS library
version 0.3.4 (Paradis 2010) in R version 2.13 (R Development Core Team|[2011]).
The genealogical relationships among cpDNA haplotypes and nDNA sequences were
estimated using both networks and trees. The c¢cpDNA haplotype networks were
estimated using the statistical parsimony (SP) method (Templeton et al.|[1992) in
TCS version 1.13 (Clement et al.[2000). The ITS networks were estimated using
polymorphism p-distances (Chapter [3) and Neighbour-Net splits graphs (Bryant &
Moulton|2004)) generated in SPLITSTREE version 4.8 (Huson & Bryant [2006).

Phylogenetic trees of the cpDNA haplotypes and nDNA sequences were estimated
using Neighbour Joining (NJ), Maximum Parsimony (MP) and Maximum Likelihood
(ML). Bayesian Inference (BI) was not used as suitable outgroup sequences were
not available; the current software implementation of BI requires complete outgroup
sequences for rooting (e.g. MRBAYES). Furthermore, current implementations
of BI are unable to incorporate variation represented by the intra-individual site
polymorphisms (2ISPs, Chapter |3) that are present in the nDNA. Neighbour Joining
analyses were implemented in the APE library version 2.7.1 (Paradis et al.[2004)) in
R using uncorrected p-distances. Maximum Parsimony analyses were undertaken in
PAUP* version 4b10 (Swofford| [2002)) using heuristic searches performed with 100
random sequence addition replicates with TBR branch swapping, and also saving
no more than 1000 trees of length greater or equal to one per replicate. RAXML
version 7.2.6 (Stamatakis et al.|2008) was used for ML, with the GTR-I" model of
sequence evolution. This is the simplest model available in RAXML for sequence data
because thorough topological searching has a greater impact on the final tree quality
than modelling details (Stamatakis et al.2008). Assessment of bootstrap support
included 10,000 bootstrap replicates; for MP following the suggestions of Miiller| (2005)

with each replicate composed of a single random sequence replicate and TBR branch
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swapping, and ML using rapid-bootstrapping (Stamatakis et al|2008]). Due to the
presence of 2ISPs, I used the 2ISP-informative approach for NJ, MP and ML analyses
of nDNA sequences (Chapter . The outgroup for P. capensis analyses included
trnL-trnF and ITS accessions from Plagioscyphus unijugatus and Plagioscyphus aff.
louvelii (Buerki et al.[|2009). Following Ramdhani et al|(2010), the outgroup used for
Schotia sample analyses was Barnebydendron riedellii (Fougere-Danezan et al.|[2007).
Only ITS accessions were available for this species, thus mid-point rooting was used

for the cpDNA analyses.

5.3.5. Genetic and population expansion analyses

Standard sequence polymorphism indices (number of haplotypes or ribotypes, poly-
morphic sites and parsimony informative sites) and genetic diversity values (nucleotide
diversity and haplotype or ribotype diversity) were estimated using the PEGAS library

in R or using adjusted functions that take 2ISPs into account.

Possible population expansion of the two species in the AST was evaluated using
the chloroplast data and the following methods: 1) Tajima’s D, which is based
on the infinite-sites model without recombination and tests for selective neutrality,
but significant values can also be caused by population expansion, bottlenecks or
heterogeneous mutation rates (Tajima/1989), 2) Fu’s Fg, also based on the infinite sites
model with no recombination but including information from haplotype frequencies
(Fu/|1997)); large negative Fg value indicates there has been demographic population
expansion, 3) Ro test of neutrality, based on the number of singletons, total number
of segregating sites and average number of nucleotide differences between sequences
(Ramos-Onsins & Rozas 2002), and lastly, 4) the mismatch distribution (Rogers &
Harpending| [1992)) and the associated raggedness index (rg; Rogers & Harpending
1992)). The mismatch distribution uses the number of pairwise differences between
haplotypes to compare the population demography with expectations of a sudden
expansion model. The rg index measures the smoothness of the observed distribution
and provides a means to statistically validate the estimated model of expansion;
statistical significance was calculated using a parametric bootstrap approach that sums
the square deviations (SSD) between the observed and expected mismatch (Schneider
& Excoffier [1999)) across 10,000 bootstraps. Tajima’s D, Fu’s Fg and the mismatch
indices were calculated in ARLEQUIN version 3.5.1.2 (Excoffier et al.[2005)), while the
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Rs test was calculated in the PEGAS library in R with 10,000 bootstrap replicates. The
nuclear data was not used to explore possible population expansion as these indices

currently are unable to incorporate intra-individual site polymorphisms.

5.3.6. Molecular dating

Although the absence of suitable fossil data precludes direct calibration of divergence
rates, application of molecular clocks can still be useful and provide rough estimates
of divergence times, even when certain assumptions of such methods are violated (see
Bromham & Penny|2003). Rate constancy of chloroplast haplotypes from the AST and
eastern lowlands was evaluated using the relative rate test (Tajimal[1993) implemented
in the APE library in R. The minimum age of divergence between the chloroplast
haplotypes is estimated using a molecular clock approach (Sarich & Wilson/[1973). A
highly conservative approach is used, based on maximum and minimum substitution
rates for non-coding chloroplast regions found in the literature, specifically 1.0 x 10~°
(Richardson et al/[2001) and 31 x 107 substitutions per site per year (Fu & Allaby
2010).

5.3.7. Spatial analyses

To establish whether either of the species have experienced isolation-by-distance,
matrices of genetic distance (uncorrected p-distances for cpDNA and polymorphism p-
distances for ITS) and the logarithms of geographical distance data (log km) between
all individuals within the AST were constructed. The degree of correlation between
these matrices, and its significance, was estimated by the Mantel test statistic (MR)
as implemented in the R PEGAS library using 10 000 randomisations (Mantel|[1967)).
Directional autocorrelation between genetic distance and geographic distance was
examined over 14 classes of 50 km each using a Moran’s I correlogram. The Moran’s
I test statistic (M) was calculated for each geographic distance-class matrix versus
the genetic distance matrix. Significance levels of individual R-values were tested
against the null hypothesis of no spatial arrangement by a resampling procedure
(1000 permutations). The overall significance of all correlograms was assessed by

the Bonferroni technique (Hommel||1988).

Spatial principle component (sPCA; |[Jombart et al|[2008)) analyses were used to
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explore the complex spatial patterns of genetic variability of the nDNA datasets. This
is a spatially explicit multivariate method: spatial autocorrelation of allele frequencies
is incorporated into the traditional principal component analysis framework that
summarises the spatial patterns of genetic structure using synthetic components that
optimise the product of the variance in the data and Moran’s I (Jombart et al.|2008).
The synthetic components can be separated into global (positive eigenvalues) and local
(negative eigenvalues) structures. A global structure would indicate the presence of
genetically distinguishable spatial clusters or a cline. Local structures would be found
when there are stronger genetic differences among neighbours than among random
pairs of entities (e.g. repulsion of individuals from the same genetic pool). Spatial
PCA has two features making it expressly suitable for analysing the nDNA datasets:
1) it does not assume any genetic model that requires linkage equilibrium to exist
between loci or populations to meet the Hardy-Weinberg equilibrium, and 2) the
method can identify clusters and allele frequency gradients or clines. These features are
not available in other methods such as those based on Bayesian clustering of individuals
(Chen et al|[2007, Pritchard et al|[2000)). The ability to detect gradients or clines is
important because deviations from random mating not caused by hard barriers (such
as isolation by distance or spatial autocorrelation) can mislead clustering algorithms
(Frantz et al.2009). Implementing sPCA requires that ‘neighbouring sites’ are defined
(in order to calculate Moran’s I) using a spatial connection network. There are several
algorithms available to build this connection network (Legendre & Legendre|/1998, pp
752-756); here I use the distance-based and the inverse-distance neighbouring graphs
as these are appropriate for the irregular and aggregated distribution of our samples.
Under the inverse-distance neighbouring graph, all individuals were connected and
spatial weights were proportional to the inverse of the distance between the sites.
Under the distance-based neighbouring graph, all individuals that were within 0
km and 100 km of one another were connected. I also used the global and local
structuring tests to detect whether significant global or local sSPCA eigenvalues are
present (Jombart et al.[2008).

5.3.8. Species distribution modelling

Species distribution modelling is a burgeoning field with many uncertainties and
assumptions (Dormann [2007; also discussed in Chapter . A primary source of

uncertainty is methodological, where different modelling techniques produce different
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results and that these may fundamentally change the predicted areas of suitability
(Buisson et al.| 2010, Elith et al| 2006, Thuiller; 2004). These uncertainties can be
compounded when projections of current species distributions are projected onto
different areas or time periods (e.g. Diniz-Filho et al.[2009; known as the ‘transferability
problem’). Ensemble modelling has been suggested as a potential solution to this
problem (Aratjo & New| 2007, Diniz-Filho et al.2009), where results are averaged
across predictions made from numerous different algorithms. However, not all methods
perform equally well (e.g. Elith et al|[2006) and ensemble modelling may mislead the
results if methods that perform poorly outweigh those that perform well. A synthesis
that explores all methods and teases apart the causes for differences in prediction under
a range of scenarios is still lacking. Thus, selecting methods for ensemble modelling is
still highly subjective. Instead of using the ensemble approach, I use a single method
that has been extensively tested (in comparison to other methods): MAXENT (Phillips
et al.|2006). This method has performed well in terms of predictive performance
and success in comparison to other methods (Elith et al|2006), with estimates of
the probability of occurrence correlating with local abundance (VanDerWal et al.
20090)), and it has performed well in comparison with mechanistic models under current
climate and transferred onto past and future climate conditions (Hijmans & Graham
2006). Very importantly it has consistent results when ‘transferred’ (i.e. SDM results
projected onto a different time) onto different global climate models (Diniz-Filho et al.
2009)).

MAXENT was used to model the current areas of climatic suitability and project
this onto the LGM climate layers. MAXENT is a machine-learning method based on the
principle of maximum entropy (Phillips et al.[2006). It fits a probability distribution to
the environmental conditions at the locations where a species has been observed; this
is extrapolated over climate surfaces to create distribution maps with a probability of
occurrence in each cell (Phillips et al.2006). I used the default settings in MAXENT
3.3.3¢ (www.cs.princeton.edu/ schapire/maxent/) controlled via the pDISMO library
version 0.6.10 (Hijmans et al.|2011) in R. The properties of the MAXENT method
means that it can cope with correlations and interactions among the climatic variables

(Farber & Kadmon|2003], Phillips et al.|2006).

The primary source of occurrence data were GPS localities visited while collecting
material for genetic analyses. A second source of occurrence data was georeferenced

locality descriptions from the National Herbarium database (PRECIS). Only georef-
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erenced localities that were considered to have a precision of five kilometres (the
approximate size of the raster cells) or less were included. In total there were 231
records for P. capensis (201 GPS, 30 georeferenced) and 166 records for S. afra (124
GPS, 42 georeferenced). The occurrence data displayed some clustering, because i) the
national road network was used to survey the region, and ii) not all sub-regions were
subject to the same sampling effort. To correct for this sampling bias, I create five
random subsets from the original dataset by limiting the minimum distance between
samples to 15 km. This procedure yielded five subsets with 85 to 89 unique occurrences

for P. capensis and 74 to 78 unique occurrences for S. afra.

Model evaluation was performed using 5-fold (K-fold) cross-validation on each of
the five occurrence subsets for each species. The K-fold evaluation method randomly
partitions the data into K subsamples, each of which is used in turn as test data,
while the remaining K-1 subsamples are used for training data. In order to compare
and graphically represent the results between the locality datasets, each of the folds
was converted into binary present-absent values using the maximum test sensitivity
(true positive rate) plus specificity (false positive rate) criterion (MSS); this criterion
optimises the correct discrimination of presences and pseudoabsences in the test data
and has performed well in comparison with other threshold criteria (Liu et al.|2005).
Background data from 5000 cells without species observations were sampled from a
mask extending from 20.0° to 29.0° east and 31.5° to 35.0° south (Appendix Figure
, Pg. ; this was used for model evaluation and calculating the MSS threshold.

The climate data used to for the present-day and LGM SDM is explained in detail
in Chapter [2| (Pg. . In brief, the bioclimatic variables used are from the WorldClim
dataset (spatial resolution of 2.5 arc-minutes, www.worldclim.org) which are derived
from temperature and precipitation values gathered from weather stations around the
world from 1950-2000 which have been statistically interpolated to climatic surfaces
(Hijmans et al.[[2005). Many of the bioclimatic variables are correlated in the study
region (see Chapter [2|for details); to reduce this redundancy all but one variable found
in a correlation cluster were removed leaving 11 variables (Figure , Pg. ; Table
Pg. . The same variables with the same spatial resolution were used for the
LGM; these variables were derived from two statistically downscaled global circulation
models (www.worldclim.org): CCSM3 (Collins et al.2004) and MIROC3.2 (Hasumi
& Emori [2004]).
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5.4. Results

5.4.1. Genetic data characteristics and phylogenetic reconstructions

All samples used in phylogeographic analyses including their respective chloroplast
haplotype and ITS cluster are given in Appendix Tables (Pg. and
(Pg. . All datasets aligned readily and gaps corresponding to insertion or
deletion events were included as informative characters; indels that were not associated
with homopolymer repeats were coded as binary characters and used in all analyses

(multiple base indels were treated as single characters).

The chloroplast DNA alignment was 1939 bp in P. capensis (915 bp from trnL-
trnF and 1024 bp from trn@-5-rps16) and 1495 bp in Schotia (473 bp from trn@-
5 -rps16 and 1022 bp from psbD-trnTEEY)). Of the 114 P. capensis and 90 Schotia
samples used for genetic analyses, 11 and six failed amplification or sequencing for
one or both of the chloroplast regions, respectively. These samples were dropped for
subsequent chloroplast analyses. Sequence characteristics were consistent with typical
chloroplast intergenic spacer regions with relatively low variability, and nucleotide and
haplotype diversity (Table |5.1). A summary of variable sites across the chloroplast
haplotypes for each species is shown Tables and [5.3
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Table 5.1. Summary statistics for chloroplast and ITS datasets of Pappea capen-
sts and Schotia. Summary statistics are shown for the complete dataset and
samples restricted to the Albany Subtropical Thicket (AST); only Schotia afra
samples from the AST are summarised. The mean and standard deviation (in
brackets) is given for nucleotide and haplotype or ribotype diversity.

Pappea capensis Schotia
Complete AST Complete S. afra in AST
cpDNA' N 103 72 90 71
Bases 1939 1939 1495 1495
Var. Sites 49 14 23 16
Indels 12 2 1 1
Pars. Inf. 42 14 20 13
Haplotypes 24 6 18 15
Nuc. Div. 0.0045 0.002 0.0014 0.0012
(0.0010)  (0.0004) (0.0003) (0.0003)
Hap. Div 0.8471 0.6933 0.834 0.8262
(0.0259)  (0.0378) (0.0319) (0.0373)
ITS N 94 59 87 68
Bases 628 628 638 638
Var. Sites 76 32 144 111
Indels 4 1 9 7
Pars. Inf. 33 17 78 64
Ribotypes 84 42 84 65
Nuc. Div. 0.0169 0.0097 0.0350 0.0246
(0.0620)  (0.0472) (0.0894) (0.0752)
Rib. Div 0.9899 0.9766 0.9989 0.9982
(0.0042)  (0.0096) (0.0021) (0.0031)

I Two chloroplast regions were analysed for each taxa: trnL—trnF and trnQ-5-rps16 for P.
capensis and trnQ-5 -rps16 and psbD—trnTCCY) for Schotia.
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5.4. Results

Table 5.3. Variable sites across the chloroplast DNA haplotypes from two gene
regions of Schotia accessions. All sequences are compared to the reference
haplotype a.

Nucleotide positions

psz-trnT(GGU) trnQ-5'-rps16
= o= W ks e s OOt OO OO 1 0 00 © = = = e = = = NN

Haplotype 5 2 X S X X 3 § 3 S & & % 8 N 8 3 BNEEBIIEE & &
a GATCAGCCTGATI*CTAA CTGGATTAAAA
b A .

c A . A

d A T . A

e 3 A . C

f A A C A .

g .o C

h C . . C

i T

J . C C

k . A

1 G .

m . A C
n . 0

o T . T . . . . . . . ... . . A

D ... .G . .G .. T L. .. T oL

q c . . . . . . . . .A . C AA . . . .G . . . .
r cCA . . . . A A C A A G . . . C

Number ‘0/1’ in the sequences indicate the absence/presence of length polymorphisms whereby the
superscripts identify corresponding character states. Note that poly-T and poly-AT stretches were
excluded from analyses.

a, CAAA

The ITS DNA alignment was 628 bp in P. capensis and 638 bp in Schotia. Of the
114 P. capensis and 90 Schotia samples used for genetic analyses, 20 and nine failed
amplification or sequencing of the I'TS region, respectively. Six of the nine Schotia
samples that amplified but failed to sequence were cloned. Consensus clone sequences
were included in the Schotia ITS dataset for each of these samples. A single Schotia
sample (AJP0742) contained two indels 80 bp apart the intervening bases were inferred
using the ‘split heterozygous indels’ algorithm in CODONCODE ALIGNER. These bases
were compared with the other Schotia sequences and considered to be reliable. A
summary of variable sites across the ITS ribotypes for each species is shown Tables
and [5.5] Multiple variants were found within cloned sequences from both species
(Appendix Tables [Pg. and [Pg. [247]). There is a high detection rate of
2ISPs in direct sequences that correspond to variability observed in clone sequences
(94% across nine P. capensis samples and 97% across six Schotia samples; Table .
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5. A tale of two trees: Pappea capensis and Schotia afra

These rates are equivalent to those observed in others studies, and I deemed the direct
sequences to be reliable indicators of the underlying variability in the I'TS datasets for
both taxa. Sequence characteristics were consistent with typical ITS with relatively
high variability, and nucleotide and ribotype diversity (Table .
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The SP network of P. capensis chloroplast data is shown in Figure [5.3] Five
nested clades are identified which received moderate (>70%) to high (>90%) bootstrap
support across the NJ, MP and ML trees (Figure . A major divergence is revealed
in both the networks and trees as two well-supported clades: one consisting of the
samples restricted to the coastal lowlands and the other consisting of the samples from
the rest of Africa (Figures and 5.5). Clade 1 (haplotypes A-C) is restricted to the
western AST drainage basins, with the Gouritz containing a unique haplotype, while
haplotype B has the widest geographical distribution of all the AST haplotypes (Figure
[5.31D). Clade 2 (haplotypes D-E) is largely restricted to the Great Fish drainage basin.
Clade 3 (haplotypes F-M) occurs across the central and eastern coastal lowlands. Clade
4 (haplotypes N-U) occurs in the rest of southern Africa and clade 5 (haplotypes V-X),

which is nested in clade 4, is found in central Africa.

The majority of ITS sequences were unique in both P. capensis and Schotia
datasets, therefore they were not concatenated into ribotypes. The nDNA NN
phylogenetic network of the P. capensis I'TS also displays a split between the coastal
lowland samples and those from the rest of Africa (Figure supporting the splits
found in the ¢cpDNA trees and SP network. These clusters, or any other clades,

did not receive any consistent support across the different phylogeny-reconstruction

methods (Appendix Figure [A.15] Pg. [248]). The coastal lowlands samples form three

clusters, which show a degree of association with the chloroplast haplotype clades
and geography. The ITS clusters 1 and 2 are predominantly composed of samples
from chloroplast clades 1 and 2, respectively, although they do contain haplotypes
from other lowland clades. Cluster 3 is solely comprised of samples from chloroplast
clade 3. The three coastal clusters also show geographic affinities, with cluster 1
restricted to the west, cluster 3 in the east, and cluster 2 found between these two and
overlapping somewhat. Clusters 4 and 5 are congruent with the chloroplast clades 4
and 5. Both the chloroplast haplotypes and clades and ITS clusters demonstrate a
strong geographic association between these haplotypes and primary drainage basins
within the AST (Figures and . This pattern may extend to the eastern lowland

samples, but inference is limited due to the small sample size.

The chloroplast SP network of Schotia afra presented a star-like pattern with
the most central haplotype (a) being the most abundant and very widespread (Figure
5.4). Haplotype b was also widespread extending from the AST eastward along the
coastal lowlands. The only dominant haplotype (n > 5) that was restricted to a
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A) Neighbour Joining B) Maximum Parsimony C) Maximum Likelihood
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Figure 5.5. Phylogenies and clade definitions of of 24 haplotypes found in Pappea
capensis as defined on the basis of chloroplast trnL—trnF and trnQ-
5'—rps16 sequences using (A) Neighbour Joining, (B) Maximum
Parsimony, and (C) Maximum Likelihood. The number of samples
per haplotype is shown in brackets. Outgroup samples are from the genus
Plagioscyphus. Branch support is shown using a combination of line thickness
and colour.

specific drainage basin was haplotype k in the Gouritz basin. The haplotypes (g
and r) were restricted to the eastern lowlands and were three mutational steps away
from the western lowland samples. These two haplotypes come from S. brachypetala,
S. capitata, and an isolated and morphologically distinct population of S. latifolia
(M. Lotter, personal communication). These eastern haplotypes were identified as a
separate divergent clade by NJ and MP midpoint rooting and were treated as outgroup
samples for bootstrapping analyses. The ingroup haplotypes (i.e. predominantly from
the AST) formed a well-supported clade (Figure ; however, there was very little

resolution or support for the relationships between the ingroup haplotypes.

The ITS NeighbourNet phylogenetic network of the Schotia samples revealed
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Figure 5.6. Phylogeography of nuclear DNA (ITS-1-5.8S—-ITS-2) sequences from
Pappea capensis with the (A) NeighbourNet splits graph and
identified clusters, and (B) the distribution of clusters. The clades
identified in the chloroplast data are represented using tip symbols in the splits
graph. The outgroup accession are from Plagioscyphus unijugatus and P. aff.
louvelii. The length of the branch connecting the outgroup to the ingroup is a
polymorphism p-distance of 37.5.

four divergent clusters, with long branch lengths between cluster I and the remaining
clusters. These clusters generally received moderate to high support in the ITS

phylogeny reconstructions across a range of methods (Appendix Figure |[A.16] Pg.
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Figure 5.7. Phylogenies and clade definitions of 18 haplotypes found in Schotia
as defined on the basis of chloroplast trnQ-5-rps16 and psbD-
trnT(GGU) sequences using (A) Neighbour Joining, (B) Maximum
Parsimony, and (C) Maximum Likelihood. The number of samples per
haplotype is shown in brackets. The trees were rooted using midpoint-rooting.
Branch support is shown using a combination of line thickness and colour.

249 however, clades within cluster I did not receive consistent support. As clade
I was comprised primarily of the target species, S. afra, with no obvious phylogenetic
divisions, the phylogeographic patterns were further explored using sPCA (reported
below). The only notable congruence between network clusters and chloroplast
haplotypes are found in the eastern Schotia samples, specifically haplotypes ¢ and
r fall within cluster II. Cluster I was only comprised of S. afra individuals, with
the exception of one sample identified as S. latifolia (NB1973) by Ramdhani et al.
(2010). Cluster II comprised the eastern samples of S. brachypetala, S. capitata, and
the anomalous eastern S. latifolia. Cluster II1 is exceptionally widespread as it occurs
in the AST and eastward along the coastal lowlands, but also one sample is from

Namibia. This cluster is predominantly comprised of S. latifolia, but also contains a
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Figure 5.8. Phylogeography of nuclear DNA (ITS-1-5.8S-ITS-2) sequences from

Schotia afra and closely related species: (A) NeighbourNet splits
graph and (B) the distribution of clusters. Clusters are identified using
roman numerals. The common chloroplast haplotypes are shown using letters
near the tips of the respective sample in the splits graph. The outgroup
accession is from Barnebydendron riedellii. The length of the branch connecting
the outgroup to the ingroup is a polymorphism p-distance of 98.9.
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sample of S. afra (Vetter sn) from its north-western distribution in Namibia. This
can be considered an anomalous population of S. afra, which is already recognised as
a sub-species (S. afra var. angustifolia [E. Meyer| Harvey). Cluster IV is comprised
of individuals of S. latifolia in a very restricted area of the AST which includes the

topographically complex Baviaanskloof range.

5.4.2. Population expansion, molecular clock and spatial statistical

analyses

The mismatch distribution of the P. capensis AST chloroplast haplotypes was bimodal,
consistent with pairwise differences between sequences belonging to divergent lineages
(Figure . The mismatch distribution of the S. afra AST chloroplast haplotypes
showed a unimodel distribution that, visually, fitted almost perfectly the expect values
of a model of population expansion (Figure [.9). The goodness of fit test showed
no significant differences between the observed and expected values under a sudden
expansion model for the P. capensis or S. afra AST samples (P. capensis: SSD =
0.0790, p > 0.05; S. afra: SSD = 0.0012, p > 0.05). Positive and non-significant values
of Tajima’s D (D = 0.7966, p > 0.05) and Fu’s Fg (Fs = 2.9372, p > 0.05) statistics
for P. capensis do not support the hypothesis of a sudden population expansion,
and neither does the Ry test for neutrality (Ry = 0.1134, p > 0.05). In contrast,
negative and significant Tajima’s D (D = -1.5084, p < 0.05) and Fu’s Fg (Fg = -
8.0692, p < 0.01) values of S. afra samples are consistent with a sudden population
expansion. This is also supported by the Ry test for neutrality (Ry = 0.0473, p < 0.05).

The relative rate test did not find significant deviation from the neutral molecular
clock between any of the haplotype pairs of P. capensis from AST and eastern coastal
lowlands, or between any haplotype pairs of S. afra (all p > 0.05). Utilising a clock-
based approach with a wide range of biologically plausible mutation rates for cpDNA,
the divergence within and between the haplotype clades all fall within the Pleistocene
(10 ka to 2.6 Ma) for both P. capensis and S. afra (Table[5.7). Given the slow growth
of both of these species, it is likely that the slow substitution rate (i.e. older dates)
is more reliable than the fast rate and the timing of divergence is likely to fall within

the early to mid-Pleistocene.

The Mantel test of AST P. capensis samples detected strong and significant
patterns of isolation by distance for both cpDNA (Mg = 0.5554, p < 0.01) and nDNA
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Figure 5.9. Mismatch distribution for observed and expected pairwise compari-
son under a sudden population expansion model among chloroplast
sequences of Pappea capensis and Schotia afra samples from the
Albany Subtropical Thicket. The bimodal observed distribution of P.
capensis is comprised of a first peak of pairwise comparisons between closely
related individuals (intra-clade), while the second peak corresponds to pairwise
comparisons among distantly related individuals (inter-clade). The observed
mismatch distribution among sequences from S. afra has a unimodal distri-
bution that closely mirrors the expected mismatch distribution; this genetic
signature corresponds to the expected distribution for sudden population
expansion.

(Mg = 0.4815, p < 0.01) datasets. The mantel test of the AST S. afra samples detected
significant but negligible patterns of isolation by distance for cpDNA (Mg = 0.0244,
p < 0.05) and nDNA (Mg = 0.2648, p < 0.01). The spatial autocorrelation analysis
of cpDNA data of P. capensis shows that a strong effect of decreasing relatedness
with distance operates most strongly over distances of about 150 km (Figure .
This pattern is mirrored in the ITS dataset of P. capensis, but is non-significant. A
significant negative autocorrelation between the distance bins of 350 km to 450 km
suggests genetic divergence between samples greater than 350 km apart. Examination
of all pairs of samples found in the 350 to 450 km classes showed that this result was

based on sample pairs between cluster 1 and cluster 2. The negative but non-significant
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Moran’s I values greater than 450 km is likely due to the decline in the number
of sample pairs at these distance bins. Both the spatial autocorrelation analyses of
cpDNA and ITS of S. afra reveal non-significant Moran’s I values in the correlogram
with fluctuations close to 0, which indicates a lack of any spatial structure. This is

congruent with the low Mgy values.

The nDNA datasets contain complex patterns in AST samples for both P. capensis
and S. afra (Figures and . Spatial PCA analyses were used to provide a visual
summary of the genetic variation observed in ITS in the two plant species. The sPCA
analyses were focussed on all AST samples of P. capensis, and the nDNA cluster
primarily comprised of S. afra (cluster I). The global test confirmed the presence of
global structure in both P. capensis (max(t) = 0.0508, p < 0.01) and S. afra (max(t)
= 0.0427, p < 0.01), while the local tests found no evidence for local structures for
either P. capensis (max(t) = 0.0315, p > 0.10) or S. afra (max(t) = 0.0310, p > 0.10).
The first sPCA eigenvalue was strikingly large compared to the others in P. capensis,
and thus only the first eigenvalue and corresponding scores were retained (Figure
.A; Appendix Figure |A.17] Pg. [250]). No such clear distinction of sPCA is found
in S. afra (Figure [5.11]B), but the first three eigenvalues (A1, A2, and A3) are distinct

from the successive values in the screeplot of the spatial and variance components

(Appendix Figure |[A.18) Pg. [250). Thus, the first three eigenvalues were retained

for sPCA exploration in this species. The retained eigenvalues for each species were

Table 5.7. Dating chloroplast haplotype divergences of Pappea capensis and
Schotia afra using the molecular clock approach. The mean (minimum;
maximum) ages estimated from two substitution rates are given. As no
substitution rates were available for the target taxa, two biologically plausible
substitution rates are used that represent the fast and slow extremes found in
the literature. The rates used for fast and slow are 31 x 10 and 1.0 x 10~
substitutions per site per year (Fu & Allaby|2010, [Richardson et al.|2001))

Species Haplotypes Fast rate Slow rate
P. capensis A-E 36,438 (9,096; 54,675) 1,129,578 (281,968; 1,694,918)
F-M 17,242 (8,615; 34,519) 534,501 (267,058; 1,070,093)

A-E vs F-M 67,250 (54,675; 82,121) 2,084,754 (1,694,918; 2,545,741)

S. afra a-p 30,410 (10,889; 54,549) 942,721 (337,553; 1,691,021)
a-p vs ¢-r' 71605 (43592; 98287) 2,219,742 (1,351,354; 3,046,906)

INote that the geographic sampling between the haplotypes a-p and ¢-r is very poor. This may

affect the minimum and mean molecular date estimates.
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Figure 5.10. Correlograms of Moran’s I per distance class of chloroplast or
nuclear DNA datasets for (A) Pappea capensis and (B) Schotia
afra. Filled symbols represent Bonferroni-corrected Moran’s I p-values
significantly different from 0 at o = 0.05.

represented together using a colour plot (Figures|5.11}C and [5.11\D). The split between

ITS clusters 1 and 2 in the phylogenetic network in P. capensis is detected in the
sPCA colour plot. The sPCA also detects a fine scale structure in nDNA cluster
1, dividing this into subdivisions that mirror chloroplast haplotype clade 1. Each of
these clusters was tested for an isolation-by-distance pattern using a Mantel test; no
significant patterns were detected (clusters from west to east: Mg =-0.1812, p > 0.10,
Mg = 0.07067, p > 0.10, Mg = 0.1815, p > 0.10). The sPCA analysis of S. afra
nDNA cluster 1 shows a clinal pattern of variation with strong sPCA clustering of
samples in the western Gouritz and the eastern Kei drainage basins. Samples in the
intervening drainage basins display a high level of heterogeneity (many colours) with
subtle turnover between samples sharing sSPCA space (representing samples that occur

in the same sPCA space) and no strong association with drainage basins.
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Figure 5.11. Analyses of ITS sequences from Pappea capensis and Schotia afra
using spatial principle component analysis (sPCA). The screeplots of
Eigenvalues for (A) Pappea capensis, and (B) Schotia afra are shown. The
colour plots represent (C) one (P. capensis) or (D) three (S. afra) principle
components of the sSPCA. Each circle corresponds to a sampled individual and
each principle component is recoded as intensities of a given colour channel
of the RGB system: red (first PC), green (second PC) and blue (third PC).
These channels are mixed to form colours representing the genetic similarity
of individuals in sPCA space.
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5.4.3. Species distribution modelling

The combined species distribution models of the 25 locality datasets with thresholds
for MAXENT matched the fine-scale geographic mapping of thicket subtypes where
both P. capensis and S. afra are dominant components of the vegetation. The models
also predicted suitable conditions outside of the mapped distribution of the thicket
subtypes, primarily in the upper reaches of the Sundays and Gouritz basins. All
MAXENT models were accurate in the target region, with AUC values higher than
null expectations for both P. capensis (p < 0.01, AUC = 0.8531 +0.0229) and S. afra
(p < 0.01, AUC = 0.8644 £+ 0.0285) datasets.

There was significant variability in postdicted suitable LGM conditions between
species and GCMs. Nonetheless, both GCMs show a dramatic decline in the current
distribution of the two species during the LGM with the distribution under MIROC3.2
being far more restricted than, but nested within, the distribution under the CCSM
GCM (Figures and . Refugia of suitable conditions for P. capensis predicted
by both GCMs are found in the Gouritz, in the Little Karoo (a valley defined by east-
west mountain ranges), Sundays and Great-Fish drainage basins. Under the larger
distribution postdicted under CCSM, the Baviaanskloof, the intermontane valley in
the Gamtoos drainage basin, is also predicted as an area with suitable climate. The
LGM postdicted area of suitable climate for S. afra found in both GCMs is restricted to
a single refugium found in the eastern AST which extends onto the exposed continental
shelf. However, under the CCSM, an extensive and continuous area of suitable climate
is postdicted that also includes an inland component which extends along the present-

day coastline from the Sundays up to the Kei drainage basins.
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Figure 5.12. The modelled present and Last Glacial Maximum areas of suitable
climate for Pappea capensis within the Albany Subtropical Thicket
(AST). The summary of modelled distributions from five pseudo-replicate
datasets and K-folding subsets (see text) representing the climatically suit-
able areas in the AST under (A) present conditions, (B) the CCSM Last
Glacial Maximum (LGM; 21,000 BP) simulation, and (C) the MIROC LGM
simulation. Black crosses are localities used in the analysis. Hashed areas
indicate major mountain ranges. The continental shelf exposed due to lower
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Figure 5.13. The modelled present and Last Glacial Maximum areas of suitable
climate for Schotia afra within the Albany Subtropical Thicket
(AST). The summary of modelled distributions from five pseudo-replicate
datasets and K-folding subsets (see text) representing the climatically suit-
able areas in the AST under (A) present conditions, (B) the CCSM Last
Glacial Maximum (LGM; 21,000 BP) simulation, and (C) the MIROC LGM
simulation. Black crosses are localities used in the analysis. Hashed areas
indicate major mountain ranges. The continental shelf exposed due to lower
sea-levels during the LGM is shaded in grey.
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5.5. Discussion

5.5.1. Contrasting history and phylogeographic patterns

Pappea capensis and S. afra are dominant tree species in AST vegetation (Mucina
& Rutherford 2006, |Vlok et al.|2003)) that share a largely overlapping distribution
within this biome. The species also have similar life history strategies related to their
growth forms, with a slow growth strategy (Holmes & Cowling[1993). As a result, they
are both middle to late colonisers in thicket succession (e.g. |Jordaan|[2010)). Despite
these similarities, these two species display very contrasting phylogeographic patterns,

demographic histories and glacial period distributions through the Pleistocene.

Although the EDDB hypothesis postulates that watersheds separating drainage
basins are significant barriers to gene flow, only a handful of studies have investigated
and detected such patterns in plant species (e.g. Durkal[1999, Gugger et al.|2008, Zhang
et al.2011)). Previous phylogeographic studies have demonstrated a strong correlation
between genetic lineages and these lowland drainage basins in South Africa, ranging
from aquatic organisms (Daniels et al.|2006, Swartz et al. 2007, 2009)) to terrestrial
invertebrates (Daniels et al. 2009, Price et al|2010) and a tree species (Chapter [4]).
The chloroplast phylogeography of P. capensis adds further evidence for the EDDB
hypothesis as the strong correlation between haplotypes and drainage basins suggest
that the watersheds along the coastal lowlands have acted as long-term barriers to
gene flow (Figure [5.3). The phylogenetic patterns in the nDNA do not display the
same deep divergences between AST basins as found in the cpDNA where lineages are
restricted to specific drainage basins. Nonetheless, the results do indicate a level of
phylogeographic structuring (Figure[5.6), which is similar to the cpDNA findings when
the spatial aspect of genetic variability is taken into account (i.e. sSPCA, Figure .C).
These phylogeographic analyses provide evidence that P. capensis is comprised of

distinct and isolated populations along the AST coastal lowlands.

The variance between the cpDNA and nDNA in P. capensis results may have
arisen from differences in either the coalescent time between these two genomes or in
the dispersal rates and distances between seeds and pollen. As the rate of coalescence is
tied to genetic drift which is determined by population size, coalescent theory predicts
that a larger effective population size will result in a far longer period for clear

phylogenetic or phylogeographic patterns to emerge after speciation or population
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fragmentation events (Avise |2000, Avise & Wollenberg| 1997, [Palumbi et al.| [2001]).
A diploid nuclear genome is generally considered to have an effective population size
four times larger than that of a haploid and uniparentally-inherited genome (Ballard &
Whitlock|2004)), such as the chloroplast genome. Thus, lineage sorting may occur much
faster in the chloroplast genome than the nuclear genome; the difference between the
rates of lineage sorting between the two genomes increases with a decline in effective
population size. In addition, in the case of ITS which is comprised of numerous
repeats and a lack of concerted evolution which homogenises repeats, the effective
population size of ITS (nDNA) may be far greater than low-copy nuclear regions
(discussed in Chapter . In angiosperms, seeds carry both chloroplast and nuclear
DNA (Birky| 1995 whereas pollen exclusively carries nuclear DNA (although there
are many exceptions, e.g. |Ellis et al.| 2008, Reboud & Zeyl [1994] [Testolin & Cipriani
1996). Thus, pollen flow may increase the dispersal rate and distance of the nuclear
genome over the chloroplast genome. Discerning the contribution that these processes
have had towards the discrepancies observed in the phylogeographic patterns between

the two genomes is, unfortunately, beyond the scope of the currently available data.

No significant genetic divergence (i.e. monophyly) between Schotia species is
observed in the chloroplast dataset as several haplotypes are shared between species
(Figure [5.4), similar to the findings of Ramdhani et al] (2010). However, unlike
the earlier study, samples of S. afra are separated into a highly divergent and well
supported cluster in the nDNA (Figure . The discrepancy between the I'TS results
presented here and those from the earlier study are discussed further below. Although
coalescent times are far shorter for the chloroplast genome compared to the nuclear
genome (as discussed above), if the ancestral population was genetically depauperate
- possibly due to a population bottleneck - then genetic divergence may be driven
by mutation rather than lineage sorting. A genetically depauperate ancestor would
restrict the degree to which lineage sorting results in genetically differentiated species.
Thus, the lack of differentiation between Schotia species may simply be due to the
slow accumulation of mutations in the chloroplast genome (Schaal et al.[[1998)). The
ITS region has a much faster rate of mutation (Kay et al.2006)), and this may explain
why genetic divergences among species of Schotia is detected in this region and not
in the cpDNA. Based on the well-supported nDNA cluster of S. afra, this study was
restricted to phylogeographic analyses and discussion of this species within the Albany
Subtropical Thicket.
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Schotia afra does not display any strong drainage basin affiliations in the cpDNA
dataset, with the exception of the inland valley known as the Little Karoo in the
Gouritz drainage basin where only haplotype k is found (Figure . These samples
are also found close together in cluster I of the nDNA phylogenetic network (Figure
. Beyond this basin, there is a lack of geographic structuring in both ¢cpDNA and
nDNA across the Albany Subtropical Thicket. This is supported by the low Mantel R
values (Table and the lack of spatial autocorrelation (Figure [5.10|B). The sPCA
suggests a clinal pattern of genetic variation in the ITS data (Figure D), with the
western Gouritz and eastern Kei basin samples sharing sPCA space; however there
are no clear association with remaining drainage basins and samples in sPCA space
(inferred by samples with similar colouring) in comparison to what is found in P.
capensis. Therefore, unlike other lowland species, the watersheds separating primary

drainage basins have not played a significant role in isolating populations of S. afra.

The cyclic Pleistocene climate changes are suggested to have driven shifts in
species distributions globally (Jansson & Dynesius|2002), as well as genetic divergence
in the coastal lowlands of South Africa (Nymania capensis, Chapter ; Price et al.
2010, [Swart et al|2009). The molecular dating of the chloroplast haplotypes under an
extremely wide, but plausible, range of substitution rates suggest that the genetic
variability arose or diverged during the Pleistocene in both P. capensis and S.
afra. This suggests that the cycles of glacial and interglacial periods have played
an important role in the demographic history of both species. However, these
two species have contrasting demographic histories with only S. afra displaying a
signature of an expanding population (Figure , whereas P. capensis has a low and
isolated haplotype diversity suggestive of recent bottlenecks in isolated refugia (Figure
5.3). The SDMs provide further insights into this demographic history through the

postdicted distributions of these species during the Last Glacial Maximum.

There is strong concordance between the phylogeographic results and the pre-
dicted LGM distributions using Maxent and the two global climate models. For
P. capensis the three major refugial areas postdicted in both GCMs correspond to
the distribution of the three largely allopatric chloroplast lineages (Figures D and
5.12). Thus, P. capensis likely retreated into a number of small refugia within the
drainage basins during glacial periods. Coupled with the demographic results and low
genetic diversity, this suggests that P. capensis probably also experienced population

bottlenecks within these isolated refugia which reduced the genetic diversity within the
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populations. These findings are in agreement with the predictions made in Chapter
where arid and valley AST subtypes experienced severe range reductions with
an overall decline in altitude and concomitant fragmentation into primary drainage
basins. The LGM distribution of S. afra is suggested to be restricted to a single
refugium along the eastern AST which extends from the Great-Fish basin onto the
exposed continental shelf (Figure . This suggests that this species survived in
a single and connected refugium during the Last Glacial Maximum. Given the high
haplotype and ribotype diversity, it is likely that this single refugium supported a large
population that could maintain both a high level of genetic diversity and a signal of
Pleistocene population expansion. However, genetic diversity can also be generated
when a population rapidly expands (Aris-Brosou & Excoffier| 1996, [Edmonds et al.
2004). The signal of demographic expansion sits firmly within the Quaternary under
a wide range of plausible mutation rates (Table . This expansion most likely
occurred during the Pleistocene and is unlikely to be post-LGM - a possibility under
the ‘fast’ mutation rate - as S. afra is a slow growing tree with a long generation time.
The S. afra refugium on the exposed coastal shelf is not postdicted by the climate
envelope modelling of the vegetation subtypes (arid and valley thicket in Chapter .
This provides a valuable demonstration that modelling of vegetation subtypes may
not extend to all species within those subtypes and that such results should be treated
with caution (Midgley et al.|[2002)).

The common chloroplast haplotypes of S. afra generally show a dispersed pattern
across the Albany Subtropical Thicket. However, there are unique haplotypes
restricted to the intermontane valley (Little Karoo) within the Gouritz basin. Fur-
thermore, no area of suitable climate is postdicted for the Little Karoo during the
LGM (Figure . These unique chloroplast haplotypes (Figure and the close
association of these samples in the S. afra cluster (cluster I) in the ITS phylogenetic
network (Figure suggest that this population either survived in an isolated
refugium in this basin, or formed from a post-LGM founder event with no subsequent
gene flow into this population. The Little Karoo basin is topographically very complex
and suitable climatic conditions may have existed at a local scale to support a
population. Alternatively, the Little Karoo is bordered by high mountains (these
watersheds are much higher than in the eastern AST) which may have restricted seed
flow into this population. There is no way to differentiate between these hypotheses

given the current data. Nonetheless, the lack of any correspondence between genetic
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diversity and geography across the remainder of the AST, coupled with the postdicted
eastern single refugium, suggests that this species has easily dispersed over watersheds.
Why then does S. afra have no geographic boundaries whilst the AST watersheds seem

to structure genetic diversity in P. capensis?

A likely explanation for this difference is that, although these species share
similar life history strategies and endozoochorous dispersal, they have very different
dispersal vectors. The majority of woody AST species are thought to be adapted
for endozoochorous seed dispersal by mammals, birds, or both (Castley et al.|2001,
Cowling| 1983, |Cowling et al.| 1997, Sigwela 2004, Watson| 2002). These two species
lie close to the extremes along the bird-dispersal and mammal-dispersal continuum,
as the small red fruits of P. capensis are primarily bird-dispersed (Sigwela/[2004),
whereas the large Fabaceae pods of S. afra are likely to only be dispersed by larger
mammals, including megaherbivores (Savannah Elephants and Black Rhino). Long-
distance dispersal by birds is generally very limited (Jordano et al.|2007) because
of territoriality that limits bird movement and birds have a small, very efficient,
intestinal tract which means that seeds have a short residence time in the gut (Kays
et al.in press, Westcott et al.|2005). In contrast, long-distance dispersal by large
herbivores is likely to be fairly unrestricted across the Albany Subtropical Thicket.
Savannah Elephants are likely to be prominent vectors for long-distance dispersal;
their large volume of forage, limited mastication, long residency time in the gut coupled
with relatively poor digestion, large home-ranges (especially along the coast lowlands,
Boshoft et al.[2001]) and periodic migrations makes them ideal vectors for seed dispersal
(Campos-Arceiz & Blake in press). Furthermore, large-scale mammal migrations
(including mega-herbivores) along the coastal lowlands and exposed continental shelf
during glacial periods are postulated as large herbivores are thought to have tracked
the seasonal rainfall between the western winter-rainfall and eastern summer-rainfall
regimes (Compton| 2011, Marean|2010). The general lack of geographic structuring
in S. afra may be the first evidence for long-distance migrations along the coastal

lowlands.
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5.5.2. Pappea capensis in the AST in relation to the rest of the species’

distributions

Pappea capensis has a widespread distribution throughout Africa (Figure .B), but
is usually only locally dominant (e.g. [Siebert & Eckhardt 2008, Werger & Coetzee
1977) or restricted to thicket clumps on termite mounds (Bloesch|[2008). It is only in
the AST that P. capensis reaches high regional densities and is a dominant component
of the vegetation (Vlok et al|2003). The AST is comprised of three very divergent
cpDNA lineages. Sampling along the eastern drainage basins lacks the thoroughness
of that performed for the AST; nonetheless, such deep divergences are not evident
across the eastern lowlands and an ancestral haplotype (haplotype G) spans a wide
range of drainage basins. The split between haplotype F and the remainder of clade
3 is likely a sampling issue rather than a significant divergence. Further sampling is
required to establish if a drainage basin pattern of genetic diversity exists along the
eastern lowlands; the current, although limited, distribution of haplotypes suggests
that this may be the case. The deep divergence observed in ¢cpDNA and nDNA
between the coastal lowland clades and the samples from the rest of Africa suggest
a long-term isolation between them. The close geographic distance between clades
(see haplotypes M, L, U and T in Figure [5.3/C) suggests that this is not an ‘isolation
by distance’ phenomenon, but rather long-term and most likely allopatric divergence
with subsequent expansion. With the evidence from the current sampling, the deep
split between the southern (Clades 1 and 2) and northern clades (Clades 3 and 4)
would justify splitting this monotypic genus into at least two species based on the
phylogenetic and evolutionary species concepts (Mishler & Theriot| 1997, [Wiley||1978)).
Further sampling in the possible contact zone may detect interbreeding between these
southern and northern P. capensis clades. If a contact zone is established and no
interbreeding is detected, then the splitting would be further justified under the
biological species concept (Mayr|/1940).

5.5.3. Schotia afra in relation to the rest of the Schotia species

The ¢cpDNA and nDNA results generally support the findings of Ramdhani et al.
(2010)), specifically that there is limited congruence between cpDNA haplotypes and
nDNA cluster (Figure[5.8), and this congruence occurs only between samples found in
the eastern distribution of the genus. Ramdhani et al.| (2010) cite hybridisation and
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incomplete lineage sorting as an explanation for the lack of genetic resolution between
the four Schotia species. In this study, the sampling of the Schotia species, other
than S. afra, is fairly poor. Nonetheless, further insights can be garnered. Ramdhani
et al.| (2010) state that ‘no double peaks or ambiguous base calls were found in [their
ITS] electropherograms’. However, the ITS dataset in this study is rich in 2ISPs
(Table , and the presence of 2ISPs was confirmed via cloning (Table . This
failure to detect overlapping peaks in chromatograms is possibly because neither high
fidelity taq polymerase nor cloning was used in the earlier study (see Chapter [3|for the
importance of using these two techniques with ITS). Detecting 2ISPs has provided a
more resolved and accurate reflection of the I'TS relationships between samples, and
this may be the reason why supported monophyly in S. afra is now detectable in the
nDNA under NJ and MP (Appendix Figure [A.16] Pg. 249)). Furthermore, given the
high level of 2ISPs present in the nDNA dataset, it is likely that concerted evolution
(the process where ITS variants are homogenised to a single sequence) is either not in
effect or is very weak. Thus, any recent and possibly also fairly old hybridisation events
should be evident in the chromatograms (e.g. |Carine et al.2007). Given the extensive
sampling of S. afra in the AST, if this species and S. latifolia were hybridising freely
and prolifically, then we should observe S. afra hybrid samples that share mutations
between these clusters which would then fall in intermediary positions in the network
between cluster / and the remaining clusters (Huson & Bryant|[2006). The lack of any
significant genetic divergence between S. afra and S. latifolia in the cpDNA dataset is
most likely attributable to slow substitution rates, a genetically depauperate ancestor,
incomplete lineage sorting, or a combination of these, rather than hybridisation or
chloroplast capture. Hybridisation is probably restricted to a few isolated instances

and areas (Ramdhani et al.2010, [Ross|[1977)).

5.5.4. Conclusions

I have investigated the phylogeography of two AST tree species, P. capensis and 9.
afra, which has revealed cryptic divergence that has not been detected by traditional
taxonomy. This cryptic divergence has revealed that these two species with similar life
history strategies and distribution in the AST have had very contrasting evolutionary
histories during the Pleistocene climate cycling.  Furthermore, the contrasting
phylogeographic patterns are attributed to the differences in seed dispersal vectors,

where drainage basin watersheds are significant barriers to the bird-dispersed P.
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capensis while no major geographical barriers exist for the mega-herbivore dispersed
S. afra. If these results represent generalities for these two syndromes in the AST,
then they provide a new understanding of the evolutionary history and ecology of this

biome’s flora.
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The Albany Subtropical Thicket (AST) is an ancient, widespread and once dominant
vegetation which has suffered severe range reductions after the evolution of the fire-
driven biomes, such as the fynbos and savannah (Cowling et al|2005). The fate
of AST vegetation during the global Pleistocene glacial-interglacial climate cycles
within the regional setting of a complex landscape has remained largely speculative.
In this thesis, I have used a combination of techniques to explore the history
of AST vegetation, including detailed phylogeographic and distribution modelling
analyses of three selected taxa. The results provide support for the glacial refugia
and the evolutionarily distinct drainage basin (EDDB) hypotheses. Comparative
phylogeography, coupled with a consideration of seed dispersal modes, provides novel
insights into important ecological processes within the AST, particularly the effects
of different vectors on long distance dispersal and ultimately the metapopulation
dynamics of a tree species. These evolutionary and ecological insights also provide
support for established AST conservation plans. I discuss each of these points in
further detail below.

6.1. The glacial refugia hypothesis

The glacial refugia hypothesis postulates that AST vegetation experienced significant
range retractions during the glacial periods of the Pleistocene (Cowling et al.|[2005).
Support for this hypothesis has, up until now, been in the form of field observations
and fossil evidence from a single locality. Many AST plant species, especially
succulents, have been observed to be intolerant to frost (Richard Cowling, personal
communication). This, coupled with lower global temperatures during glacial periods
(Zachos et al|2001) that would have increased the range and severity of frost events
suggests that AST vegetation may have experienced range reductions. The fossil
sequence from the Boomplaas Cave, located in the Little Karoo, also reveals a

reduction in thicket, as grazers dominated during the Last Glacial Maximum (LGM) in
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an area that is now monopolised by browsers that are associated with AST vegetation
(Faithl fin press, [Klein|[1980). Thus, the community distribution modelling (CDM) of
the AST subtypes offers the first regional overview of potential range retractions during
the most recent, and extreme, glacial period (Chapter. The CDM postdicts dramatic
reduction of the area of suitable climate for all AST subtypes during the LGM, with
concomitant fragmentation into drainage basins for the arid and valley subtypes. The
CDM also provides possible locations of LGM refugia. However, the exact locations of
these refugia of suitable climate must be considered with caution. Some cornerstone
assumptions such as community coherence and relatively static community and species
niches may very well be violated. If so, any environmental changes would result in
an unpredictable shuffling and shifting of species. Furthermore, issues surrounding
the modelling algorithms or global climate models used may further obscure the exact
whereabouts of glacial refugia (Buisson et al.|2010, |Heikkinen et al.|2006, Pearson et al.
2006)). Unfortunately, there are insufficient palaeoarchives to provide an independent
test of the CDM postdictions (e.g. Carnaval & Moritz2008). However, limited support
is found in the species distribution modelling (SDM) and molecular results presented

in the subsequent chapters.

One means of testing the generalities of CDM projections is to compare these with
projections derived from component species (Midgley et al.2002). Unfortunately, most
AST species, as well as those from many other South African biomes, lack sufficient
and accurate locality information required for distribution modelling. The locality
information collected for the three target species of this thesis are the only readily
available datasets with sufficient distribution of localities to perform distribution
modelling. Nonetheless, the SDMs of suitable climate under LGM conditions derived
from Nymania capensis and Pappea capensis (Chapters [4] and |5) offer support for the
CDM postdictions. The LGM SDMs for Nymania capensis and P. capensis, which
are common in both arid and valley AST subtypes (Vlok & Euston-Brown 2002, Vlok
et al|2003), are qualitatively very similar to the joint CDM distributions for the arid
and valley AST subtypes (compare Figures [Pg. [40], [4.10] [Pg. [130] and [5.12] [Pg.

172]). The only main discrepancy is that for both species there is a much greater area

of suitable climate postdicted in the Little Karoo (Gouritz basin) than suggested by
CDM results. The SDM of Schotia afra, which is also common in arid and valley AST
subtypes, does display some overlap between the CDM valley thicket subtype for the

LGM; however, it also shows a significant extension onto the exposed coastal shelf that
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was not postdicted by the CDM of these subtypes. The S. afra projection provides
a valuable cautionary demonstration that the CDM climate envelope may not be
representative of the community’s component species. The generality of CDM results
should be further investigated using wide range of AST species (e.g. |Loarie et al.2008),
which should be focussed on narrowly distributed endemics that are at greatest risk of
their climate envelope not being incorporated into that of the community distribution
model (Midgley et al.|[2002]).

Phylogeography also provides some support for the refugia postdicted by the
community distribution modelling. Three expectations were derived from the LGM
climate refugia suggested by CDM regarding the distribution of genetic diversity,
specifically that: 1) the highest genetic diversity should reside in the refugial areas,
2) clade or population subdivision should be evident in species that occur in arid
and valley AST subtypes, and 3) there should be signatures of post-glacial population
expansion. The slow rate of mutation in chloroplast DNA and increased coalescent
times for nuclear DNA, coupled with limited sampling from these genomes in my
datasets, means that there is insufficient resolution to fully explore expectations one
and three. Nonetheless, the second expectation is met by N. capensis and P. capensis
as each have a pattern of phylogeographic fragmentation across drainage basins that
coincides with postdicted CDM refugia, despite the present-day continuous swathes of

AST vegetation that span multiple drainage basins and watersheds.

The glacial refugia hypothesis is supported by community and species distribution
modelling, as well as phylogeography. The CDM results offer the first regional
hypothesis for the location of these refugia. This has received positive, if still limited,
support. The hypothesised locations of refugia can be tested using further studies of
phylogeography, palaeoarchives and fine-scale distribution mapping of AST species,
especially endemics. Composite maps of species distributions may also identify areas
of glacial refugia, as these should contain greater number of AST endemics and higher
species richness in comparison to areas of post-glacial colonisation if species have been

dispersal limited.
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6.2. The evolutionarily distinct drainage basin hypothesis

and long distance dispersal

The watersheds along the coastal lowlands are hypothesised to constitute dispersal
barriers for a number of faunal species (Price et al.| 2010, |Swartz et al. 2007}, |2009).
Both CDM of AST subtypes and SDM of the three target species suggest that these
barriers would have been strengthened during Pleistocene glacial periods as areas of
suitable climate contracted into refugial areas within drainage basins (Figures
[Pg. [0], [£.10] [Pg. [130] and [5.12] [Pg. [172]). The results from both N. capensis
and P. capensis provide the first phylogeographic evidence that the EDDB hypothesis

extends to AST flora. However, the phylogeographic patterns of S. afra again provides
a valuable, and cautionary, contrast demonstrating that watersheds are not dispersal
barriers for all AST species. I propose that the primary reason for these contrasting
patterns is because of the variance in long-distance dispersal (LDD) capabilities of

different vectors.

Migrating megaherbivores are likely to be the dominant vectors for LDD of seeds
in topographically complex landscapes (Nathan et al.|2008)). Long-distance dispersal
is important for the establishment of a plant species in new sites and, depending on its
frequency, the subsequent maintenance of metapopulation dynamics and ultimately
genetic integrity. The phylogeographic results from the three largely co-distributed
tree species within the AST biome, each with a unique and specific dispersal vector,
provide the first regional exploration for the genetic effects of dispersal vectors. There
are no barriers to gene flow across this biome in S. afra which has seeds dispersed
by megaherbivores (Chapter . In contrast, P. capensis and N. capensis, which have
seeds primarily dispersed by birds or wind, respectively, have been isolated in drainage
basins and unable to disperse seeds across the watersheds (Chapters 4| and .

The use of genetic methods to study long-distance seed dispersal is well established
(Cain et al.[2000). However, comparative studies contrasting seed dispersal syndrome
and the effect this has on the genetic diversity of co-distributed plants are lacking. The
results from Chapters [4] and |5| provide extremely promising examples demonstrating
that phylogeography can be use to elucidate not only historical aspects of AST taxa
(Cowling et al|2005) but also ecological aspects such as long distance dispersal.
Further studies using this comparative method should finally allow us to get an

evolutionary handle on all the aspects of seed dispersal, from dispersal syndromes,
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dispersal vectors, and to population dynamics of AST flora.

The S. afra phylogeography gives us the first indication of the importance of
megaherbivores for LDD of seeds across the African landscape, especially in the
dissected landscape of the coastal lowlands. The importance of seed dispersal by
megaherbivores is an old, repeated, and untested hypothesis (e.g. Burtt & Salisbury
1929, |Dudley| 2000). Furthermore, in the light of anticipated climate change, the
present restricted movement of large mammals and predicted range shifts in plant
species, this highlights the importance of the free movement of megaherbivores for
seed dispersal for the maintenance of ecological and evolutionary processes (Cowling
& Pressey|2001]).

6.3. Phylogeography and conservation

The long-term isolation within drainage basins observed in N. capensis and P. capensis
and the importance of mega-herbivores for LDD of S. afra adds valuable support to
conservation efforts within the Albany Subtropical Thicket. The EDDB hypothesis is
the basis of the hierarchical classification used by [Vlok et al.| (2003) to characterise
and delimit the AST vegetation. These authors based the importance of drainage
basins on the biogeographical distribution of endemics. However, the environmental
drivers of these speciation events that have led to the current distribution of endemics
may be ancient, and highly disparate from those of the current epoch. Thus, the
population-level fragmentation across drainage basins offers the first intra-specific,
and thus evolutionarily recent, support for the EDDB hypothesis. This suggests
that environmental, ecological and evolutionary drivers have remained relatively stable
through recent geological history and adds additional support for the acknowledgement

of drainage basins as unique floristic entities.

The importance of expert-knowledge is also highlighted by the phylogeographic
support of the EDDB hypothesis. Primary drainage basins were treated as discrete
entities not only by the vegetation classification and mapping performed by |Vlok et al.
(2003)) but also the conservation planning of a mega-conservancy network for the AST
biome (Rouget et al|[2006). The mega-conservancy network aims to capture both
ecological and evolutionary processes within the Albany Subtropical Thicket. In order

to do this, within-basin environmental gradients were deemed the most important.
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There was limited scientific support for including drainage basins in such a manner

and the decision to use this approach was primarily based on expert-knowledge (Rouget|

et al|2006, Vlok et al|2003). Both the vegetation mapping and mega-conservancy

network planning were part of the Subtropical Thicket Ecosystem Planning Project, a
four year initiative (July 2000 - June 2004) funded by the Global Environment Facility.
The detailed mapping and conservation planning are impressive given the short time
period and that the AST has been a largely neglected biome in terms of research,
primarily due to the historical uncertainty regarding its floral affinities. Thus, the
phylogeographic support, which is limited, costly and time consuming, demonstrates
the value of expert knowledge in kick-starting major conservation efforts that are

scientifically-sound.

¥

Arid Thicket |
Mesic Thicket |
= Valley Thicket |

Figure 6.1. The megaconservancy network for the Albany Subtropical Thicket
proposed by Rouget et al.| (2006). The major coastal lowland rivers are
shown.

Megaherbivores, primarily elephants, have been identified as keystone species with
regards to disturbance in the Albany Subtropical Thicket (Kerley et al.|1995] 2002).

Consequently, elephant suitability was one of the four critical components driving the

systematic conservation planning (Rouget et al.|2006)). However, the proposed mega-

conservancy network does not presently incorporate migratory movements across the
drainage basins (Figure|6.1)). This is quite likely because the historical role that mega-

herbivores have played in extensive LDD of seeds and the consequence this had for
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metapopulation dynamics could not have been predicted, and was a surprising and
unexpected finding of this thesis. If the results found for S. afra are mirrored in other
plant species that target mega-herbivores as dispersal vectors, then corridors that
span between the established networks that allow mega-herbivore migration may be

an important feature for any updates or extensions to the current conservation plan.

6.4. Final thoughts and personal reflections

The phylogeographic results offered in this thesis are the tip of a very interesting
iceberg. They provide a largely narrative understanding of the evolutionary and
ecological history of the unique AST vegetation, which we have only started to explore
relatively recently. Fach species examined offers only a single descriptive glimpse
into the history of the Albany Subtropical Thicket. A more comprehensive and
statistically-robust overview may be obtained using more species (i.e. comparative
phylogeography, |Avise 2000) and model-based methods (reviewed in Bloomquist
et al.2010). Model-based methods that make use of coalescence theory offer even
more refined inferences into the history of a species (e.g. Hey & Nielsen 2004, Lemey
et al.2009)). However, accurate parameter estimates using such methods require signal
richness in datasets that is far beyond what has been detected in this study (e.g. [Won
& Hey[2005). Nonetheless, the molecular era is marching on and advances in new
techniques that allow for whole genome sequencing should provide the required data
for non-model organisms that is not prohibitively expensive (Mardis 2008|, |Shendure
& Ji|2008). Thus, in order to further explore the history of the AST in a statistical
framework, the sample size, in terms of species and DNA data examined, will have to
be increased. With this end in mind, I hope that this thesis will act as a catalyst for
further phylogeographic studies of the AST flora. I envisage that this would provide
a valuable understanding of, inter alia, the following: 1) the role of topography in
driving population and species divergence along the coastal lowlands, 2) the genetic
and evolutionary ramifications of targeting different dispersal vectors by AST plants,
and 3) ‘biome integrity’ or the degree to which AST species share an evolutionary past

and thus likely to share an evolutionary future.

The advent of the molecular era offers exciting opportunities to explore the
natural world in a level of detail that was previously unattainable. As methodological

hurdles are overcome, there is a growing shift away from simply describing molecular
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patterns towards a holistic view that incorporates approaches and data from many
wide-ranging disciplines. However, biological science has experienced an unfortunate
shift away from natural history, a trend driven by the perceived superiority of the
hypothetico-deductive scientific model over the descriptive mode of natural history
(Beehler|2010). As we delve deeper into the world of DNA molecules, our need for
a comprehensive understanding of natural history becomes more and more important
(e.g. |Avise 2004}, Avise et al.|[2002). An example of this is readily at hand in this
thesis. The support for my ideas surrounding the efficiencies of dispersal vectors for
the three target species was not based on any available literature, simply because
there is none. Simple field observations of natural history, such as which animals eat
the fruit of this or that plant species, are rarely deemed of sufficient scientific merit
to be worthy of publication. Without the knowledge of natural history provided by
Richard Cowling, Jan Vlok, Ayanda Sigwela and various farmers — which is based on
the simple combination of observant minds and time spent in the field — I would not
have been able to explore this aspect of the molecular data. Without a comprehensive
understanding of natural history, the increasing resolution of molecular data available
for phylogeography becomes more and more meaningless. I hope that the advances in
the field of molecular ecology will rejuvenate the study of natural history and restore
its rightful place at the pinnacle of biological science. Here’s to spending more time

in nature and away from the laboratory and my computer.
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Figure A.1. The study area and mask used to sample background points for
community and species distribution modelling. The distribution of the
Albany Subtropical Thicket (shaded in black) and the mask (box) used to
sample background points for all MAXENT analyses. The winter rainfall zone
(defined as > 66% of annual rainfall falling within winter months; Carr et al
lies west of the blue line, the summer rainfall zone (defined as > 66%
of annual rainfall falling within summer months) lies east of the red line and
the annual rainfall zone falls in between.
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Figure A.2. The difference between altered climatic conditions projected by past
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BIO01: Annual Mean Temperature

BIO02: Mean Diurnal Range
(Mean of monthly (max temp - min temp))

and future global climate models and current climatic conditions for
19 bioclimatic variables. Comparisons are between cells sampled from the
within the mask shown in Appendix Figure (Pg. [221)). The mean (m),
median (M) and standard deviation (sd) of the current climatic conditions for

each variable are shown.
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Figure A.3. The multivariate environmental similarity surface (MESS) < —5
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(grey) for community distribution models of the Arid AST subtype
projected onto global climate models (GCMs) of (A) the Last Glacial
Maximum (LGM), (B) 2050 scenario A2a, and (C) 2050 scenario
B2a. The maps represent composites of two GCMs for the LGM and three
GCMs for each of the 2050 scenarios. The MESS surface calculation represents
how similar a point is to a set of reference points, which in this case are sampled
from the current climate conditions. Negative MESS values indicate sites
where at least one variable has a value that is outside the range of environments
over the reference set, so these are novel environments.
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Figure A.4. The multivariate environmental similarity surface (MESS) < —5
(grey) for community distribution models of the Valley AST subtype
projected global climate models of (A) the Last Glacial Maximum
(LGM), (B) 2050 scenario A2a, and (C) 2050 scenario B2a. The maps
represent composites of two GCMs for the LGM and three GCMs for each of
the 2050 scenarios. The MESS surface calculation represents how similar a
point is to a set of reference points, which in this case are sampled from the
current climate conditions. Negative MESS values indicate sites where at
least one variable has a value that is outside the range of environments over
the reference set, so these are novel environments.
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Figure A.5. The multivariate environmental similarity surface (MESS) < —5
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(grey) for community distribution models of the Mesic AST subtype
projected onto global climate models of (A) the Last Glacial
Maximum (LGM), (B) 2050 scenario A2a, and (C) 2050 scenario
B2a. The maps represent composites of two GCMs for the LGM and three
GCMs for each of the 2050 scenarios. The MESS surface calculation represents
how similar a point is to a set of reference points, which in this case are sampled
from the current climate conditions. Negative MESS values indicate sites
where at least one variable has a value that is outside the range of environments
over the reference set, so these are novel environments.
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Figure A.6. The proposed mega-conservancy network and community distribu-
tion models of three Albany Subtropical Thicket subtypes projected
onto Last Glacial Maximum (shaded) climatic conditions. Two Global
Climate Models were used to derive the LGM distribution: CCSM (A) and
MIROC (B). Grey shading shows the continental shelf exposed due to lower
sea levels during the Last Glacial Maximum. The Boomplaas Cave is shown
(black triangle; see text for details, Pg. .
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Figure A.7. The proposed megaconservancy network and the community dis-
tribution models of three Albany Subtropical Thicket subtypes
projected onto 2050 scenario A2a climatic conditions (shaded). The
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GCMs used were: CCCMA (A), CSIRO (B), and HCCPR (C).
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Figure A.8. The proposed megaconservancy network and the community distri-
bution models of three Albany Subtropical Thicket subtypes under
projected 2050 scenario B2a climatic conditions (shaded). The GCMs
used were: CCCMA (A), CSIRO (B), and HCCPR (C).
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Figure A.9. Parental phylogenetic diversity (PD) of a single hybrid sample and the
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Topological Distance

10

Neighbour Joining

Maximum Parsimony

Maximum Likelihood

topological distance between trees inferred from hybrid-free (HF) or
hybrid-present (HP) datasets (simulated under a range of mutation rates)
using different phylogenetic methods with intra-individual site polymor-
phisms treated as ambiguous (grey circles) or informative (black crosses).
Three different methods are used: (A) Neighbour Joining, (B) Maximum Parsimony,
and (C) Maximum Likelihood. Different mutation rates were used to generate signal-
poor to signal-rich datasets (see text for details, Pg. . The frequencies of the
topological differences for the informative (black bars) and ambiguous (grey bars)
treatments are given on the right-hand side y-axis. Note that topological distances
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Figure A.10.

NJ-A NJ-I MPl-A MP-I MLI-A MIL-I

The topological distance between the original tree used to simulate the
data and the trees inferred from the hybrid-free (HF; white) or hybrid-
present (HP; light grey) datasets (simulated across a range of mutation
rates) using Neighbour Joining (NJ), Maximum Parsimony (MP) or
Maximum Likelihood (ML) with intra-individual site polymorphisms
treated as either ambiguous (-A) or informative (-I). Different mutation
rates were used to generate signal-poor to signal-rich datasets (see text for details,
Pg. . Note that the topological distance of polytomies in the MP consensus trees
are not penalised as much as the incorrect relationships in the NJ and ML trees.
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Significant differences, ascertained

50%, 70% and 90% from Neighbour-Joining (NJ), Maximum
Parsimony (MP) and Maximum Likelihood (ML) trees estimated
from hybrid-free (HF; white) or hybrid-present (HP; grey) datasets
(stmulated across a range of mutation rates) with intra-individual

polymorphisms treated as ambiguous (-A) or informative (-I).
using a Student’s t-test, between HF and HP datasets for a given method

Different mutation rates were used to generate signal-poor to signal-rich
are indicated with stars (*).

Figure A.11. The percentage of branches with bootstrap values greater than
datasets (see text for details, Pg. [62).
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Figure A.12.

Topological Distance: A1&2 vs A1

Topological distance between trees inferred from combined variants
(A1g2) and individual variant (A; and A.) datasets (simulated across
a range of mutation rates) using (A)Neighbour Joining, (B) Maximum
Parsimony, or (C) Maximum Likelihood with intra-individual site poly-
morphisms treated as ambiguous (‘grey’) or informative (‘black’). The
number of samples that overlap on a given point correspond to the number of petals
shown. The mutation rate per branch length used to simulate the data was O(&)gg
(see text for details, Pg. [62).
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Figure A.13. The topological distance between the original tree used to simulate

the data and the combined variants (A;gs2, white) and individual
variant (A, dark grey; Aa, light grey) datasets inferred using
Neighbour Joining (NJ), Maximum Parsimony (MP) or Maximum

Likelihood (ML) with intra-individual site polymorphisms treated

were used to generate signal-poor to signal-rich datasets (see text for details,

as either ambiguous (-A) or informative (-I). Different mutation rates
Pg. 62).
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Figure A.14. The percentage of nodes with low, medium and high bootstrap
support values (>50%, >70% and >90%, respectively) from trees
inferred from the combined variants and individual variant (Aq,
dark grey; Ag, light grey) datasets and analysed using Neighbour
Joining (NJ), Maximum Parsimony (MP) or Maximum Likeli-
hood (ML) with intra-individual site polymorphisms treated as
ambiguous (-A) or informative (-I). Different mutation rates were uggg
to generate signal-poor to signal-rich datasets (see text for details, Pg.
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Table A.1. Origin of Nymania capensis specimens used for phylogeographic
analyses. All samples were collected from South Africa. All voucher specimens
are retained by the collector: AJP, A. J. Potts. Two samples are stored in the
Bolus Herbarium (BOL). Chloroplast haplotypes (see Figure [Page ),
ITS clusters (see Figure [4.4] [Page[122]) and ncpGS haplotypes are included (see

Figure [Page )

District/ Voucher Chloroplast ncpGS
Province/Region Constituency Specimen Latitude Longitude hapotype ITS Cluster haplotype

Eastern Cape Hankey AJPO517 -33.806600 24.728710 R 2 k
AJP0518 -33.820320 24.729750 R 2 k

Humansdorp AJP0586 -33.860020 24.255359 R 2 m
Jansenville AJP0444 -33.215200 24.839900 N 3 k
AJP0446 -32.755600 24.723500 L 3 k

AJP0466 -33.210417 24.839944 L 3 -

AJP0490 -32.731370 24.709310 N 3 k

AJP0492 -32.839710 24.713340 N 3 k

AJP0495 -33.000480 24.745880 N 3 k

AJP0498 -33.029240 24.811260 N 3 -

AJP0628 -33.092010 24.886390 N 3 /

AJP0632 -33.077230 25.035360 N 3 k

Pearston AJP0726 -32.484020 25.203250 K 3 k
AJP0729 -32.485970 25.234490 Q 3 k

Somerset East AJP0465 -33.251306 25.442722 M 3 k
AJP0633 -33.070510 25.176080 (0] 3 k

AJP0637 -33.039110 25.282500 (0] 3 k

AJP0O718 -32.624990 25.455020 K 3 k

AJP0OT722 -32.679940 25.344410 Q 3 k

AJP0744 -33.107720 25.897590 K 3 k

Steytlerville AJP0537 -33.329350 24.674060 R 3 J
AJP0540 -33.309960 24.358470 R 2 7

AJP0545 -33.226750 24.198500 T 2 7

AJP0551 -33.276000 24.134070 R 2 k

AJP0553 -33.228690 24.088070 R 2 J

AJP0810 -33.426440 24.568880 R 4 k

Uitenhage AJP0500 -33.341830 24.909610 L 3 k
AJP0532 -33.342660 24.873420 K 3 k

AJP0533 -33.364260 24.818660 N 3 k

AJP0814 -33.626520 25.436450 p 3 k

AJP0822 -33.542490 25.119780 L 3 k

Willowmore AJP0259 -33.517931 23.751302 R - k
AJP0269 -33.508563 23.782502 S 2 g

AJP0270 -33.513244 23.780121 S 2 k

AJP0273 -33.521486 23.760162 R 2 k

AJP0555 -33.143820 23.841080 R 2 -

AJP0557 -33.094920 23.912550 R 2 i

AJPO774 -33.275740 23.288660 F 1 -

AJP0780 -33.399970 23.675520 R 2 -

238



Table A.1. Continued.

District/ Voucher Chloroplast ncpGS
Province/Region Constituency Specimen Latitude Longitude hapotype ITS Cluster haplotype

Northern Cape Namakwaland BOL48535 -28.256006 17.241669 U - g
BOL60966 -28.316668 17.249999 \Y - -

Western Cape Calitzdorp AJP0347 -33.634659 21.697334 E 1 a
AJP0358 -33.646765 21.644877 G 1 a

AJP0359 -33.652930 21.639690 G 1 a

George AJP0312 -33.690933 22.269231 J 1 a
Ladismith AJP0042 -33.705970 20.968903 H 1 -
AJP0050 -33.593233 21.201433 B 1 a

AJP0057 -33.474133 21.517933 B 1 a

AJP0083 -33.515213 21.137982 B 1 a

AJP0084 -33.512422 21.097586 B 1 d

AJP0103 -33.478789 20.915313 B 1 a

AJP0113 -33.457254 20.871332 B 1 a

AJPO117 -33.502843 20.800455 F 1 a

AJP0120 -33.531895 20.746276 F 1 h

AJP0121 -33.536824 20.748489 H 1 -

AJP0129 -33.564117 20.695078 F 1 a

AJP0146 -33.608824 20.626011 B 1 a

Oudtshoorn AJP0021 -33.509060 22.010440 A 1 a
AJP0065 -33.539567 22.293967 A 1 a

AJP0071 -33.548433 22.463717 A 1 -

AJP0074 -33.487867 22.561767 F 1 -

AJP0081 -33.490200 22.631383 A 1 a

AJP0224 -33.610121 22.405158 F 1 c

AJP0229 -33.635754 22.403977 A 1 a

AJP0232 -33.454246 22.560153 A 1 e

AJP0278 -33.428425 22.252120 C 1 c

AJP0319 -33.646264 22.194532 I 1 b

Prince Albert AJP0789 -33.358260 22.683330 A 1 b
Riversdal AJP0375 -33.871438 21.447890 D - a
Swellendam AJP0162 -33.657569 20.585944 B 1 a
AJP0280 -33.711470 20.596740 B 1 a

Uniondale AJP0075 -33.484733 22.774033 F 1 a
AJP0077 -33.527900 22.803783 F 1 b

AJP0080 -33.559400 22.736617 A 1 c

AJP0238 -33.549492 22.802571 A 1 f

AJP0243 -33.491221 23.282956 A 1 b

AJP0274 -33.515851 23.206252 A 1 a

AJP0275 -33.496553 23.102923 F 1 c

AJP0306 -33.548124 22.979498 A - b

AJP0307 -33.538869 22.901916 F 1 a
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Table A.2.

Origin of Pappea capensis specimens used for phylogeographic anal-
yses. Voucher specimens are retained by the specified collectors: AJP, A. J.
Potts; AMM, A. M. Muasya; CM, C. Mannheimer; MR, M. Reekmans. Voucher
specimens stored at the South African National Herbarium are preceded with

PRE.
District/ Collection Chloroplast
Country Province/Region Constituency Number Latitude Longitude hapotype ITS Cluster
Botswana South-East Gaborone PRE561642 -24.74180  25.847200 4
PRE561643 -24.82480  25.872700 4
Southern Ngwaketse North PRE563739 -24.980590  25.338640 4
Burundi Kirundo Bugabira RM448 -2.381389  30.036667 4
DRC Katanga Lubumbashi Malaisse -11.533333  27.433332
#13092
Kenya Coast Taita Taveta AMM9I66 -3.405083  38.256528 A% 4
Eastern Machakos AMM924 -1.532133  37.309550 X 4
Namibia Karas Berseba AJP0455 -26.233300  16.833300 O 4
CM3187 -27.526000  17.544000 O 4
Luderitz PRE589541 -27.241667 16.487222 4
CM3183 -26.659722  16.262222 O 4
South Africa Eastern Cape Aberdeen AJP0561 -32.932910  23.748920 B
Adelaide AJP0708 -32.675130  26.334200 D 1
Albany AJP0289 -33.139789  26.619172 D 2
AJP0294 -33.074578  26.744167 E 2
AJP0296 -33.228997  26.633619 D 2
AJP0678 -33.488950  26.152600 C 1
AJP0683 -33.500110  26.370640 B 1
AJP0690 -33.472710  26.644310 D 2
AJP0699 -33.119940  26.435460 D 2
AJP0748 -33.108290  26.086610 D 1
AJP0835 -33.181700  26.791240 D 2
Alexandria AJP0672 -33.356460  26.024520 D 1
AJP0838 -33.615050  25.910660 B 1
Bathurst AJP0291 -33.608861  26.654525 D 2
AJP0295 -33.410450  27.028994 D 2
Bedford AJP0710 -32.636510  26.018550 D 1
Butterworth AJP0851 -32.511060  27.980040 2
Cathcart AJP0861 -32.266750  27.378410 F 2
AJP0862 -32.187130  27.313890 F 2
Fort Beaufort AJP0292 -32.897367  26.636269 E 2
AJPO0705 -32.850110  26.455340 D 2
Graaff-Reinet AJP0467 -32.258000  24.180833 B 1
AJP0485 -32.144370  24.432850 B
AJP0486 -32.334430  24.569890 B
AJP0731 -32.394680  24.859000 B 1
Hankey AJP0403 -33.838722  24.890361 B 1
AJP0515 -33.777820  24.698220 B
Jansenville AJP0443 -33.215200  24.839900 B 1
AJP0445 -32.755600  24.723500 B 1
AJP0491 -32.808010  24.722620 B
AJP0496 -33.000480  24.745880 B 1
AJP0497 -33.029240  24.811260 B
AJP0630 -33.087440  24.952320 B 1
Kirkwood AJP0524 -33.478990  25.567050 B
Komga AJP0841 -32.796990  27.856580 2
Middledrift AJP0872 -33.019280  26.966990 D 2
AJP0878 -32.995460  27.000530 D 2
Mpofu AJP0882 -32.582340  26.687900 E 2
Pearston AJP0728 -32.483690  25.219350 B 1
Peddie AJP0288 -33.353544  27.238261 D 2
Peddie AJP0873 -33.088760  27.095710 D 2
Port Elizabeth AJP0816 -33.833310  25.340870 B 1
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Table A.2. Continued.

District/ Voucher Chloroplast
Country Province /Region Constituency Specimen Latitude Longitude hapotype ITS Cluster
Somerset East AJP0636 -33.039110  25.282500 B 1
AJP0652 -33.018490  25.817440 B 1
AJPO719 -32.627170  25.441320 B 2
Steytlerville AJP0401 -33.483472  24.351667 B 1
AJP0539 -33.290460  24.621560 B
AJP0544 -33.227450  24.247660 B
Tsomo AJP0845 -32.275510  27.656970 F 1
AJP0850 -32.221870  27.738270 F 2
Uitenhage AJP0290 -33.770103  25.461956 B 1
AJP0530 -33.373660  25.086370 B
Victoria East AJP0293 -32.935181  26.837439 D 2
Willowmore AJP0245 -33.415275  23.311842 B
AJP0252 -33.179785  23.429586 B 1
AJP0256 -33.252600  23.483687 B 1
AJP0265 -33.516052  23.775708 B 1
AJP0268 -33.509622  23.797300 B
AJP0272 -33.516326  23.767251 B
AJP0400 -33.633917  24.245444 B 1
AJP0402 -33.513667 23.819833 B
Zwelitsha AJP0839 -33.136580  27.343480 2
KwaZulu-Natal Alfred AJP0448 -30.724500  30.150833 G 3
AJP0452 -30.724500  30.150833 G
Hlabisa AJP0438 -28.154750  32.012730 I 3
AJP0439 -28.154750  32.012730 I 3
Lower Umfolozi ~ AJP0460 -28.263394  31.821652 H 3
AJP0461 -28.273790  31.848140 H 2
Mhlabathini AJP0462 -28.250200  31.764040 3
Msinga AJP0982 -28.790333  30.460833 K 3
Ngotshe AJP0990 -27.463889  31.724722 L 3
Port Shepstone  AJP0969 -30.673772  30.339342 G 2
Weenen AJP0980 -28.736389  30.268611 J 3
AJP0983 -28.734433  30.257833 K 3
Limpopo Phalaborwa AJP0033 -24.294800  30.993100 U
AJP0035 -24.286500  30.994500 U 4
AJP0036 -24.305083  30.979806 U 4
AJP0436 -23.851667  31.549722 M 3
AJP0437 -23.851667  31.549722 G 3
Soutpansberg PRE562948 -22.943611  29.889167 R 4
AJP0478 -22.943333  29.938056
Mpumalanga Lydenburg PRE528625 -25.098500  29.848000 4
Nelspruit AJP0447 -25.443222  30.970861 T 4
Nkomazi AJP0450 -25.924917  31.814194 L 3
AJP0451 -25.937472  31.813278 L 3
North West Brits AJP0453 -25.720928  27.807175 Q
Northern Cape Kenhardt AJP0734 -29.133380  19.401110 N 4
Namakwaland PRE575662 -29.216667  18.733333 4
AJP0475 -29.233333  18.722500 4
AJP0735 -29.725680  18.037330 N 4
Western Cape Calitzdorp AJP0001 -33.488730  21.642400
AJP0002 -33.488560  21.642810 A
AJP0003 -33.490310  21.644900 A 1
AJP0004 -33.507180  21.607430 A 1
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Table A.2. Continued.

District/ Voucher Chloroplast
Country Province/Region Constituency Specimen Latitude Longitude hapotype ITS Cluster
Ladismith AJP0005 -33.465570  21.515250 A 1
AJP0006 -33.506560 21.371110 A
AJP0007 -33.490070  21.218800 A
AJP0107 -33.457254  20.871332 A 1
AJP0131 -33.572710  20.633875 A 1
Laingsburg AJP0456 -33.266664 21.533338
Oudtshoorn AJP0019 -33.550140  22.053710 A 1
AJP0020 -33.522780  22.033960 A
AJP0022 -33.501720  21.962050 A 1
AJP0023 -33.436870  22.256690 A 1
AJP0024 -33.522420  22.314170 A 1
Zimbabwe Matabeleland South Matobo AJP0934 -20.526600  28.434200 P 4

242



Table A.3. Origin of Schotia specimens used for phylogeographic analyses.
Voucher specimens for AJP samples are retained by A. J. Potts. See Ramdhani
et al| (2010) for the storage localities of voucher specimens for the remaining

samples.
District/ Voucher Chloroplast
Country Province/Region Constituency Specimen Latitude Longitude hapotype  ITS Cluster

South Africa  Eastern Cape Adelaide AJP0709 -32.675130 26.334200 a 7
Albany AJP0675 -33.371180 26.131690 a -
AJP0676 -33.483180 26.152040 b I

AJP0684 -33.499450 26.373160 e -

AJP0692 -33.448820 26.633450 g I

AJP0702 -33.001490 26.437330 a I

AJPO750 -33.097910 26.134490 g 7
AJP0756 -33.509670 26.493350 a yig

AJP0899 -33.299250 26.813060 a I

Alexandria AJP0840 -33.615050 25.910660 g 7
Bathurst AJP0689 -33.542950 26.610130 a I
AJP0902 -33.448240 27.049530 e I

NB2003 -33.654100 26.735936 b 7

NB1973 -33.596804 26.890985 a I

Bedford AJP0712 -32.636510 26.018550 a I
AJP0715 -32.730030 25.847500 c 7

Butterworth AJP0853 -32.469120 27.993440 f I
Cathcart AJP0858 -32.305810 27.371380 i I
AJP0868 -32.200710 27.310710 a 7

AJP0870 -32.317450 27.281150 b I

Cofimvaba SR815 -31.969833 27.448667 f I
East London TD4485 -32.966347 27.960939 a 7
Fort Beaufort AJP0887 -32.756110 26.588730 h I
NB2012 -33.037955 26.656808 o I

Graaff-Reinet AJP0937 -32.366010 24.280640 a 7
Hankey AJP0507 -33.840630 24.896720 a I
AJP0514 -33.741980 24.621620 a -

AJP0807 -33.933410 25.026750 P 7
AJP1000 -33.701260 24.551421 b v

Humansdorp AJP0928 -34.078639 24.892167 a I
AJP0930 -34.118913 24.739846 D 7
AJP0933 -33.829076 24.331914 J v

AJP0979 -34.190307 24.820542 - I

Jansenville AJP0622 -32.852410 24.732280 a I
AJP0626 -33.038500 24.832050 a 7

AJP0912 -33.188930 24.846770 n I
Keiskammahoek NB2020 -32.682520 27.153139 a v
Kirkwood AJPO761 -33.494500 25.702150 a 7
AJP0917 -33.423800 25.246510 c I
Mdantsane NB2018 -33.115614 27.520451 a v
Middledrift AJP0876 -33.019280 26.966990 d 7
AJP0880 -32.995460 27.000530 d I

AJP0881 -32.817350 27.007980 o I

Mpofu AJP0889 -32.582340 26.687900 a 7
Pearston AJP0724 -32.671130 25.263680 c I
Peddie AJP0829 -33.088820 27.094840 a I
AJP0896 -33.412370 27.131810 e 7

AJPO877 -33.116890 27.149370 - I
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Table A.3. Continued.

District/ Voucher Chloroplast
Country Province/Region Constituency Specimen Latitude Longitude hapotype ITS Cluster

South Africa  Eastern Cape Port Elizabeth AJP0521 -33.770330 25.665820 g -
AJP0923 -33.750950 25.592990 b I

SR822 -33.863889 25.615000 b I
SR816 -33.888056 25.496944 / v
SR824A -34.007222 25.458611 a Vi
Port St Johns SR785 -31.633611 29.327778 b v

Somerset East AJP0639 -33.039110 25.282500 c I

AJP0649 -32.888470 25.659840 c I

AJP0659 -33.279170 25.902000 b I

AJPOT21 -32.631180 25.442230 c I

AJPOT742 -33.146860 25.890580 b I

Steytlerville AJP0548 -33.297580 24.203200 a -

AJP0788 -33.363920 23.995590 c I

AJP0828 -33.362010 24.341880 a I

Stutterheim AJP0859 -32.338910 27.644820 a I

Tsomo AJP0854 -32.250050 27.660020 f I

Uitenhage AJP0808 -33.725590 25.434440 a I

AJP0809 -33.447000 24.847870 a I

AJP0811 -33.626520 25.436450 m I

AJP0827 -33.530670 25.102790 a I

AJP0916 -33.372540 25.073840 a I

Willowmore AJP0795 -33.275740 23.288660 n I

TB01 -33.257914 23.485131 a I

TD4486 -32.266557 28.519085 a -

Zwelitsha AJP0836 -33.136580 27.343480 a I

KwaZulu-Natal  Alfred DS3138 -30.643441 30.011062 b -
DS3077 -30.697558 30.085946 b -
Ixopo DS3144 -30.268286 29.946431 b 17

Ngotshe SR789 -27.525000 32.010833 q i

Simdlangentsha BP35 -27.349768 31.866181 q Vs

BP16 -27.356500 31.842170 - n

BP36 -27.348280 31.828650 - i

Limpopo Soutpansberg sn snout -22.969500 29.331250 q -
SR812A -22.944278 29.904917 q i

Mpumalanga Barberton SR799A -25.501111 31.663333 r v/
Lydenburg ML1144 -24.689100 30.332450 q i
Northern Cape Namakwaland VetterX -28.308508 17.087418 - i
Western Cape Knysna AJP0950 -34.010139 23.373361 J I
Ladismith AJP0600 -33.485650 20.985530 k I

AJP0609 -33.628140 20.936870 k I

AJP0611 -33.641670 21.032280 k I

AJP0955 -33.579778 20.799306 k I

Riversdal YvW4407 -34.337987 21.878978 - I

Mossel YvW3537 -34.186581 22.050046 D I

Riversdal SR733 -34.354611 21.420250 a I

Swellendam AJP0944 -33.764083 20.898000 k I

AJP0945 -33.735056 20.783778 k I

AJP0957 -33.694806 20.697417 k I
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A. Appendix

Table A.4. continued.
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Figure A.15. Phylogeny reconstructions of ITS Pappea capensis sequences.
Methods used for reconstructions are Neighbour Joining (NJ), Maximum
Parsimony (MP) and Maximum Likelihood (ML) with intra-individual site
polymorphisms treated as informative characters (see Chapter [3). Dotted

branches are reduced by a factor of 5.

Samples AJP0006 and AJP0007

were considered to be anomalies as they had exceptionally high number of
mutations and were removed from subsequent network and sPCA analyses.
Clusters identified in the NeighbourNet network (Figure Pg. are

248 shown.
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Figure A.16. Phylogeny reconstructions of ITS Schotia sequences. Methods used
for reconstructions are Neighbour Joining (NJ), Maximum Parsimony (MP)
and Maximum Likelihood (ML) with intra-individual site polymorphisms
treated as informative characters (see Chapter [3). Dotted branches are
reduced by a factor of 5. Clusters identified in the NeighbourNet network

(Figure Pg. are shown.
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Figure A.17. Spatial and variance components of the Eigenvalues of the sPCA
analysis of ITS sequences of Pappea capensis samples from the
Albany Subtropical Thicket.
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Figure A.18. Spatial and variance components of the Eigenvalues of the sPCA
analysis of ITS sequences of Schotia afra samples from the Albany
Subtropical Thicket.
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